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Polychlorinated biphenyls modify
Arabidopsis root exudation
pattern to accommodate
degrading bacteria, showing
strain and functional

trait specificity

Eleonora Rolli, Elisa Ghitti, Francesca Mapelli and Sara Borin*

Department of Food, Environmental and Nutritional Sciences (DeFENS), University of Milan,
Milan, Italy

Introduction: The importance of plant rhizodeposition to sustain microbial
growth and induce xenobiotic degradation in polluted environments is
increasingly recognized.

Methods: Here the “cry-for-help” hypothesis, consisting in root chemistry
remodeling upon stress, was investigated in the presence of polychlorinated
biphenyls (PCBs), highly recalcitrant and phytotoxic compounds, highlighting its
role in reshaping the nutritional and signaling features of the root niche to
accommodate PCB-degrading microorganismes.

Results: Arabidopsis exposure to 70 uM PCB-18 triggered plant-detrimental
effects, stress-related traits, and PCB-responsive gene expression, reproducing
PCB phytotoxicity. The root exudates of plantlets exposed for 2 days to the
pollutant were collected and characterized through untargeted metabolomics
analysis by liquid chromatography—mass spectrometry. Principal component
analysis disclosed a different root exudation fingerprint in PCB-18-exposed
plants, potentially contributing to the “cry-for-help” event. To investigate this
aspect, the five compounds identified in the exudate metabolomic analysis (i.e.,
scopoletin, N-hydroxyethyl-B-alanine, hypoxanthine, L-arginyl-L-valine, and L-
seryl-L-phenylalanine) were assayed for their influence on the physiology and
functionality of the PCB-degrading strains Pseudomonas alcaliphila JAB1,
Paraburkholