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The large-scale use of the herbicide glyphosate leads to growing ecotoxicological
and human health concerns. Microbe-assisted phytoremediation arises as a good
option to remove, contain, or degrade glyphosate from soils and waterbodies, and
thus avoid further spreading to non-target areas. To achieve this, availability of plant-
colonizing, glyphosate-tolerant and -degrading strains is required and at the same time,
it must be linked to plant-microorganism interaction studies focusing on a substantive
ability to colonize the roots and degrade or transform the herbicide. In this work, we
isolated bacteria from a chronically glyphosate-exposed site in Argentina, evaluated
their glyphosate tolerance using the minimum inhibitory concentration assay, their
in vitro degradation potential, their plant growth-promotion traits, and performed whole
genome sequencing to gain insight into the application of a phytoremediation strategy
to remediate glyphosate contaminated agronomic soils. Twenty-four soil and root-
associated bacterial strains were isolated. Sixteen could grow using glyphosate as the
sole source of phosphorous. As shown in MIC assay, some strains tolerated up to
10000 mg kg~ of glyphosate. Most of them also demonstrated a diverse spectrum
of in vitro plant growth-promotion traits, confirmed in their genome sequences.
Two representative isolates were studied for their root colonization. An isolate of
Ochrobactrum haematophilum exhibited different colonization patterns in the rhizoplane
compared to an isolate of Rhizobium sp. Both strains were able to metabolize
almost 50% of the original glyphosate concentration of 50 mg I=" in 9 days. In a
microcosms experiment with Lotus corniculatus L, O. haematophilum performed better
than Rhizobium, with 97% of glyphosate transformed after 20 days. The results suggest
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that L. corniculatus in combination with to O. haematophilum can be adopted for
phytoremediation of glyphosate on agricultural soils. An effective strategy is presented of
linking the experimental data from the isolation of tolerant bacteria with performing plant-
bacteria interaction tests to demonstrate positive effects on the removal of glyphosate

from soils.

Keywords: glyphosate, microbe-assisted phytoremediation, EPSP synthase, glyphosate tolerance, glyphosate
degradation, microcosm, plant-bacteria interaction, phn operon

INTRODUCTION

Glyphosate (N-phosphonomethyl glycine) is a broad-spectrum
systemic herbicide, generally known as the active compound of
the commercial product Roundup. It has been widely used in
agriculture since the mid-seventies. The compound has been
classified as positively associated to carcinogenicity (Guyton et al.,
2015), and due to its worldwide use of about 600-750 thousand
tons per year (Maggi et al., 2020), concerns have been raised about
its environmental fate and the risks it poses for human health.
Therefore, in countries whose agricultural economy strongly
depend on the use of glyphosate-associated crops such as Canada,
United States, Brazil, and Argentina (Struger et al., 2015; Ronco
et al., 2016; Fernandes et al.,, 2019; Hébert et al., 2019), the
herbicide represents a major environmental and health concern.

To alleviate the effects of the non-target application as well
as the off-site runoff, in situ degradation or transformation
of glyphosate should be boosted. To this end, much attention
has been directed toward exploiting plant-microbe interactions,
known as microbe assisted phytoremediation, to remediate
pesticides polluted soils (Glick, 2003; Kuiper et al., 2004;
Vangronsveld et al., 2009).

Several studies have described the plant-associated and bulk
soil bacteria from chronically exposed agricultural lands and
tested them for their glyphosate degradation potential and
tolerance (Zhan et al., 2018). The glyphosate degradation in
bacteria occurs by two different metabolic pathways which
are the AMPA (aminomethylphosphonic acid) pathway and
the sarcosine pathway. The first one involves the action
of an oxidoreductase (glyphosate oxidoreductase or GOX)
or also a glycine oxidase, yielding AMPA and glyoxylate
as degradation products. The second one involves specific
phosphonates, C-P lyases, yielding sarcosine and inorganic
phosphate as degradation products (Huang et al., 2016). On the
other hand, bacteria tolerance to glyphosate is related to the
enzyme 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS,
EC2.5.1.19), its only molecular target. Based on the inherent
sensitivity to glyphosate the EPSPS has been divided into
two types or “Classes.” Class I enzymes are those present in
plants and in many Gram-negative bacteria and represent the
most sensitive molecules. This class is generally represented
by the EPSPS of Escherichia coli. Single point mutations, such
as the P101S substitution (Salmonella typhimurium) or G96A
(Klebsiella pneumoniae), were described for conferring herbicide
tolerance. Class II enzymes can be found in tolerant bacteria,
such as Agrobacterium sp. CP4, and they exhibit a high catalytic
efficiency, even when exposed to high glyphosate concentrations.

These enzymes also show important differences in the peptide
sequence when compared to Class I enzymes (Pollegioni et al.,
2011). In spite of contributing to what we know about these
mechanisms of tolerance and degradation, publications usually
focus on biomass production for bioremediation experiments,
and not on its phytoremediation potential, by means of plant-
bacteria interaction tests and xenobiotic dissipation.

To increase the success of phytoremediation, inoculated
bacteria need to be rhizocompetent (Kuiper et al., 2004; Gerhardt
et al., 2017), ie., able to colonize and associate with the
host plant in the root zone. Only few studies address or test
the plant colonization potential of inoculated strains prior to
bioaugmentation, and none of them referring to glyphosate
phytoremediation. This ability is, however, critical to the
optimization process.

In order to successfully design a field-scale phytoremediation
strategy to remediate glyphosate contaminated agronomic soils,
we hypothesize that it is possible to have access to plant-
colonizing, glyphosate-tolerant and degrading strains and at the
same time, linking them to plant-microorganism interaction
studies focusing on their ability to re-colonize the roots and
degrade or transform the herbicide.

As a starting point, Lotus corniculatus L. (birdsfoot trefoil) was
previously selected and described as a glyphosate tolerant plant,
suitable to grow in soils containing the highest concentrations
of this herbicide that are found in agricultural fields (Massot
etal., 2016). Lotus species and L. corniculatus in particular, have a
worldwide distribution due to their introduction in non-native
areas for use as highly productive crops in pasture systems in
a diverse range of landscapes, including those of glyphosate-
associated crops (Escaray et al,, 2011).

To confirm our assumption, enrichment cultures containing
glyphosate as the sole source of phosphorus were set up. The
isolated and purified strains were subsequently biochemically
characterized and the genomes of the best overall performing
strains were sequenced and screened for traits related to
glyphosate tolerance and glyphosate degradation, and also traits
important to ensure the safety and traceability of the strains in
the field (absence of plant pathogenicity clusters). To provide
additional support for the selection of the most suitable strains
for microbe-assisted phytoremediation, root colonization was
investigated by confocal fluorescence and scanning electron
microscopy followed by microcosm studies using field relevant
concentrations of glyphosate.

This paper describes the whole process from the isolation
of sixteen glyphosate tolerant bacterial strains from Lotus
pastureland plots and characterization of their plant growth
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promotion potential, glyphosate tolerance and root colonization,
to the assessment of the glyphosate degradation abilities of the
two best performing ones (Ochrobactrum haematophilum P6BS-
III and Rhizobium sp. P44RR-XXIV) in a microcosms assay. In
addition, the whole genome sequencing underlines the novelty of
the studied strains.

MATERIALS AND METHODS

Sampling Site and Bacterial Isolation
All samples were taking in August 2014 at the Manantiales
Experimental Farm of the National Institute of Agricultural

Technology (INTA), in Chascomus county, Argentina
(35°34/30”S  58°00'32”W). Pastureland bulk soil and
rhizosphere-associated soil samples were collected from

four different agricultural plots where a long-term experiment
was carried out with glyphosate, to promote Lotus spp. as
legume pastures. A high dose of glyphosate (approximately 3.5 L
ha~!) had been applied twice a year during the last 10 years.
A total of nine samples per plot were collected. Each of them with
approximately 30 cm of diameter and 30 cm deep, comprising the
0 and A soil horizons and including at least one Lotus specimen.

In the laboratory, Lotus plants were carefully removed from
the soil. Subsequently, they were gently shaken to remove the soil
weakly attached to the roots and their aerial parts were removed.
Approximately 4 g of roots were placed in flasks containing 50 ml
of a9 mg ml~! NaCl and Tween 80 0.01 v/v solution, and shaken
at 200 rpm for 30 min. Finally, roots were removed from the
flasks, and the suspension was named as “rhizosphere.” Once
plants were removed from the samples, the remaining soil was
sieved (mesh size 2.0 mm) and named as “pastureland bulk soil.”
A physicochemical characterization of these soils was conducted
(Supplementary Table 1).

Either rhizosphere or bulk soil were used for enrichment
cultures in basal salt-glyphosate medium broth (MSB-Gly).
The composition of the medium was (per liter): Glucose,
2.0 g (NH4)2804, 0.5 g MgSO4.7H20, 0.5 g NaHCO3, 0.175;
FeCl3.H,0, 10 mg; CaCl,.H,0, 10 mg; MnCl,, 0.1 mg; ZnSOy,
0.01 mg; glyphosate, 500 mg as the sole source of phosphorous
(pH 6.8) (Radosevich et al, 1995). During the first three
subculture rounds, cycloheximide (100 mg L™!) was added to
avoid fungal growth. A total of six sequential subcultures were
performed for each sample.

Isolation of single colonies was done by plating the cultures
in solid MSB-Gly (15 g L~! agar) and incubation at 25°C for
5 days. Colony purity was verified by means of streaking on
different rich agar media. The conservation of the pure colonies
was performed using two different techniques starting from
MSB-Glyphosate liquid cultures: resuspended pellets in MSB
solution and 40% glycerol, and stored in cryotubes at —80°C;
and resuspended pellets in a 10% milk powder solution and then
stored in cryotubes, frozen at —80°C and later lyophilized.

DNA Isolation and Phylogenetic Analysis
Cultures of the pure strains were grown in MSB-Gly broth
until reaching the stationary phase. Then 4 ml of each

culture were centrifuged, and the pellet was re-suspended
in 250 wl TEG (Tris, 10 mM-EDTA, 1 mM-Glucose, 50 mM)
buffer (pH:8), supplemented with 5 wl lysozyme (300 mg
ml™1), 5 pl of RNase (20 mg ml~!) and 20 wl of protease
(7500 U ml~™!) and incubated at 37°C for 30 min. Genomic
DNA was isolated by using the Highway DNA PuriPrep-S
Kit (Inbio Highway, Tandil, Argentina) according to the
manufacturer’s instructions. Amplification of the 16S rRNA
gene was performed by using the universal bacterial primers
27F  (5-AGAGTTTGATCMTGGCTCAG-3') and 1492R
(5'-TACGGYTACCTTGTTACGACTT-3'), T-Free DNA Taq
polymerase and buffer (Inbio Highway, Tandil, Argentina), and
the following PCR conditions: 3 min at 94°C, 35 cycles of 30 s
at 94°C, 60 s at 55°C, and 120 s at 72°C, followed by a final
extension step of 10 min at 72°C. PCR products were purified
with the Highway DNA PuriPrep-GP kit (Inbio Highway, Tandil,
Argentina). The amplification products were sequenced at the
Genomic Research Unit of the Institute of Biotechnology CNIA-
INTA (Argentina) using an automatic capillary sequencer model
ABI3130XL (Applied Biosystems, Waltham, MA, United States).

The most probable taxonomic affiliation was obtained through
the comparison of the obtained partial 16S rRNA gene sequences
(a mean of 1350 base pairs, representing approximately 95% of
the gene coverage) versus homologous sequences of prokaryote
strains using the EzTaxon server of the EzBioCloud (Kim et al.,
2007; Yoon et al., 2017) database and the Ribosomal Database
Project server (RDP) (Cole et al., 2014).

In vitro Plant Growth Promotion (PGP)
Potential

To assess the in vitro PGP abilities of the isolated strains, a set of
seven different tests were performed. The 1-aminocyclopropane-
1-carboxylate (ACC) deaminase activity was estimated according
to Belimov et al. (2005). A qualitative assay of Indoleacetic Acid
production (IAA) was performed according to Patten and Glick
(2002). The Organic Acids production was investigated following
the method suggested by Cunningham and Kuiack (1992). The
production of acetoin was studied using the Voges—Proskauer
test, according to modifications made by Romick and Fleming
(1998). The Inorganic Phosphate solubilization assay was
performed following the protocol described by Nautiyal (1999).
The phytate mineralizing capacity was studied according to
Jorquera et al. (2008). The qualitative assessment of siderophores
production was based on the method described by Schwyn and
Neilands (1987).

Glyphosate Minimal Inhibitory
Concentration (MIC)

In order to assess the maximum concentration of glyphosate that
each strain can tolerate, the MIC method proposed by Cockerill
et al. (2012) was adopted (2012). Petri dishes with solid MSB-
Gly medium containing increasing concentrations of glyphosate
(>99%, Sigma-Aldrich, Buenos Aires, Argentina) were prepared
(0, 100, 500, 1000, 2000, 3000; 5000, 7500, and 10000 mg
glyphosate kg~!). To prepare the inoculum, strains were cultured
in MSB-Gly medium until they reached cell densities between
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1 x 108 CFU ml™! to 2 x 10% CFU ml~!. Then, 2 pl of cell
suspensions with an estimated total number of 1.10* CFU were
dropped on the agar surface. Five replicates of each strain were
performed for each concentration. Plates were incubated at 25°C
for 6 days and the MIC end points were determined as the
concentration where the growth of the colonies was inhibited
with more than 50% compared to the control (MSB without
glyphosate). Escherichia coli DH5a (Taylor et al., 1993) (an EPSPS
Class I carrier strain) was selected as a negative control. E. coli
EPSPS is naturally sensitive, and no tolerance and/or degradation
mechanisms have been reported.

Whole Genome Sequencing and
Analyses

High molecular weight genomic DNA was extracted from the
cultures in the early exponential growth phase. The cells were
lysed using an enzymatic lysis buffer (20 mM Tris, 2 mM
EDTA, 1.2% Triton X-100, 18 mg ml~! lysozyme, pH 8.0), for
30 min at 37°C. Then, the DNA was isolated using the DNeasy
Blood and Tissue kit (Qiagen, Venlo, Netherlands) according
to the manufacturer’s instructions. DNA concentrations were
determined using the Qubit dsDNA HS Assay Kit (Thermo Fisher
Scientific, Merelbeke, Belgium) and the purity using the UV-Vis
NanoDrop 1000 (Thermo Fisher Scientific) spectrophotometer.
The HWM DNA was subjected to the Nextera DNA Flex library
preparation kit (Illumina, Eindhoven, Netherlands) according
to manufacturer’s instructions. Subsequently, the indexed WGS
products were sequenced on an Illumina NovaSeq 6000 system
(Macrogen, Amsterdam, Netherlands).

Genome assembly was performed using the SPAdes algorithm,
version 3.8.2 (Bankevich et al., 2012) (uniform coverage mode;
k-mers 21, 33, 55, 77, 99). The Mauve software (Rissman et al.,
2009) was used to reorder the contigs. CheckM was run to
verify genome completeness and contamination (Parks et al.,
2015), and a MultiQC report was generated based on the QUAST
assembly statistics (Gurevich et al., 2013; Ewels et al., 2016).
Genome annotation was performed using the Rapid Annotation
using Subsystem Technology (RAST) annotation system (Aziz
et al., 2008; Overbeek et al., 2014), NCBI Prokaryotic Genome
Automatic Annotation Pipeline (PGAP) (Tatusova et al., 2016),
and the MicroScope platform using the Magnifying Genomes
tool (MaGe) (Vallenet et al., 2006). The Clusters of Orthologous
Genes (COG) and the reconstruction of the metabolic pathways
were performed using the MaGe KEGG, MetaCyc, and BioCyc
tools (Caspi et al,, 2016). The metabolic pathways of interest
were found in this manner. For each query, homologous genes
were defined according to a cut-off e-value of <0.0001, >20% of
query coverage, and >50% sequence similarity. Genes in internal
clusters were assigned using CD-HIT Suite v4.8.1 (Huang et al,,
2010), genes with function prediction were found using EggNog
4.5.1 (Huerta-Cepas et al.,, 2016), genes with a Pfam domain
were assigned using the HMMER server (Potter et al., 2018),
genes with signal peptides were assigned using SignalP 5.0
server (Almagro Armenteros et al, 2019), and genes with
transmembrane helices were predicted using TMHMM Server v.
2.0 (Krogh et al., 2001).

The JSpecies web server (Richter et al., 2015) and the Genome-
to-genome distance calculator (Meier-Kolthoff et al., 2013) were
used to select the closest genome to the strains under study.

Glyphosate Biotransformation in Culture

Medium

Ochrobactrum haematophilum P6BS-III and Rhizobium sp.
P44RR-XXIV strains were aerobically grown in MSB-Gly broth
(50 mg 17! glyphosate) at 25°C and 200 rpm. In total, six
independent cultures were made of each microorganism and
the optical density (O.D.) at 600 nm, the CFU ml~! count and
measuring the remaining glyphosate concentration in the culture
medium were considered. For the latter, triplicate supernatant
samples were collected at initial time (0 h) and at ending time
(216 h) and glyphosate was measured by liquid chromatography
tandem-mass spectrometry (LC-MS/MS). Briefly, 100 ul of the
sample was transferred to a centrifuge tube of 15.0 ml with 9.0 ml
of water and 1.0 ml of 0.1 M KOH, and vortexed for 1 min.
Subsequently, 1.0 ml of the mixture was transferred to a new
15.0 ml plastic tube, adding 1.0 ml of H3BO3 buffer (pH 9)
and 0.5 ml of FMOC solution (10 mM Fluorenyl-methyl-oxy-
carbonyl chloride in acetonitrile) to perform the derivatization
reaction overnight. The derivatization reaction was stopped by
adding 100 pl of 2% H3PO4 and 100 pl of 0.1 M EDTA. The
samples were analyzed using an Agilent 1260 Infinity HPLC
system (Agilent Technologies, Santa Clara, CA, United States)
coupled with a mass spectrometer 6460 Triple Quad (Agilent
Technologies, Santa Clara, CA, United States) equipped with
an electrospray ionization interface set up in negative polarity.
For the chromatographic separation, an Agilent Poroshell 120
EC-C18 (3.0 mm x 50 mm, 2.7 wm) column was used. The
mobile phase consisted of Solution A: 90% 5 mM NH4Ac
in H,O / 10% 5 mM NH4Ac in methanol; Solution B: 90%
5 mM NHAc in methanol / 10% 5 mM NH4Ac in H,O. To
perform the chromatographic separation, the gradient was set
up as follows: start with 30% B; and hold for 5 min; from 5
to 15 min, increase to 90% B, with a flow rate 0.3 ml min~!.
For data processing MassHunter Workstation Software, version
B.06.00 Agilent Technologies was used. Data were analyzed using
one-way analysis of variance. The difference between the start
and the end time was considered significant at p < 0.05. The
software used for the statistical analysis was GraphPad Prism
Statistics version 5.01.

Root Colonization of Lotus corniculatus
by GFP- and m-Cherry Labeled Strains

For the confocal microscopy experiments, the pMP4655 or
pMP7604 plasmids carrying either the genes for green fluorescent
protein (GFP) and tetracycline resistance (Bloemberg et al,
2000) or the mCherry gene and tetracycline resistance (Lagendijk
et al., 2010), were transferred by conjugation to Rhizobium
sp. P44RR-XXIV and Ochrobactrum sp. P6BS-III, respectively.
These procedures involved the use of three strains: the donor
strain, E. coli DH5a carrying either the plasmid pMP4655 with
the gene that codes for green fluorescent protein (egfp) or the
plasmid pMP7604 with a gene that codes for mCherry; the
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helper strain, E. coli DH5a carrying the plasmid pRK2013; and
the recipient strains, P6BS-III or P44RR-XXIV, according to the
conjugation. Selective media containing tetracycline (20 or 15 pug
ml~!) and glyphosate (500 mg 17!) were used. The success
of conjugation was verified by observing the fluorescence in
selective media, BOX-PCR (Weyens et al., 2009; Supplementary
Figure 1) and sequencing of the 16S ribosomal rRNA gene in the
fluorescent strain. The stability of the transconjugants was tested
by subculturing and microscopy.

Inoculations of L. corniculatus seedlings with fluorescent
strains were performed in square plates with 120 mm sides.
Gamborg B5 culture medium (Gamborg et al., 1968) was used
for growing L. corniculatus in the plates. The bacterial strains
were homogeneously distributed on the agar in a concentration
of approximately 1 x 10° CFU ml~!. The seedlings were
superficially sterilized beforehand and put on the upper part
of the medium (Supplementary Figure 2). Subsequently, plates
were placed vertically and incubated in a growth chamber
(12 h of photoperiod, PAR of 170 wmol m~2 s~!, 65% of
relative humidity and day/night temperatures of 22°C/18°C).
Five replicates per strain were made, each one containing five
seedlings. After 7-10 days, seedlings were removed from the
plates, thoroughly washed with sterile Phosphate Buffered Saline
(PBS, 137 mM NaCl, 2.7 mM KCIl, 10 mM Na,HPOy, 1.8 mM
KH,PO4, pH: 7.4), placed in new plates with fresh medium and
transported for analysis. Before analysis, roots were washed once
again with sterile PBS solution and then placed on a glass slide
to obtain images under an Ultra VIEW VoX microscope (Perkin
Elmer, Zaventem, Belgium).

Scanning electron microscopy (SEM) images were also made.
Fixation of inoculated roots was done in 4% glutaraldehyde in
1x PBS overnight. Afterward, samples were dehydrated using
ethanol in an increasing gradient. Finally, the samples were
frozen in tert-butyl ethanol at —20°C and sublimated later.
Images were taken in a Quanta 200 FEG-SEM apparatus (FEI
Company, Eindhoven, Netherlands).

Microcosm Experiment to Assess

Glyphosate Removal From Soil

A microcosm assay was conducted to assess the glyphosate
removal efficiency of two different plant-microbe associations:
L. corniculatus — Ochrobactrum haematophilum P6BS-III and
L. corniculatus - Rhizobium sp. P44RR-XXIV. To set up the
microcosms, 200 g of non-polluted agricultural plot number 4
(Supplementary Table 1) were placed in 360 ml flasks and then
subjected to three autoclave cycles for 40 min every 3 days. Final
soil moisture was adjusted to approximately 85% of the field
capacity (0.46 g H,O g~ ! dry soil).

In parallel, seeds of L. corniculatus were surface sterilized and
germinated in Murashige-Skoog medium (Murashige and Skoog,
1962). Seedlings with roots of approximately 1 cm were selected
for the experiment.

Ochrobactrum haematophilum P6BS-II1 and Rhizobium sp.
P44RR-XXIV were grown in BSM-Gly at 200 rpm agitation
and 25°C until the late exponential stage. Then, the cell
culture was centrifuged at 3000 rpm and the pellet was

initially resuspended in sterile saline solution (9 mg ml~!
NaCl) to reach a concentration of approximately 1 x 108 CFU
ml~!. A concentrated inoculation carrier solution was prepared
according to the protocol mentioned by Sridhar et al. (2004) and
mixed with the initial resuspended cell solution to reach a final
estimated cell density of 1 x 107 CFU ml™!.

Seedlings were transplanted to the microcosm and grown until
they reached the seventh true leaf (30 days). Then, commercial
glyphosate (Roundup UltraMax®, Monsanto 74.7% ammonium
salt) was spiked into the soil to a final concentration of 5.0 mg
kg~! in all experimental units. Glyphosate concentration was
measured 20 days after application. The experimental units were
watered once per week with 5 mL of sterile saline solution
throughout the experiment.

For glyphosate and AMPA (aminomethylphosphonic acid)
analysis in soils, 5 g of sample was placed in a 50 ml polypropylene
tube and 100 pl of a 5 mg 17! solution of *C-1>N-Gly (Sigma-
Aldrich International GmbH) were added to each sample as
an internal standard. The samples were extracted with 25 ml
of a 100 mM solution of K,HPO, adjusted to pH = 9
with 100 mM NayB,07. The extraction was carried out by
sonication at 40°C for 15 min, then centrifuged and 2 ml of the
supernatant was used for precolumn derivatization (Lupi et al.,
2019). Analytes in a 15 ml polypropylene tube were derivatized
with a solution of FMOC-CL (9-fluorenylmethyl chloroformate;
1 mg ml~! in acetonitrile) in a sample:derivatizer ratio 1:1
overnight. Subsequently, the mixture was treated with 6 ml of
dichloromethane, centrifuged, and the supernatant was filtered
by 0.45 pm. For chemical analysis, a liquid chromatograph
Aliance 2495 (Waters® Corporation, Milford, MA, United States)
was used, coupled to a Quattro Premier XE tandem mass detector
(Waters), with a positive mode ESI source using Nitrogen as
drying gas at 410°C and Argon as collision gas at 0.35 ml
min~!. For separation, a C18 X-SELECT column (Waters) of
75 mm x 4.6 ID was used at a flow rate of 0.5 ml min~!
with a water:methanol gradient, both added with 5 mM NH4Ac.
For each analyte two mass transitions were applied, one of
quantification and one of confirmation (Primost et al., 2017).

Pastureland bulk soils devoid of any roots were also
inoculated, reaching an estimated final concentration of
1 x 107 CFU g~!. Non-inoculated experimental units where
spiked with the sterile carrier solution.

Data were analyzed using one-way analysis of variance and
post hoc comparisons were performed with Dunnett significant
difference tests. The difference was considered significant at
p < 0.05. The software used for the statistical analysis was
GraphPad Prism Statistics version 5.01.

RESULTS

Identification and Biochemical
Characterization of Glyphosate Tolerant

Bacteria
Twenty-four strains were isolated from rhizosphere and
pastureland bulk soil samples on solid medium, then preserved,
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and their survival was checked after 3 months of conservation at
—80°C and freeze-drying. Sixteen colonies were able to re-grow
showing a similar growth rate to that before storage (Table 1).
From a total of sixteen pure strains identified using the 16S rRNA
gene, eleven belonged to the genus Rhizobium, three to the genus
Ochrobactrum, one to Phyllobacterium and one to Pedobacter
(Table 1). Among all the Rhizobium species isolated, five of them
have as the closest neighbor the Rhizobium vallis CCBAU 65647
strain type, and three of them Rhizobium miluonense HAMBI
2971 and CCBAU 41251.

After identification of the bacterial strains, in vitro plant
growth promotion traits were tested (Table 1). Many positive
results were observed, with IAA production, phosphate
solubilization (mineral and phytate form) and production
of siderophores as the most important ones, regardless of
the origin of the strain. In addition, strains were tested
for their tolerance to glyphosate. Six of them tolerated
the highest glyphosate concentration applied (10000 mg
kg=!). Among them are all strains belonging to the genera
Ochrobactrum and Phyllobacterium sp. P30BS-XVII and
two strains of Rhizobium, P16RR-IX and P44RR-XXIV.
Another six strains tolerated glyphosate concentrations
up to 7500 mg kg~! (all of them belonging to the genus
Rhizobium), while the remaining strains were inhibited
by lower concentrations. The sensitive E. coli could only
grow up to a glyphosate concentration of 100 mg kg~!,
demonstrating that the concentration chosen for the isolation
and enrichment processes was appropriate to select for
tolerant microorganisms.

Genomic Characterization of Glyphosate
Tolerant Bacteria

Seven of the sixteen strains were selected for whole genome
sequencing to assess the genetic basis associated to glyphosate
tolerance and plant-growth promotion potential following the
in vitro tests (Table 1). According to prokaryote databases,
the Rhizobium, Ochrobactrum, and Phyllobacterium genomes
sequenced exhibit the expected genome size. Gapped identity to
closest genome of the genomes ranged from 99.6 to 84.3%. The
general information of the sequences is presented in Table 2.
R. sp. P32RR-XVIII and R. sp. P38BS-XIX, shared less than
85% identity and R. sp. P44RR-XXIV a 95.1% with their closest
neighbor genome deposited in GenBank, probably contributing
to intra species diversity and therefore, increasing knowledge on
these plant beneficial microorganisms.

The search for the nucleotide sequence of the enzyme
5-enolpyruvylshikimate-3-phosphate synthase (EPSPS,
EC2.5.1.19), the enzyme inhibited by glyphosate, unveiled
differences in the investigated strains. Ochrobactrum sp.
P20RRXIL, Phyllobacterium sp. P30BS-XVII, Rhizobium sp.
P38BS-XIX, and Rhizobium sp. PP44RR-XXIV presented a
single copy of the EPSPS. Rhizobium sp. P28RR-XV, Rhizobium
sp. P32RR-XVIII, and Rhizobium sp. PAORR-XXII on the other
hand, showed two copies in their genome. Among those genomes
with two variants of the enzyme, Rhizobium sp. P28RR-XV and

Rhizobium sp. P40RR-XXII (most likely neighbor Rhizobium
milounense) possess the same pair of sequences.

The amino acid sequences were compared with those of E. coli
and Agrobacterium sp. CP4. Figure 1A shows an alignment
fragment of the highly conserved region XLGNAGTAXRXL
which is critical for the attachment of phosphoenolpyruvate in
Class I enzymes (Yi et al., 2016). Two different sequences can
be distinguished, those similar to the typically sensitive EPSPS
Class I of E. coli with an exception for the substitution P101F,
and those similar to the naturally occurring tolerant EPSPS Class
IT of Agrobacterium sp. CP4, except for the G96A substitution
associated to a complete insensitivity to glyphosate.

A phylogenetic analysis of a total of 599 EPSPS protein
sequences including the 10 obtained in this work, and the
Ochrobactrum haematophilum P6BS-III single sequence (Massot
et al.,, 2019) was carried out. The results grouped the sequences
in two clusters, one of them including the sequence of the CP4,
and the other one including sequences of the Rhizobium genus
and at a significant distance of the typically sensitive EPSPS Class
I of E. coli, with less than approximately 40% of amino acid
identity (Figure 1B).

A further analysis on the sequences revealed that all of those
closely related to CP4 EPSPS, presented all the critical domains
important for glyphosate tolerance and phosphoenolpyruvate
binding in Class IT EPSPS (Sun et al., 2005).

A search of the homologous sequences corresponding to
the operon phn, a Carbon-Phosphorus Lyase responsible for
the metabolization of phosphonates such as glyphosate, was
also performed. Ochrobactrum strains and Phyllobacterium sp.
P30BS-XVII presented a unique possible transcriptional unit,
while Rhizobium strains presented two possible transcriptional
units with the exception of Rhizobium sp. P28RR-XV and
P40RR-XXII, which showed a 3,458 bp length transcriptional
unit containing the phnF, phnM, and a fragment of phnL
(Figure 2). The operon structure of Ochrobactrum anthropi as
well as Agrobacterium radiobacter were previously reported and
compared (Hove-Jensen et al., 2014). The operon organization of
the genus Phyllobacterium was never described in detail.

All the Rhizobium genomes with an additional phn
operon, presented a questionable 1-aminoalkylphosphonic
acid catalytic activity, since they lack the aminoalkylphosphonate
N-acetyltransferase activity provided by phnO. Closely related
species like Mesorhizobium loti and Sinorhizobium meliloti bear
plasmids containing phn operons but differing in structure
compared to the additional operons found (Kaneko et al,
2000; Finan et al., 2001). The Phn operons of Rhizobium spp.
P28RR-XV, P38BS-XIX, P40RR-XXII, and P44RR-XXIV have
hypothetical genes which at first would not be related to their
activity but were not previously observed in the genus.

Among all the studied strains, Ochrobactrum sp. P6BS-III
and Rhizobium sp. P44RR-XXIV were selected for a more
detailed characterization and plant-bacteria interaction tests.
Ochrobactrum sp. P6BS-III, recently reported as Ochrobactrum
haematophilum P6BS-III (Massot et al., 2019), showed various
in vitro plant growth promotion abilities, such as production of
IAA, phosphorus solubilization, and siderophores production.
The Ochrobactrum genus was previously reported with the ability
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TABLE 1 | Origin, identification, in vitro plant growth promotion abilities and glyphosate tolerance of microorganisms associated to Lotus spp. roots.

Source Strain Closest related neighbor (type strain) In vitro plant growth promotion abilities Glyphosate MIC
(mgKg™")
ACC- 1AA Acetoin Caz(POg4)2 Phytate Organic Acids Siderophores
deaminase Solubilization  mineralization production production

Lotus spp. P8RR - IV Rhizobium vallis CCBAU 65647 - + - + ++ - - 500

rhizosphere P4RR -V Rhizobium mayense CCGE526 + - - + ++ - + 7,500
P12RR - VI Rhizobium vallis CCBAU 65647 — + — +++ 4+ — — 5,000
P16RR - IX Rhizobium vallis CCBAU 65647 — + + + + — + 10,000
P20RR - X Rhizobium vallis CCBAU 65647 — + — + — — 7,500
P20RR - Xl Ochrobactrum anthropi ATCC 49188 + + — ++ + + + 10,000
P28RR - XV Rhizobium miluonense HAMBI 2971 + — + ++ — + 7,500
P32RR - XVIIl  Rhizobium vallis CCBAU 65647 — + — — — 3,000
P40RR - XXl Rhizobium miluonense HAMBI 2971 + + — + + — + 7,500
P44RR - XXIV  Rhizobium lusitanum P1-7 + + + - ++ + + 10,000

Pastureland PeBsS - Il Ochrobactrum haematophilum CCUG 38531 - + - ++ +++ + + 10,000

bulk soil P14BS - VI Rhizobium miluonense CCBAU 41251 — — — + ++ — + 7,500
P26BS - XIV Pedobacter nutrimenti J22 + - + + ++ - + 1,000
P30BS - XVII  Phyllobacterium myrsinacearum |AM 13584 - + + +++ +++ + 10,000
P38BS - XIX  Rhizobium freirei PRF 81 — + — — ++ + 7,500
P38BS - XX Ochrobactrum anthropi ATCC 49188 + + + — — + 10,000
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TABLE 2 | General features of the whole genome sequences.

Ochrobactrum sp.

Rhizobium sp.

Phyllobacterium sp.

Rhizobium sp.

Rhizobium sp.

Rhizobium sp.

Rhizobium sp.

P20RR-XII P28RR-XV P30BS-XVII P32RR-XVIII P38BS-XIX P40RR-XXII P44RR-XXIV
Attribute Value % of Total Value % of Total Value % of Total Value % of Total Value % of Total Value % of Total Value % of Total
Genome size (bp) 4847371 100 7077829 100 5252353 100 7197937 100 7063854 100 7069808 100 7411108 100
DNA G+C (bp) 2710165 55.9 4232542 59.8 2895097 55.12 4323081 60.1 4171912 59 42305731 59.8 4413315 59.55
DNA scaffolds 12 100 50 100 23 100 92 100 35 100 56 100 29 100
Total genes 4946 100 7430 100 5408 100 7918 100 7275 100 7430 100 7935 100
Protein coding genes 4844 97.9 7315 98.5 5307 98.1 7786 98.3 7162 98 7317 98.5 7745 97.6
RNA genes 100 2.02 113 1.5 95 1.76 124 1.6 109 1 113 1.52 126 1.58
Pseudo genes 2 0.04 2 0.03 6 0.11 8 0.10 4 0 0 0 64 0.80
Genes in internal clusters 18 0.37 70 0.96 24 0.45 172 2.21 41 0.57 72 0.98 83 1.07
Genes with function prediction 4215 87.0 6178 84.5 4627 87.2 6303 81.0 6153 85.9 6157 84.1 6742 87.0
Genes assigned to COGs 3846 79.4 5586 76.4 4213 79.4 5602 71.9 5545 77.4 5578 76.2 6046 78.1
Genes with Pfam domains 3988 82.3 7055 96.4 5197 97.9 7410 95.2 6918 96.6 7065 96.6 7553 97.5
Genes with signal peptides 655 13.5 885 121 713 134 471 6.0 900 12.6 875 12.0 987 12.7
Genes with transmembrane helices 1240 25.6 1624 22.2 1299 24.5 1674 21.5 1624 22.7 1616 22.1 1786 23.1
Completeness 100.0 100.0 99.6 99.3 99.9 100.0 99.5
Gapped identity to closest genome 99.6 99.6 NA 84.6 84.3 99.6 95.1
Accession Number JAANOS000000000.1 JABAIGO00000000 JACGXO000000000.1 JABAIHO00000000 JABAIJOO0000000 JABAII000000000 MPVZ00000000.2
BioProject PRJINA547107 PRJINA625371 PRJINA547125 PRJINA625372 PRJINA625376 PRJINAG25374 PRJINA354620

NA, Not available.
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FIGURE 1 | The Sequence of the 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS, EC2.5.1.19) found in the fully sequenced genomes was aligned using the
ClustalW algorithm, together with the most representative Class | (E. coli) and Class Il (Agrobacterium CP4) enzymes. A fragment of twelve amino acids from position
91 to 102 (according to E. coli sequence) and including the 101 position is presented (A). A phylogenetic tree was build using 589 EPSPS reviewed sequences from
UniProt (www.unirpot.org) and those found in the investigated genomes. Sequences were aligned using ClustalO v1.2.4, and the Maximum-Likelihood phylogenetic
tree were calculated using IQ-Tree v1.6.12 selecting the best substitution model based on BIC score with the option -m TEST. Confidence levels for individual
branches were determined by ultrafast bootstrap approximation with 10000 replicates. The image was magnified in those branches where the sequences of interest
are located, which are indicated in numbered colored spheres (B). The EPSPS sequence of O. haematophilum PEBS-IIl was included in the analysis for
comparative reasons.
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Ochrobactrum haematophilum P6BS-I1ll and O. sp. P20RR-XII
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Genes coding for transport proteins Genes for products with unknown enzymatic activity
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phosphonate catabolism
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related to phn operon Atu0170 without assigned function

FIGURE 2 | Organization of C-P lyase pathway-encoding phn operons in the investigated microbial strains. Open reading frames are shown as arrows indicating the
direction of transcription and including the specific letter designation of the phn operon inside. A Displacement of an open reading frame relative to the previous open
reading frame indicates an overlapping of the reading frames. At the bottom of the figure, colored squares indicate the function of each open reading frame
presented above in the figure. The color nomenclature corresponds to that presented in Hove-Jensen et al. (2014). The phn operon organization of O.
haematophilum P6BS-IIl was included in the analysis for comparative reasons. *Hypothetical open reading frame not present in Rhizobium sp. P38BS-XIX.
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of degrading different organic compounds (Kili¢, 2009; Abraham
and Silambarasan, 2016; Chudasama and Thaker, 2017). On the
other hand, Rhizobium sp. P44RR-XXIV, identified according to
its 16s rRNA gene as Rhizobium lusitanum (Valverde et al., 2006)
showed the highest glyphosate tolerance (>10,000 mg kg~!), as
well as a wide range of in vitro PGP abilities (in particular, the
ability to produce IAA, acetoin, and ACC deaminase activity).

A total of 29 contigs greater than 1000 bp, giving a consensus
length of 7,408,308 bp and a mean genome coverage of
61.5 times was obtained for Rhizobium sp. P44RR-XXIV. The
reordering of contigs was performed using the closest Rhizobium
reference genome completely sequenced, Rhizobium tropici
CIAT 899 (GCA_000330885.1). The P44RR-XXIV genome
was also compared to two other genomes, the closest match
according to the information of the 16s rRNA gene, R.
lusitanum P7 (NZ_FMAF00000000.1), and the closest match
according to results obtained using the ANIm, ANIb and
GGDC analysis, Rhizobium sp. AC27/96 (NZ_LXKN00000000.1)
(Supplementary Table 2 and Supplementary Figure 3).

Surprisingly, Rhizobium sp. P44RR-XXIV does not possess
homologous genes related to nitrogen fixation (nif genes), nor
NOD nodulation factors genes (nod genes). This may indicate
that the strain is not capable of forming a symbiotic association
with Lotus through nodule formation.

Even though this finding does not hinder the remediation
strategy for which the use of these strains is intended, since
P44RR-XXIV is phylogenetically close to the phytopathogen
Rhizobium rhizogenes (Ream, 2009), an additional bioinformatic
analysis was performed before performing further analyses.
Strain P44RR-XXIV was then compared to the closest Rhizobium
rhizogenes K599 (previously known as Agrobacterium rhizogenes),
a strain that causes the “hairy root disease.” The ability to
cause that disease relies on the possession of the Ri-plasmid
(Hodges et al., 2006). A low synteny was observed in R. rhizogenes
K599 with respect to the Rhizobium genomes in this study
(Supplementary Figure 4). In order to study the presence of Ri-
plasmid, queries of genes present in pRil724 plasmid belonging
to R. rhizogenes MAFF301724 (Moriguchi et al., 2001) were
searched using BLAST. No evidence of sequences related to
T-DNA, the opine synthesis “ocp_h2” and genes virA, virH, virF,
and part of virD homologs were found. The absence of homologs
of rol genes together with the absence of those necessary for the
complete synthesis of any particular type of opine: genes virD1,
virD2 or virE genes, plus the fact that the regions that present
homology correspond to different contigs within the genome
of P44RR-XXIV, would indicate the absence of a functional Ri-
plasmid in P44RR-XXIV.

Rhizobium sp. P44RR-XXIV possesses a single copy of the
gene acdS that codes for the enzyme ACC deaminase (1-
aminocyclopropane-1-carboxylate deaminase, EC 3.5.99.7). Next
to the acdS sequence, a homolog of the acdR protein regulator
was found in 5’ region.

The presence of genes involved in different Indoleacetic
Acid (IAA) synthesis pathways was studied. Homologs of
the aldehyde dehydrogenase gene, aldA (indole-3-pyruvate
pathway), the nitrile and nitrile hydratase genes, nit4 and nthA-
nthB (indole-3-acetonitrile/ indole-3-acetamide pathways), and a

possible homolog of indoleacetamide hydrolase, iaaH (indole-3-
acetamide pathway) were found.

There is a total of 87 genes involved in phosphorus uptake
and metabolism. These are related to the high affinity
phosphate transporter and the PHO regulon, the different
phosphate metabolism pathways (including homologs of
alkaline phosphatase), metabolism of polyphosphates and of
alkylphosphonates (including the genes of the two phn operons).

Iron uptake is probably performed through several
transporters, such as the ABC transporters pitA, pitD, pitC
and the iron-B12-siderophore-hemin system. Genes related to
the synthesis of siderophore Aerobactin were found.

Lotus corniculatus Root Colonization
Using fluorescence microscopy, the two strains showing
promising  glyphosate  metabolization  abilities  were
tested for their potential to colonize the roots of Lotus
corniculatus. Fluorescence was observed in the transconjugants
O. haematophilum P6BS-III and Rhizobium sp. P44RR-XXIV and
consequently, these strains were identified as O. haematophilum
P6BS-III mCherry+ and Rhizobium sp. P44RR-XXIV GFP+.
Confocal fluorescence microscopy imaging (Figure 3 and
Supplementary Figure 5) showed different colonization patterns
of the microorganisms over the root surface after 1 week. P6BS-
I mCherry+ biofilms were observed associated in small and
dense cell clusters next to the cell wall junctions. P44RR-XXIV
GFP+ seemed to be more uniformly distributed and possibly
associated to hairy roots, mainly occurring as individual cells,
and in lower numbers than P6BS-III mCherry+.

The presence of Rhizobium sp. P44RR-XXIV and
O. haematophilum P6BS-III on the roots of L. corniculatus was
also corroborated using scanning electron microscopy (Figure 4).

Glyphosate Biotransformation in Liquid
Cultures and Soil Microcosms Studies by

Two Selected Bacteria

In order to perform bacterial cell cultures in BSM-Gly broth,
two pre-cultures were made to remove any possible source of
phosphorus, and thus only glyphosate as the sole source of
phosphorous was left. In parallel, negative controls (BSM without
glyphosate) were included.

Ochrobactrum  haematophilum  P6BS-III  reached the
maximum growth on day two, showing approximately
2 x 10" CFU ml™! in the culture medium. Rhizobium sp.
P44RR-XXIV showed a similar growth, reaching a maximum of
2.7 x 101 CFU ml~!. The amount of glyphosate metabolized
at the end point (day 9 of cultures) was 21 mg Kg~! (42% of
the initial concentration) for O. haematophilum P6BS-III and
24.5 mg kg~! (49% of the initial concentration) for Rhizobium
sp. P44RR-XXIV. Aminomethylphosphonic acid (AMPA) was
not detected in the culture medium.

Microcosms assays were conducted using the two possible
plant-bacteria associations, L. corniculatus — O. haematophilum
P6BS-1II and L. corniculatus — Rhizobium sp. P44RR-XXIV.
Additionally, glyphosate concentrations were studied in
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FIGURE 3 | Confocal fluorescence microscopy images of L. corniculatus roots inoculated with the glyphosate degrading microorganisms. On the left,
O. haematophilum P6BS-IIl m-Cherry + close to the tip of the main root. On the middle, R. sp. P44RR-XXIV GFP+. On the right, L. corniculatus roots were
inoculated with O. sp. P6BS Il mCherry+ and R. sp. P44RR-XXIV GFP+, where different locations in the root can be observed for each microorganism.

P44RR XXIV.

FIGURE 4 | Scan electron microscopy images of L. corniculatus roots inoculated with O. haematophilum PEBS-IIl and R. sp. P44RR XXIV. Yellow arrows indicate the
location of the microbial cells in the root surface. The image has been magnified 8000 times. On the left, O. haematophilum PEBS-IIl. On the right, Rhizobium sp.

microcosms in which bacteria were spiked directly on the bulk
soil to evaluate the effects of the microbes themselves.

After 20 days post treatment, plant-bacteria association
microcosms showed significant decreases in the glyphosate
concentration, with the Lotus corniculatus — O. haematophilum
P6BS-III combination yielding the higher glyphosate decrease
(a mean of 97.4% of the total glyphosate was removed,
P value < 0.01). L. corniculatus — Rhizobium sp. P44RR-
XXIV generated a 58.7% lower glyphosate concentration
(P value < 0.05). Autoclaved soils with non-inoculated
Lotus plants showed no significant difference in glyphosate

concentration at the end of the experimental period (P
value > 0.05). Soil microcosms inoculated only with bacteria
did not show significant differences compared to non-inoculated
soils (Figure 5).

DISCUSSION

We characterized Lotus-associated rhizospheric bacteria obtained
from a glyphosate chronically exposed pastureland to perform
a successful microcosm phytoremediation assay using a realistic
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FIGURE 5 | Microcosm experiments. Effect of the plant-bacteria associations on the glyphosate metabolization in soil after 20 days (A). Effect of the bacteria
bicaugmentation in soil after 20 days (B). *P value = 0.01 to 0.05 **P value = 0.001 to 0.01.

agronomic dose of the herbicide. This work presents the first
plant-microbe assisted phytoremediation of glyphosate in which
the presence of bacteria associated to roots and an effective
glyphosate biotransformation has been demonstrated.

Despite the general and widespread use of glyphosate, its
phytoremediation has been poorly investigated. Jacklin et al.
(2020) evaluated the effects of glyphosate in 14 plant species in
constructed wetlands. The planted wetlands removed an average
of 96.8% of the 0.7 mg L™! glyphosate while the unvegetated
wetlands (control) removed 92.2%, suggesting the relevance of
the glyphosate adsorption to the soil and the need to ensure the
local biodegradation. The aquatic macrophyte Lemna minor was
used to remove a commercial formulation of glyphosate from
the growth medium, achieving 8% removal at the end of the
experimental period (Dosnon-Olette et al., 2011). An attempt to
realize a microbe-assisted phytoremediation system was made
by Kryuchkova et al. (2014), in which Enterobacter cloacae
K7, a glyphosate degrading strain which possessed a number
of associative traits, including nitrogen fixation, phosphate
solubilization, and IAA synthesis, was tested in Helianthus
annuus and Sorghum saccharatum. The assay was carried out
in Petri dishes, and no glyphosate degradation was evaluated.
Such attempts sustain the need for am appropriate evaluation of
the effects of microbial inoculation on plants together with the
monitoring of glyphosate concentration. In this work, in vitro

plant growth promotion abilities tests were performed as a part
of a multipurpose strategy in which the plant-microorganism
association should not only provide the degradation of the
xenobiotic but should also possess traits that sustain its presence
in the root and eventually contribute to increase the plant
biomass. A similar procedure was followed by Becerra-Castro
et al. (2011, 2013), who first isolated hexachlorocyclohexane
tolerant and beneficial bacteria strains from Cytisus striatus
and later selected those with the best performance to test the
dissipation of the insecticide lindane in pot experiments.

Our work evidences the isolation procedure delivered great
selectivity. Almost all the obtained bacteria belonged to the
order Rhizobiales, in particular, Rhizobium and Ochrobactrum
genera. Rhizobiales constitute a fraction of bacteria inhabiting
the roots of plants (rhizobacteria); they are promoting the growth
of and alleviating the stress experienced by their host plants and
present a high relative abundance in Lotus species (Zgadzaj et al.,
2016). The association between leguminous plants and rhizobia
has been proposed for phytoremediation of contaminated soils
(Brigido and Glick, 2015). In the case of soils contaminated with
organics, some examples can be found in which Rhizobium and
Ochrobactrum genera were used in combination with members
of the Fabaceae family. Rhizobium meliloti ACCC17519 in
association with Medicago sativa was reported to reduce the soil
polycyclic aromatic hydrocarbon (PAHs) concentration by 51.4%
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compared with unplanted control soil (Teng et al.,, 2011). In a
study by Madariaga-Navarrete et al. (2017), Phaseolus vulgaris
was inoculated with a Rhizobium sp. previously isolated from
roots, to investigate the atrazine removal. The treatment was able
to remove an average of 61% of atrazine 50 from soil after 35 days.
An Ochrobactrum sp. obtained from bulk soil from coking plant,
was used in association with M. sativa to remove PAHs. The duo
was able to remove 30% of the xenobiotics after 90 days (Xu et al.,
2020). Rhizobium and Ochrobactrum genera were previously
reported to degrade glyphosate, but not in combination with
plants (Sviridov et al., 2015; Stosiek et al., 2020).

Whole genome sequencing represents an excellent approach
to study and confirm the presence of the pesticide biodegradation
pathways and other relevant traits in bacteria when it is coupled
with biochemical and physiological tests. For instance, a genomic
and functional approach study was carried out to understand
the detoxification of atrazine by Arthrobacter sp. C2 (Cao et al.,
2021) and DDT by Stenotrophomonas sp. DDT-1 (Pan et al.,
2016). In our work, the glyphosate metabolization through the
C-P lyase pathway was investigated searching homologous gene
sequences in the genome of seven strains. At least one copy
of the full version of the operon was found in each strain,
including the PhnGHIJK component essential for the catalytic
activity (Kamat et al., 2013). Despite being a widely distributed
operon in bacteria, C-P lyases present in many of them are not
capable to degrading glyphosate (Villarreal-Chiu et al., 2012),
such is the case of E. coli (Chen et al., 1990). Therefore, the
annotation of the total of 14 polypeptides present in the phn
operon, phnCDEFGHIJKLMNOR, is not sufficient to indicate
microorganisms are able to metabolize glyphosate by using
the sarcosine pathway. The fact that the isolation of strains
was conducted using enrichment cultures in which their only
source of phosphorus was glyphosate, may indicates bacteria have
an active C-P lyase pathway. However, for O. haematophilum
P6BS-IIT and Rhizobium sp. P44RR-XXIV, the metabolization
of glyphosate was verified measuring it on liquid cultures. The
metabolization of glyphosate through the AMPA pathway was
also investigated in the genomes of O. haematophilum P6BS-
III and Rhizobium sp. P44RR-XXIV. Yet, no homologous gene
sequences of the Glyphosate oxidoreductase (GOX), responsible
for the glyphosate decarboxylation were found. This evidence
was supported by the absence of AMPA in liquid cultures.
Rhizobium and Ochrobactrum species without the ability to
oxidize glyphosate through the AMPA pathway were previously
reported (Liu et al., 1991; Firdous et al., 2017).

The epsps gene was also investigated in whole genome
sequences. Results showed some microorganisms possessing
two complete sequences of the epsps, a finding that has not
being reported to date. Additionally, results also supported the
discovery of a new cluster of glyphosate tolerant sequences
that could provide a new source of genes and proteins with
properties for environmental applications. Firstly, the highly
conserved region XLGNAGTAXRXL was explored since some
mutations in this region have been studied extensively and can
be directly associated with glyphosate tolerance. For instance,
the substitution G96A can increase the glyphosate tolerance to
100 folds, while the combination of the substitutions in T97

and P101 can provide the conformational changes and lead
to high catalytic efficiency and glyphosate tolerance (Pollegioni
et al., 2011; Yi et al,, 2016). The alignment performed delivered
two groups of sequences, one of them related to Class I, and
the other group related to Class II enzymes. The substitution
P101F found in Class I enzymes is not among the previously
P101 reported mutations and provides a variable tolerance in
Rhizobium strains that carried them. However, it seems that
belonging to this group is enough to confer a high level of
tolerance (7,500 to at least, 10,000 mg Kg~! of glyphosate).
All strains possessing Class II related sequences showed the
highest level of tolerance tested. A phylogenetic analysis was
conducted to find out how similar Class I enzymes are between
themselves and, at the same time, how distant the complete
hypothetical peptide sequences are from the sensitive Class I
sequence of E. coli. Our findings unveiled a potential new cluster
of naturally tolerant EPSPS sequences belonging to Class I group,
significantly distant from the E. coli sequence. Other Rhizobium
EPSPS sequences were found conforming the clade: Rhizobium
etli CIAT 652, R. etli CFN 42 Rhizobium leguminosarum bv. trifolii
WSM2304. Surprisingly, strains carrying two versions of the epsps
gene, Rhizobium sp. P28RR-XV, Rhizobium sp. P32RR-XVIII, and
Rhizobium sp. PAORR-XXII did not show the highest tolerance
to glyphosate, leading to hypothesize the absence of a functional
product of the Class II gene. Future studies must endeavor to
further corroborate this.

Since they showed a broad set of plant growth promotion
traits, tolerated the maximum concentration of glyphosate tested
and also possess a single epsps gene copy representative of each
class, O. haematophilum P6BS-III and Rhizobium sp. P44RR-
XXIV were chosen to study root colonization using fluorescence
microscopy. The metabolization of glyphosate by these strains
was tested in liquid cultures prior to perform the microcosms
assay, demonstrating significant glyphosate metabolization after
9 days of incubation. A peculiarity of Rhizobium sp. P44RR-
XXIV is the absence of nif and NOD genes, suggesting that strain
P44RR-XXIV is not able to establish a symbiotic association with
Lotus through nodule formation, but possibly through different
mechanisms. This finding has already been documented in
Rhizobiaceae and is of great interest for the scientific community
since the ecological role that such saprophytes play in the
rhizosphere remains unknown (Giraud et al., 2007; Jones et al.,
2016; Okazaki et al., 2016). It has been reported that Rhizobium
etli strains lacking Sym plasmids were able to successfully
colonize roots (Lopez-Guerrero et al., 2012) as it turned out for
R. sp. P44RR-XXIV in this work.

Plant inoculation should be combined with monitoring of
the bacterial survival and establishment in the rhizosphere
(Errampalli et al, 1999; Ramos et al., 2013). Fluorescent
tagging was used as a marker to observe the colonization and
spatial distribution of the strains at the Lotus primary roots.
This method has been previously applied in the context of
microbe-assisted phytoremediation. For instance, the endophyte
Methylobacterium sp. Cp3-mCherry was demonstrated to
colonize the root cortex cells and xylem vessels of the stem
of Crotalaria pumila under metal stress (Sanchez-Lopez et al.,
2018). In another study conducted by Pawlik et al. (2020),
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Lolium perenne was inoculated with the GFP-tagged Rhizobium
sp. 5WK collected from an aged petroleum hydrocarbon polluted
soil to confirm the endophytic nature of the strain colonization
capabilities. In our work two aspects guided the search for
bacteria capable of establishing in the rhizoplane of Lotus: (1)
no relevant glyphosate degradation is accomplished in plants
(Sammons and Gaines, 2014) and (2) due the low hydrophobicity
of glyphosate (logK,, < —3.2), plant roots do not take it up
at a rate surpassing passive influx into the transpiration stream.
Therefore, it is not surprising that the inoculated glyphosate
degrading strains remain in the rhizoplane of the host. The
root colonization pattern observed by confocal fluorescence
microscopy was supported using SEM imaging, corroborating the
long-term interaction and bacteria adhesion to plant cell wall.
The combination of fluorescence microscopy and SEM to gain a
reliable characterization of the colonization patterns is commonly
adopted in evaluations of beneficial bacteria (Palmqvist et al.,
2015; Gamez et al., 2019).

Finally, the suitability of plant bacteria associations was
tested in a microcosm study by investigating the glyphosate
removal in a typical agricultural soil. The dose of the
herbicide was based on a commercial product application of
approximately 4 kg ha~! homogenously distributed in the soil,
leading to a final concentration of 5 mg Kg~!. Glyphosate
concentrations commonly found in agricultural soils are usually
below 5 mg Kg~! (Aparicio et al, 2013; Silva et al., 2019).
Therefore, the glyphosate concentration used in the microcosm
experiment is most likely the highest concentration the plant-
bacteria system will be faced with in the field. Significant
decreases of the glyphosate concentration were observed in
the microcosms in which plant-bacteria associations were used.
On the other hand, microcosms using only bacteria spiked
directly on the bulk soil (bioaugmentation approach) showed
no significant metabolization of glyphosate after 20 days. In
a similar experiment, Ermakova et al. (2010), found that
Achromobacter sp. Kg 16 and Ochrobactrum anthropi GPK were
able to aerobically degrade 65.8% and 49.5% of glyphosate,
respectively, in soils contaminated with approximately 60 mg
Kg~! of the herbicide 21 days after treatment. In that
case, the degradation of glyphosate was performed by the
action of the indigenous microorganisms and the degrading
bacteria. In our experiment, the remotion of the indigenous
microorganisms by soil sterilization proved the inability of
the inoculated microorganisms to remove for themselves
the xenobiotic. The results obtained in the microcosms
with plant-bacteria associations illustrate the relevance of the
symbiosis with plants to boost the glyphosate metabolization
by bacteria. Most likely, the roots exudates of Lotus generate
an environment with a high availability of nutrients for the
heterotrophic bacteria inhabiting the rhizosphere and colonizing
the root, which is increasing the microbial biomass and
enhancing the metabolic activity (Segura and Ramos, 2013).
Additionally, plants increase the oxygen pressure, porosity, and
permeability of the soil near the roots, therefore ensuring the
occurrence of aerobic reactions (Gerhardt et al., 2009). The
fact that there was no significant decrease of glyphosate in
the microcosm units with L. corniculatus without inoculation

of bacteria indicates that no significant plant uptake was
taking place.

CONCLUSION AND PERSPECTIVES

Currently, agrochemicals in general and glyphosate in particular,
are amongst the major environmental concerns in the
agriculture-based economies. Glyphosate and its associated
products being a core technology in the prevailing agricultural
model, it is unlikely that their use will decrease in the near future.
This work aimed to gather the necessary knowledge to design a
biotechnological tool for the microbe-assisted phytoremediation
of glyphosate in agricultural soils, attempting to take the first
step toward generating progressive changes that result in an
improvement of the agroecosystem through the reduction of
environmental liabilities.

In this study, twenty-four bacterial strains were isolated
from roots and soils chronically exposed to glyphosate and
sixteen of them assessed according to their glyphosate tolerance
and degradation capabilities, and plant growth promotion
abilities. Almost all strains belong to the order of Rhizobiales,
a promising result, since there exist many reports on plant
beneficial microorganisms belonging to this group. In addition,
all strains comply with a tolerance level several orders of
magnitude higher than the maximum reported glyphosate
concentration in soils and a considerable number of in vitro
PGP abilities. All strains have not less than three positive
results in the different in vitro PGP traits studied, where
phosphorus solubilization stands out. The acquisition of new
genomic data arising from microorganisms whose genomes have
not been sequenced or studied before, contributes significantly
to a better comprehension of the genus. O. haematophilum
P6BS-1II and R. sp. P44RR-XXIV were studied for their root
colonization, indicating positive adherence to L. corniculatus
roots. In vitro, both strains were able to metabolize almost
50% of the original glyphosate concentration of 50 mg 17! in
9 days. Lastly, in a microcosm experiment using L. corniculatus,
O. haematophilum P6BS-III performed better than R. sp.
P44RR-XXIV, with 97% of glyphosate transformed after 20-
days.

This paper presents an improved proposal to existing
literature, linking the experimental data from the isolation of
tolerant bacteria with performing plant-bacteria interaction tests
to prove positive effects on glyphosate removal from the soil. The
concatenation of all the information acquired leads the authors
to propose that microbe-assisted phytoremediation of glyphosate
is possible starting from the bioaugmentation of a properly
described microorganism and followed by the inoculation of a
plant species of commercial value.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found below: PRJNA547107,

Frontiers in Microbiology | www.frontiersin.org

January 2021 | Volume 11 | Article 598507


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Massot et al.

Microbe-Assisted Phytoremediation of Glyphosate

https://www.ncbi.nlm.nih.gov/bioproject/PRINA547107; PRINA

625371, https://www.ncbi.nlm.nih.gov/bioproject/PRINA625371;
PRJNAS547125, https://www.ncbi.nlm.nih.gov/bioproject/PRJNA

547125; PRINA625372, https://www.ncbi.nlm.nih.gov/bioproject/
PRJNA625372; PRJNA625376, https://www.ncbi.nlm.nih.gov/

bioproject/PRINA625376; PRINA625374, https://www.ncbi.nlm.

nih.gov/bioproject/PRJNA625374; PRINA354620, https://www.

ncbi.nlm.nih.gov/bioproject/PRINA354620.

AUTHOR CONTRIBUTIONS

FM wrote the manuscript and executed the main part of the
experimental work and data analysis. PG assisted and advised
FM during the experimental work. JV assisted ST in the
genome sequencing. DM performed glyphosate measurements
in microcosms studies. BT and GV performed glyphosate
measurements in culture medium. Jd'H assisted FM and ST
in Scan Electron Microscopy. IP assisted FM and ST in
Confocal Microscopy. AG, LM, and JV experts in phyllo-
and phytoremediation, critically reviewed the manuscript, and
provided invaluable contributions to FM during this work.
ST performed the genome sequencing of the microorganisms,
performed microscopy imaging experiments with FM, and
accompanied and guided FM during this work and provided a
critical review to this manuscript. All authors contributed to the
article and approved the submitted version.

REFERENCES

Abraham, J., and Silambarasan, S. (2016). Biodegradation of chlorpyrifos and
its hydrolysis product 3,5,6-trichloro-2-pyridinol using a novel bacterium
Ochrobactrum sp. JAS2: a proposal of its metabolic pathway. Pestic. Biochem.
Physiol. 126, 13-21. doi: 10.1016/j.pestbp.2015.07.001

Almagro Armenteros, J. J., Tsirigos, K. D., Senderby, C. K., Petersen, T. N.,
Winther, O., Brunak, S., et al. (2019). SignalP 5.0 improves signal peptide
predictions using deep neural networks. Nat. Biotechnol. 37, 420-423. doi:
10.1038/s41587-019-0036-z

Aparicio, V. C., De Gerénimo, E., Marino, D., Primost, J., Carriquiriborde,
P, and Costa, J. L. (2013). Environmental fate of glyphosate and
aminomethylphosphonic acid in surface waters and soil of agricultural
basins. Chemosphere 93, 1866-1873. doi: 10.1016/j.chemosphere.2013.06.041

Aziz, R. K, Bartels, D., Best, A. A, DeJongh, M., Disz, T., Edwards, R. A,, et al.
(2008). The RAST server: rapid annotations using subsystems technology. BMC
Genom. 9:75. doi: 10.1186/1471-2164-9-75

Bankevich, A., Nurk, S., Antipov, D., Gurevich, A. A., Dvorkin, M., Kulikov, A. S.,
et al. (2012). SPAdes: a new genome assembly algorithm and its applications
to single-cell sequencing. J. Comput. Biol. 19, 455-477. doi: 10.1089/cmb.2012.
0021

Becerra-Castro, C., Kidd, P. S., Prieto-Ferndndez, A, Weyens, N., Acea, M. J.,
and Vangronsveld, J. (2011). Endophytic and rhizoplane bacteria associated
with Cytisus striatus growing on hexachlorocyclohexane-contaminated soil:
isolation and characterisation. Plant Soil 340, 413-433. doi: https://doi.org/10.
1007/s11104-010-0613-x

Becerra-Castro, C., Kidd, P. S. Rodriguez-Garrido, B., Monterroso, C.,
Santos-Ucha, P., and Prieto-Fernandez, A (2013). Phytoremediation of
hexachlorocyclohexane (HCH)-contaminated soils using Cytisus striatus and
bacterial inoculants in soils with distinct organic matter content. Environ.
Pollut. 178, 202-210. doi: 10.1016/j.envpol.2013.03.027

Belimov, A. A., Hontzeas, N., Safronova, V. L., Demchinskaya, S. V., Piluzza, G.,
Bullitta, S., et al. (2005). Cadmium-tolerant plant growth-promoting bacteria

FUNDING

FM was supported through the joint Ph.D. BOF program of
Hasselt University (BOF16BL05) and together with ST financially
supported by the Methusalem project 08MO3VGR]. JV is
supported by the Natural Sciences and Engineering Research
Council of Canada. FM, LM, and AG were supported by
Agencia Nacional de Promocién Cientifica y Tecnoldgica (PICT
2010-2087) and Consejo Nacional de Investigaciones Cientificas
y Tecnoldgicas.

ACKNOWLEDGMENTS

We thank Dr. Oscar Ruiz and Dr. Matias Bailleres for granting
access to the Manantiales Experimental Farm of the National
Institute of Agricultural Technology (INTA) and their valuable
contributions during the sampling. We also thank Dr. Matias
Bailleres and Dr. Nicolds Urtasun for helping in the sample
procedure and Dr. Tomds Poklpepovich for the bioinformatic
analysis related to Figure 1B.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2020.598507/full#supplementary- material

associated with the roots of Indian mustard (Brassica juncea L. Czern.). Soil Biol.
Biochem. 37, 241-250. doi: 10.1016/j.s0ilbio.2004.07.033

Bloemberg, G. V., Wijfjes, A. H. M., Lamers, G. E. M., Stuurman, N., and
Lugtenberg, B. J. J. (2000). Simultaneous imaging of Pseudomonas fluorescens
WCS365 populations expressing three different autofluorescent proteins in
the rhizosphere: new perspectives for studying microbial communities. Mol.
Plant-Microbe Interact. 13, 1170-1176. doi: 10.1094/MPMI.2000.13.11.1170

Brigido, C., and Glick, B. R. (2015). ““Phytoremediation using rhizobia,”]” in
Phytoremediation: Management of Environmental Contaminants, eds A. A.
Ansari, S. S. Gill, R. Gill, G. R. Lanza, and L. Newman (Cham: Springer
International Publishing), 2. doi: 10.1007/978-3-319-10969-5_9

Cao, D., He, S, Li, X,, Shi, L., Wang, F,, Yu, S., et al. (2021). Characterization,
genome functional analysis, and detoxification of atrazine by Arthrobacter sp.
C2. Chemosphere 264:128514. doi: 10.1016/j.chemosphere.2020.128514

Caspi, R, Billington, R., Ferrer, L., Foerster, H., Fulcher, C. A., Keseler, I. M.,
et al. (2016). The MetaCyc database of metabolic pathways and enzymes and
the BioCyc collection of pathway/genome databases. Nucleic Acids Res. 44,
D471-D480. doi: 10.1093/nar/gkv1164

Chen, C. M., Ye, Q. Z., Zhu, Z. M., Wanner, B. L, and Walsh, C. T.
(1990). Molecular biology of carbon-phosphorus bond cleavage. cloning and
sequencing of the phn (psiD) genes involved in alkylphosphonate uptake and
C-P lyase activity in Escherichia coli B. ]. Biol. Chem. 265, 4461-4471.

Chudasama, K. S., and Thaker, V. S. (2017). Genome sequence of Ochrobactrum
anthropi strain SUBGO007, a plant pathogen and potential xenobiotic
compounds degradation bacterium. Genomics Data 11, 116-117. doi: 10.1016/
j.gdata.2017.01.001

Cockerill, F. R., Wilker, M. A., Alder, J., Dudley, M. N,, Eliopoulos, G. M., Ferraro,
M. J., et al. (2012). Methods for dilution antimicrobial susceptibility tests for
bacteria that grow aerobically; approved standard — Ninth Edition. Clin. Lab.
Standards Institude M07-A9. 32, 1-88.

Cole, J. R, Wang, Q, Fish, J. A., Chai, B., McGarrell, D. M., Sun, Y., et al. (2014).
Ribosomal database project: data and tools for high throughput rRNA analysis.
Nucleic Acids Res. 42, 633-642. doi: 10.1093/nar/gkt1244

Frontiers in Microbiology | www.frontiersin.org 16

January 2021 | Volume 11 | Article 598507


https://www.ncbi.nlm.nih.gov/bioproject/PRJNA547107
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA625371
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA547125
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA547125
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA625372
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA625372
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA625376
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA625376
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA625374
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA625374
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA354620
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA354620
https://www.frontiersin.org/articles/10.3389/fmicb.2020.598507/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2020.598507/full#supplementary-material
https://doi.org/10.1016/j.pestbp.2015.07.001
https://doi.org/10.1038/s41587-019-0036-z
https://doi.org/10.1038/s41587-019-0036-z
https://doi.org/10.1016/j.chemosphere.2013.06.041
https://doi.org/10.1186/1471-2164-9-75
https://doi.org/10.1089/cmb.2012.0021
https://doi.org/10.1089/cmb.2012.0021
https://doi.org/https://doi.org/10.1007/s11104-010-0613-x
https://doi.org/https://doi.org/10.1007/s11104-010-0613-x
https://doi.org/10.1016/j.envpol.2013.03.027
https://doi.org/10.1016/j.soilbio.2004.07.033
https://doi.org/10.1094/MPMI.2000.13.11.1170
https://doi.org/10.1007/978-3-319-10969-5_9
https://doi.org/10.1016/j.chemosphere.2020.128514
https://doi.org/10.1093/nar/gkv1164
https://doi.org/10.1016/j.gdata.2017.01.001
https://doi.org/10.1016/j.gdata.2017.01.001
https://doi.org/10.1093/nar/gkt1244
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Massot et al.

Microbe-Assisted Phytoremediation of Glyphosate

Cunningham, J. E., and Kuiack, C. (1992). Production of citric and oxalic acids
and solubilization of calcium phosphate by Penicillium bilaii. Appl. Environ.
Microbiol. 58, 1451-1458.

Dosnon-Olette, R., Couderchet, M., Oturan, M. A., Oturan, N., and Eullaffroy, P.
(2011). Potential use of Lemna minor for the phytoremediation of isoproturon
and glyphosate. Int. J. Phytoremediation 13, 601-612. doi: 10.1080/15226514.
2010.525549

Ermakova, I. T., Kiseleva, N. I, Shushkova, T., Zharikov, M., Zharikov, G. A.,
and Leontievsky, A. A. (2010). Bioremediation of glyphosate-contaminated
soils. Appl. Microbiol. Biotechnol. 88, 585-594. doi: 10.1007/500253-010-2775-
2770

Errampalli, D., Leung, K., Cassidy, M. B., Kostrzynska, M., Blears, M., and Lee, H.
(1999). Applications of the green fluorescent protein as a molecular marker in
environmental microorganisms. J. Microbiol. Methods 35, 187-199.

Escaray, F. J., Menendez, A. B., Gérriz, A., Pieckenstain, F. L., Estrella, M. J.,
Castagno, L. N, et al. (2011). Ecological and agronomic importance of the plant
genus Lotus. Its application in grassland sustainability and the amelioration
of constrained and contaminated soils. Plant Sci. 182, 121-133. doi: 10.1016/
j.plantsci.2011.03.016

Ewels, P., Magnusson, M., Lundin, S., and Kéller, M. (2016). MultiQC: summarize
analysis results for multiple tools and samples in a single report. Bioinformatics
32, 3047-3048. doi: 10.1093/bioinformatics/btw354

Fernandes, G., Aparicio, V. C., Bastos, M. C., De Ger6nimo, E., Labanowski,
J., Prestes, O. D., et al. (2019). Indiscriminate use of glyphosate impregnates
river epilithic biofilms in southern Brazil. Sci. Total Environ. 651, 1377-1387.
doi: 10.1016/j.scitotenv.2018.09.292

Finan, T. M., Weidner, S., Wong, K., Buhrmester, J., Chain, P., Vorholter, F. ., et al.
(2001). The complete sequence of the 1,683-kb pSymB megaplasmid from the
N2-fixing endosymbiont Sinorhizobium meliloti. Proc. Natl. Acad. Sci. U S A.
98, 9889-9894. doi: 10.1073/pnas.161294698

Firdous, S., Igbal, S., Anwar, S., and Jabeen, H. (2017). Identification and analysis of
5-enolpyruvylshikimate-3-phosphate synthase (EPSPS) gene from glyphosate-
resistant Ochrobactrum intermedium Sq20. Pest Manag. Sci. 74, 1184-1196.
doi: 10.1002/ps.4624

Gamborg, O. L., Miller, R. A., and Ojima, K. (1968). Nutrient requirements of
suspension cultures of soybean root cells. Exp. Cell Res. 50, 151-158. doi: 10.
1016/0014-4827(68)90403-90405

Gamez, R,, Cardinale, M., Montes, M., Ramirez, S., Schnell, S., and Rodriguez, F.
(2019). Screening, plant growth promotion and root colonization pattern of two
rhizobacteria (Pseudomonas fluorescens Ps006 and Bacillus amyloliquefaciens
Bs006) on banana cv. Williams (Musa acuminata Colla). Microbiol. Res. 220,
12-20. doi: 10.1016/j.micres.2018.11.006

Gerhardt, K., Huang, X., Glick, B., and Greenberg, B. (2009). Phytoremediation and
rhizoremediation of organic soil contaminants: potential and challenges. Plant
Sci. 176, 20-30. doi: 10.1016/j.plantsci.2008.09.014

Gerhardt, K. E., Gerwing, P. D., and Greenberg, B. M. (2017). Opinion: taking
phytoremediation from proven technology to accepted practice. Plant Sci. 256,
170-185. doi: 10.1016/j.plantsci.2016.11.016

Giraud, E., Moulin, L., Vallenet, D., Barbe, V., Cytryn, E., Avarre, J. C,, et al. (2007).
Legumes symbioses: absence of nod genes in photosynthetic bradyrhizobia.
Science 316, 1307-1312. doi: 10.1126/science.1139548

Glick, B. (2003). Phytoremediation: synergistic use of plants and bacteria to clean
up the environment. Biotechnol. Adv. 21, 383-393. doi: 10.1016/S0734-9750(03)
00055-57

Gurevich, A., Saveliev, V., Vyahhi, N., and Tesler, G. (2013). QUAST: quality
assessment tool for genome assemblies. Bioinformatics 29, 1072-1075. doi: 10.
1093/bioinformatics/btt086

Guyton, K. Z., Loomis, D., Grosse, Y., El Ghissassi, F., Benbrahim-Tallaa, L., Guha,
N., et al. (2015). Carcinogenicity of tetrachlorvinphos, parathion, malathion,
diazinon, and glyphosate. Lancet Oncol. 16, 490-491. doi: 10.1016/S1470-
2045(15)70134-70138

Hébert, M. P., Fugere, V., and Gonzalez, A. (2019). The overlooked impact of rising
glyphosate use on phosphorus loading in agricultural watersheds. Front. Ecol.
Environ. 17, 48-56. doi: 10.1002/fee.1985

Hodges, L. D., Vergunst, A. C., Neal-McKinney, J., Den Dulk-Ras, A., Moyer,
D. M., Hooykaas, P.].]., etal. (2006). Agrobacterium rhizogenes GALLS protein
contains domains for ATP binding, nuclear localization, and type IV secretion.
J. Bacteriol. 188, 8222-8230. doi: 10.1128/]JB.00747-746

Hove-Jensen, B., Zechel, D. L., and Jochimsen, B. (2014). Utilization of glyphosate
as phosphate source: biochemistry and genetics of bacterial carbon-phosphorus
lyase. Microbiol. Mol. Biol. Rev. 78, 176-197. doi: 10.1128/ MMBR.00040-13

Huang, X., He, J., Yan, X., Hong, Q., Chen, K., He, Q., et al. (2016). Microbial
catabolism of chemical herbicides: microbial resources, metabolic pathways and
catabolic genes. Pestic. Biochem. Physiol. 143, 272-297. doi: 10.1016/j.pestbp.
2016.11.010

Huang, Y., Niu, B., Gao, Y., Fu, L., and Li, W. (2010). CD-HIT Suite: a web server
for clustering and comparing biological sequences. Bioinformatics 26, 680-682.
doi: 10.1093/bioinformatics/btq003

Huerta-Cepas, J., Szklarczyk, D., Forslund, K., Cook, H., Heller, D., Walter, M. C.,
etal. (2016). EGGNOG 4.5: a hierarchical orthology framework with improved
functional annotations for eukaryotic, prokaryotic and viral sequences. Nucleic
Acids Res. 44, D286-D293. doi: 10.1093/nar/gkv1248

Jacklin, D. M., Brink, I. C., and de Waal, J. (2020). The potential use of plant species
within a renosterveld landscape for the phytoremediation of glyphosate and
fertiliser. Water SA 46, 94-103. doi: 10.17159/wsa/2020.v46.11.7889

Jones, F. P., Clark, I. M., King, R., Shaw, L. J., Woodward, M. J., and Hirsch, P. R.
(2016). Novel European free-living, non-diazotrophic Bradyrhizobium isolates
from contrasting soils that lack nodulation and nitrogen fixation genes — a
genome comparison. Sci. Rep. 6:25858. doi: 10.1038/srep25858

Jorquera, M. A., Hernandez, M. T., Rengel, Z., Marschner, P., and de la Luz
Mora, M. (2008). Isolation of culturable phosphobacteria with both phytate-
mineralization and phosphate-solubilization activity from the rhizosphere of
plants grown in a volcanic soil. Biol. Fertil. Soils 44:1025. doi: 10.1007/s00374-
008-0288-280

Kamat, S. S., Williams, H. J., and Raushel, F. M. (2013). Phosphonates to Phosphate:
A Functional Annotation of the Essential Genes of the Phn Operon in Escherichia
coli. Amsterdam: Elsevier.

Kaneko, T., Nakamura, Y., Sato, S., Asamizu, E., Kato, T., Sasamoto, S., et al.
(2000). Complete genome structure of the nitrogen-fixing symbiotic bacterium
\emph{Mesorhizobium loti}. DNA Res. 7, 381-406. doi: 10.1093/dnares/7.6.331

Kilig, N. K. (2009). Enhancement of phenol biodegradation by Ochrobactrum sp.
isolated from industrial wastewaters. Int. Biodeterior. Biodegrad. 63, 778-781.
doi: 10.1016/j.ibiod.2009.06.006

Kim, B. K, Lim, Y.-W., Kim, M., Kim, S., Chun, J., Lee, J.-H., et al. (2007).
EzTaxon: a web-based tool for the identification of prokaryotes based on 16S
ribosomal RNA gene sequences. Int. J. Syst. Evol. Microbiol. 57, 2259-2261.
doi: 10.1099/ij5.0.64915-64910

Krogh, A., Larsson, B., von Heijne, G., and Sonnhammer, E. L. (2001). Predicting
transmembrane protein topology with a hidden markov model: application
to complete genomesl1Edited by F. Cohen. J. Mol. Biol. 305, 567-580. doi:
10.1006/jmbi.2000.4315

Kryuchkova, Y. V., Burygin, G. L., Gogoleva, N. E., Gogolev, Y. V., Chernyshova,
M. P., Makarov, O. E., et al. (2014). Isolation and characterization of a
glyphosate-degrading rhizosphere strain. Enterobacter cloacae K7. Microbiol.
Res. 169, 99-105. doi: 10.1016/j.micres.2013.03.002

Kuiper, I, Lagendijk, E. L., Bloemberg, G. V., and Lugtenberg, B. J. J. (2004).
Rhizoremediation: a beneficial plant-microbe interaction bioremediation: a
natural method. Society 17, 6-15.

Lagendijk, E. L., Validov, S., Lamers, G. E. M., De Weert, S., and Bloemberg, G. V.
(2010). Genetic tools for tagging Gram-negative bacteria with mCherry for
visualization in vitro and in natural habitats, biofilm and pathogenicity studies.
FEMS Microbiol. Lett. 305, 81-90. doi: 10.1111/j.1574-6968.2010.01916.x

Liu, C. M., McLean, P. A., Sookdeo, C. C., and Cannon, F. C. (1991). Degradation of
the herbicide glyphosate by members of the family Rhizobiaceae. Appl. Environ.
Microbiol. 57, 1799-1804.

Lopez-Guerrero, M. G., Ormeno-Orrillo, E., Acosta, J. L., Mendoza-Vargas, A.,
Rogel, M. A, Ramirez, M. A,, et al. (2012). Rhizobial extrachromosomal replicon
variability, stability and expression in natural niches. Plasmid 68, 149-158.
doi: 10.1016/j.plasmid.2012.07.002

Lupi, L., Bedmar, F., Puricelli, M., Marino, D., Aparicio, V. C., Wunderlin, D., et al.
(2019). Glyphosate runoff and its occurrence in rainwater and subsurface soil in
the nearby area of agricultural fields in Argentina. Chemosphere 225, 906-914.
doi: 10.1016/j.chemosphere.2019.03.090

Madariaga-Navarrete, A., Rodriguez-Pastrana, B. R., Villagémez-Ibarra, J. R,
Acevedo-Sandoval, O. A. Perry, G. and Islas-Pelcastre, M. (2017).
Bioremediation model for atrazine contaminated agricultural soils using

Frontiers in Microbiology | www.frontiersin.org

January 2021 | Volume 11 | Article 598507


https://doi.org/10.1080/15226514.2010.525549
https://doi.org/10.1080/15226514.2010.525549
https://doi.org/10.1007/s00253-010-2775-2770
https://doi.org/10.1007/s00253-010-2775-2770
https://doi.org/10.1016/j.plantsci.2011.03.016
https://doi.org/10.1016/j.plantsci.2011.03.016
https://doi.org/10.1093/bioinformatics/btw354
https://doi.org/10.1016/j.scitotenv.2018.09.292
https://doi.org/10.1073/pnas.161294698
https://doi.org/10.1002/ps.4624
https://doi.org/10.1016/0014-4827(68)90403-90405
https://doi.org/10.1016/0014-4827(68)90403-90405
https://doi.org/10.1016/j.micres.2018.11.006
https://doi.org/10.1016/j.plantsci.2008.09.014
https://doi.org/10.1016/j.plantsci.2016.11.016
https://doi.org/10.1126/science.1139548
https://doi.org/10.1016/S0734-9750(03)00055-57
https://doi.org/10.1016/S0734-9750(03)00055-57
https://doi.org/10.1093/bioinformatics/btt086
https://doi.org/10.1093/bioinformatics/btt086
https://doi.org/10.1016/S1470-2045(15)70134-70138
https://doi.org/10.1016/S1470-2045(15)70134-70138
https://doi.org/10.1002/fee.1985
https://doi.org/10.1128/JB.00747-746
https://doi.org/10.1128/MMBR.00040-13
https://doi.org/10.1016/j.pestbp.2016.11.010
https://doi.org/10.1016/j.pestbp.2016.11.010
https://doi.org/10.1093/bioinformatics/btq003
https://doi.org/10.1093/nar/gkv1248
https://doi.org/10.17159/wsa/2020.v46.i1.7889
https://doi.org/10.1038/srep25858
https://doi.org/10.1007/s00374-008-0288-280
https://doi.org/10.1007/s00374-008-0288-280
https://doi.org/10.1093/dnares/7.6.331
https://doi.org/10.1016/j.ibiod.2009.06.006
https://doi.org/10.1099/ijs.0.64915-64910
https://doi.org/10.1006/jmbi.2000.4315
https://doi.org/10.1006/jmbi.2000.4315
https://doi.org/10.1016/j.micres.2013.03.002
https://doi.org/10.1111/j.1574-6968.2010.01916.x
https://doi.org/10.1016/j.plasmid.2012.07.002
https://doi.org/10.1016/j.chemosphere.2019.03.090
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Massot et al.

Microbe-Assisted Phytoremediation of Glyphosate

phytoremediation (using Phaseolus vulgaris L.) and a locally adapted microbial
consortium. J. Environ. Sci. Heal. - Part B Pestic. Food Contam. Agric. Wastes
52, 367-375. doi: 10.1080/03601234.2017.1292092

Maggi, F., la Cecilia, D., Tang, F. H. M., and McBratney, A. (2020). The global
environmental hazard of glyphosate use. Sci. Total Environ. 717:137167. doi:
10.1016/j.scitotenv.2020.137167

Massot, F., Gkorezis, P., McAmmond, B., d'Haen, J., Van Hamme, J., Merini, L. J.,
et al. (2019). First high-quality draft genome of Ochrobactrum haematophilum
P6BS-II1, a highly glyphosate-tolerant strain isolated from agricultural soil in
Argentina. 3 Biotech 9:74. doi: 10.1007/513205-019-1606-y

Massot, F., Smith, M. E., Vitali, V. A., Giulietti, A. M., and Merini, L. J. (2016).
Assessing the glyphosate tolerance of Lotus corniculatus and L. tenuis to
perform rhizoremediation strategies in the humid pampa (Argentina). Ecol.
Eng. 90, 392-398. doi: 10.1016/j.ecoleng.2016.01.031

Meier-Kolthoff, J. P., Auch, A. F., Klenk, H.-P., and Goker, M. (2013).
Genome sequence-based species delimitation with confidence intervals and
improved distance functions. BMC Bioinform. 14:60. doi: 10.1186/1471-2105-
14-60

Moriguchi, K., Maeda, Y., Satou, M., Hardayani, N. S. N., Kataoka, M., Tanaka, N.,
et al. (2001). The complete nucleotide sequence of a plant root-inducing (Ri)
plasmid indicates its chimeric structure and evolutionary relationship between
tumor-inducing (Ti) and symbiotic (Sym) plasmids in Rhizobiaceae. J. Mol. Biol.
307, 771-784. doi: 10.1006/jmbi.2001.4488

Murashige, T., and Skoog, F. (1962). A revised medium for rapid growth and bio
assays with tobacco tissue cultures. Physiol. Plant. 15, 473-497. doi: 10.1111/].
1399-3054.1962.tb08052.x

Nautiyal, C. S. (1999). An eficiente microbiological growth médium for screening
phosphate solubilizing microorganisms. FEMS Microbiol. Lett. 170, 265-270.

Okazaki, S., Tittabutr, P., Teulet, A., Thouin, J., Fardoux, J., Chaintreuil, C.,
et al. (2016). Rhizobium-legume symbiosis in the absence of Nod factors: two
possible scenarios with or without the T3SS. ISME J. 10, 64-74. doi: 10.1038/
isme;j.2015.103

Overbeek, R., Olson, R., Pusch, G. D., Olsen, G. J., Davis, J. J., Disz, T., et al. (2014).
The SEED and the Rapid Annotation of microbial genomes using Subsystems
Technology (RAST). Nucleic Acids Res. 42, 206-214. doi: 10.1093/nar/gkt1226

Palmgqvist, N. G. M., Bejai, S., Meijer, J., Seisenbaeva, G. A., and Kessler, V. G.
(2015). Nano titania aided clustering and adhesion of beneficial bacteria to
plant roots to enhance crop growth and stress management. Sci. Rep. 5:10146.
doi: 10.1038/srep10146

Pan, X,, Lin, D., Zheng, Y., Zhang, Q., Yin, Y., Cai, L., et al. (2016). Biodegradation
of DDT by Stenotrophomonas sp. DDT-1: characterization and genome
functional analysis. Sci. Rep. 6:21332. doi: 10.1038/srep21332

Parks, D. H., Imelfort, M., Skennerton, C. T., Hugenholtz, P., and Tyson, G. W.
(2015). CheckM: assessing the quality of microbial genomes recovered from
isolates, single cells, and metagenomes. Genome Res. 25, 1043-1055. doi: 10.
1101/gr.186072.114

Patten, C. L., and Glick, B. R. (2002). Role of Pseudomonas putida indoleacetic
acid in development of the host plant root system. Appl. Environ. Microbiol.
68, 3795-3801. doi: 10.1128/AEM.68.8.3795

Pawlik, M., Plociniczak, T., Thijs, S., Pintelon, I, Vangronsveld, J., and
Piotrowska-Seget, Z. (2020). Comparison of two inoculation methods of
endophytic bacteria to enhance phytodegradation efficacy of an aged
petroleum hydrocarbons polluted soil. Agronomy 10:1196. doi: 10.3390/
agronomy10081196

Pollegioni, L., Schonbrunn, E., and Siehl, D. (2011). Molecular basis of glyphosate
resistance - different approaches through protein engineering. FEBS J. 278,
2753-2766. doi: 10.1111/j.1742-4658.2011.08214.x

Potter, S. C., Luciani, A., Eddy, S. R, Park, Y., Lopez, R,, and Finn, R. D. (2018).
HMMER web server: 2018 update. Nucleic Acids Res. 46, W200-W204. doi:
10.1093/nar/gky448

Primost, J. E., Marino, D. J. G., Aparicio, V. C., Costa, J. L., and Carriquiriborde,
P. (2017). Glyphosate and AMPA, “pseudo-persistent” pollutants under
real-world agricultural management practices in the mesopotamic Pampas
agroecosystem, Argentina. Environ. Pollut. 229, 771-779. doi: 10.1016/j.envpol.
2017.06.006

Radosevich, M., Traina, S. J., Hao, Y. L., and Tuovinen, O. H. (1995). Degradation
and mineralization of atrazine by a soil bacterial isolate. Appl. Environ.
Microbiol. 61, 297-302.

Ramos, H. J. O, Yates, M. G., Pedrosa, F. O., and Souza, E. M. (2013).
“Approaches for the design of genetically engineered bacteria for ecological
studies and biotechnological applications,” in Molecular Microbial Ecology of
the Rhizosphere, ed. F. J. de Bruijn (Hoboken: John Wiley & Sons, Ltd).

Ream, W. (2009). Agrobacterium tumefaciens and a. rhizogenes use different
proteins to transport bacterial DNA into the plant cell nucleus. Microb.
Biotechnol. 2, 416-427. doi: 10.1111/j.1751-7915.2009.00104.x

Richter, M., Rossello-Méra, R., Oliver Glockner, F., and Peplies, J. (2015).
JSpeciesWS: a web server for prokaryotic species circumscription based
on pairwise genome comparison. Bioinformatics 32, 929-931. doi: 10.1093/
bioinformatics/btv681

Rissman, A. I, Mau, B., Biehl, B. S, Darling, A. E., Glasner, J. D., and
Perna, N. T. (2009). Reordering contigs of draft genomes using the
mauve aligner. Bioinformatics 25, 2071-2073. doi: 10.1093/bioinformatics/bt
p356

Romick, T. L., and Fleming, H. P. (1998). Acetoin production as an indicator of
growth and metabolic inhibition of Listeria monocytogenes. J. Appl. Microbiol.
84, 18-24. doi: 10.1046/j.1365-2672.1997.00302.x

Ronco, A. E., Marino, D. J. G., Abelando, M., Almada, P., and Apartin, C. D.
(2016). Water quality of the main tributaries of the Parand Basin: glyphosate and
AMPA in surface water and bottom sediments. Environ. Monit. Assess 188:458.
doi: 10.1007/s10661-016-5467-5460

Sammons, R. D., and Gaines, T. A. (2014). Glyphosate resistance: state of
knowledge. Pest Manag. Sci. 70, 1367-1377. doi: 10.1002/ps.3743

Sanchez-Lopez, A. S., Pintelon, I, Stevens, V., Imperato, V., Timmermans, J. P.,
Gonzalez-Chévez, C., et al. (2018). Seed endophyte microbiome of crotalaria
pumila unpeeled: identification of plant-beneficial methylobacteria. Int. J. Mol.
Sci. 19:291. doi: 10.3390/ijms19010291

Schwyn, B., and Neilands, J. B. (1987). Universal assay for the detection and
determination of siderophores. Anal. Biochem. 160, 47-56. doi: 10.1016/0003-
2697(87)90612-90619

Segura, A., and Ramos, J. L. (2013). Plant-bacteria interactions in the removal
of pollutants. Curr. Opin. Biotechnol. 24, 467-473. doi: 10.1016/j.copbio.2012.
09.011

Silva, V., Mol, H. G. J., Zomer, P., Tienstra, M., Ritsema, C. J., and Geissen, V.
(2019). Pesticide residues in European agricultural soils — A hidden reality
unfolded. Sci. Total Environ. 653, 1532-1545. doi: 10.1016/j.scitotenv.2018.
10.441

Sridhar, V., Brahmaprakash, G. P., and Hegde, S. V. (2004). Development of a
Liquid Inoculant Using Osmoprotectants for phosphate solubilizing bacterium
(Bacillus megaterium)*. Karnataka J. Agricult. Sci. 17, 251-257.

Stosiek, N., Talma, M., and Klimek-ochab, M. (2020). Carbon-phosphorus
lyaseUthe state of the art. Appl. Biochem. Biotechnol. 190, 1525-1552. doi:
10.1007/s12010-019-03161-4

Struger, J., Van Stempvoort, D. R., and Brown, S. J. (2015). Sources of
aminomethylphosphonic acid (AMPA) in urban and rural catchments in
Ontario, Canada: glyphosate or phosphonates in wastewater? Environ. Pollut.
204, 289-297. doi: 10.1016/j.envpol.2015.03.038

Sun, Y. C, Chen, Y. C, Tian, Z. X,, Li, F. M, Wang, X. Y., Zhang, J., et al.
(2005). Novel AroA with high tolerance to glyphosate, encoded by a gene of
Pseudomonas putida 4G-1 isolated from an extremely polluted environment in
China. Appl. Environ. Microbiol. 71, 4771-4776. doi: 10.1128/AEM.71.8.4771-
4776.2005

Sviridov, A. V., Shushkova, T. V., Ermakova, I. T., Ivanova, E. V., Epiktetov,
D. O., and Leont’evskii, A. A. (2015). Microbial degradation of glyphosate
herbicides (Review). Tpuraaonas buoxusus H Mukpoouonoeus 51, 183-190. doi: 10.
7868/50555109915020221

Tatusova, T., Dicuccio, M., Badretdin, A., Chetvernin, V., Nawrocki, E. P,
Zaslavsky, L., et al. (2016). NCBI prokaryotic genome annotation pipeline.
Nucleic Acids Res. 44, 6614-6624. doi: 10.1093/nar/gkw569

Taylor, R. G., Walker, D. C., and Mclnnes, R. R. (1993). E.coli host strains. Nucleic
Acids Res. 21, 1677-1678.

Teng, Y., Shen, Y., Luo, Y., Sun, X,, Sun, M., Fu, D,, et al. (2011). Influence of
Rhizobium meliloti on phytoremediation of polycyclic aromatic hydrocarbons
by alfalfa in an aged contaminated soil. J. Hazard. Mater. 186, 1271-1276.
doi: 10.1016/j.jhazmat.2010.11.126

Vallenet, D., Labarre, L., Rouy, Z., Barbe, V., Bocs, S., Cruveiller, S.,
et al. (2006). MaGe: a microbial genome annotation system supported

Frontiers in Microbiology | www.frontiersin.org

January 2021 | Volume 11 | Article 598507


https://doi.org/10.1080/03601234.2017.1292092
https://doi.org/10.1016/j.scitotenv.2020.137167
https://doi.org/10.1016/j.scitotenv.2020.137167
https://doi.org/10.1007/s13205-019-1606-y
https://doi.org/10.1016/j.ecoleng.2016.01.031
https://doi.org/10.1186/1471-2105-14-60
https://doi.org/10.1186/1471-2105-14-60
https://doi.org/10.1006/jmbi.2001.4488
https://doi.org/10.1111/j.1399-3054.1962.tb08052.x
https://doi.org/10.1111/j.1399-3054.1962.tb08052.x
https://doi.org/10.1038/ismej.2015.103
https://doi.org/10.1038/ismej.2015.103
https://doi.org/10.1093/nar/gkt1226
https://doi.org/10.1038/srep10146
https://doi.org/10.1038/srep21332
https://doi.org/10.1101/gr.186072.114
https://doi.org/10.1101/gr.186072.114
https://doi.org/10.1128/AEM.68.8.3795
https://doi.org/10.3390/agronomy10081196
https://doi.org/10.3390/agronomy10081196
https://doi.org/10.1111/j.1742-4658.2011.08214.x
https://doi.org/10.1093/nar/gky448
https://doi.org/10.1093/nar/gky448
https://doi.org/10.1016/j.envpol.2017.06.006
https://doi.org/10.1016/j.envpol.2017.06.006
https://doi.org/10.1111/j.1751-7915.2009.00104.x
https://doi.org/10.1093/bioinformatics/btv681
https://doi.org/10.1093/bioinformatics/btv681
https://doi.org/10.1093/bioinformatics/btp356
https://doi.org/10.1093/bioinformatics/btp356
https://doi.org/10.1046/j.1365-2672.1997.00302.x
https://doi.org/10.1007/s10661-016-5467-5460
https://doi.org/10.1002/ps.3743
https://doi.org/10.3390/ijms19010291
https://doi.org/10.1016/0003-2697(87)90612-90619
https://doi.org/10.1016/0003-2697(87)90612-90619
https://doi.org/10.1016/j.copbio.2012.09.011
https://doi.org/10.1016/j.copbio.2012.09.011
https://doi.org/10.1016/j.scitotenv.2018.10.441
https://doi.org/10.1016/j.scitotenv.2018.10.441
https://doi.org/10.1007/s12010-019-03161-4
https://doi.org/10.1007/s12010-019-03161-4
https://doi.org/10.1016/j.envpol.2015.03.038
https://doi.org/10.1128/AEM.71.8.4771-4776.2005
https://doi.org/10.1128/AEM.71.8.4771-4776.2005
https://doi.org/10.7868/S0555109915020221
https://doi.org/10.7868/S0555109915020221
https://doi.org/10.1093/nar/gkw569
https://doi.org/10.1016/j.jhazmat.2010.11.126
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Massot et al.

Microbe-Assisted Phytoremediation of Glyphosate

by synteny results. Nucleic Acids Res. 34, 53-65. doi: 10.1093/nar/
gkj406

Valverde, A., Igual, J. M., Peix, A., Cervantes, E., and Veldzquez, E. (2006).
Rhizobium lusitanum sp. nov. a bacterium that nodulates Phaseolus vulgaris.
Int. J. Syst. Evol. Microbiol. 56, 2631-2637. doi: 10.1099/ijs.0.64402- 64400

Vangronsveld, J., Herzig, R., Weyens, N., Boulet, J., Adriaensen, K., Ruttens, A.,
etal. (2009). Phytoremediation of contaminated soils and groundwater: lessons
from the field. Environ. Sci. Pollut. Res. 16, 765-794. doi: 10.1007/s11356-009-
0213-6

Villarreal-Chiu, J. F., Quinn, J. P, and McGrath, J. W. (2012). The genes and
enzymes of phosphonate metabolism by bacteria, and their distribution in the
marine environment. Front. Microbiol. 3:19. doi: 10.3389/fmicb.2012.00019

Weyens, N., Taghavi, S., Barac, T., van der Lelie, D., Boulet, J., Artois, T., et al.
(2009). Bacteria associated with oak and ash on a TCE-contaminated site:
characterization of isolates with potential to avoid evapotranspiration of TCE.
Environ. Sci. Pollut. Res. 16, 830-843. doi: 10.1007/s11356-009-0154-150

Xu, C., Yang, W., Wei, L., Huang, Z., Wei, W., and Lin, A. (2020). Enhanced
phytoremediation of PAHs-contaminated soil from an industrial relocation site
by Ochrobactrum sp. Environ. Sci. Pollut. Res. 27, 8991-8999. doi: 10.1007/
s11356-019-05830-5837

Yi, S., Cui, Y., Zhao, Y., Liu, Z., Lin, Y., and Zhou, F. (2016). A novel
naturally occurring class I 5-Enolpyruvylshikimate- 3-Phosphate synthase from
Janibacter sp . confers high glyphosate tolerance to rice. Sci. Rep. 6:19104.
doi: 10.1038/srep19104

Yoon, S. H., Ha, S. M., Kwon, S., Lim, J., Kim, Y., Seo, H., et al. (2017). Introducing
EzBioCloud: a taxonomically united database of 16S rRNA gene sequences
and whole-genome assemblies. Int. J. Syst. Evol. Microbiol. 67, 1613-1617. doi:
10.1099/ijsem.0.001755

Zgadzaj, R, Garrido-oter, R., Jensen, B. D., Koprivova, A., Schulze-lefert, P.
and Radutoiu, S. (2016). Root nodule symbiosis in Lotus japonicus drives
the establishment of distinctive rhizosphere, root, and nodule bacterial
communities. Proc. Natl. Acad. Sci. US A. 113, E7996-E8005. doi: 10.1073/pnas.
1616564113

Zhan, H., Feng, Y., Fan, X,, and Chen, S. (2018). Recent advances in glyphosate
biodegradation. Appl. Microbiol. Biotechnol. 102, 5033-5043. doi: 10.1007/
500253-018-9035-9030

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Massot, Gkorezis, Van Hamme, Marino, Trifunovic, Vukovic,
d’Haen, Pintelon, Giulietti, Merini, Vangronsveld and Thijs. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org

19

January 2021 | Volume 11 | Article 598507


https://doi.org/10.1093/nar/gkj406
https://doi.org/10.1093/nar/gkj406
https://doi.org/10.1099/ijs.0.64402-64400
https://doi.org/10.1007/s11356-009-0213-6
https://doi.org/10.1007/s11356-009-0213-6
https://doi.org/10.3389/fmicb.2012.00019
https://doi.org/10.1007/s11356-009-0154-150
https://doi.org/10.1007/s11356-019-05830-5837
https://doi.org/10.1007/s11356-019-05830-5837
https://doi.org/10.1038/srep19104
https://doi.org/10.1099/ijsem.0.001755
https://doi.org/10.1099/ijsem.0.001755
https://doi.org/10.1073/pnas.1616564113
https://doi.org/10.1073/pnas.1616564113
https://doi.org/10.1007/s00253-018-9035-9030
https://doi.org/10.1007/s00253-018-9035-9030
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	Isolation, Biochemical and Genomic Characterization of Glyphosate Tolerant Bacteria to Perform Microbe-Assisted Phytoremediation
	Introduction
	Materials and Methods
	Sampling Site and Bacterial Isolation
	DNA Isolation and Phylogenetic Analysis
	In vitro Plant Growth Promotion (PGP) Potential
	Glyphosate Minimal Inhibitory Concentration (MIC)
	Whole Genome Sequencing and Analyses
	Glyphosate Biotransformation in Culture Medium
	Root Colonization of Lotus corniculatus by GFP- and m-Cherry Labeled Strains
	Microcosm Experiment to Assess Glyphosate Removal From Soil

	Results
	Identification and Biochemical Characterization of Glyphosate Tolerant Bacteria
	Genomic Characterization of Glyphosate Tolerant Bacteria
	Lotus corniculatus Root Colonization
	Glyphosate Biotransformation in Liquid Cultures and Soil Microcosms Studies by Two Selected Bacteria

	Discussion
	Conclusion and Perspectives
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


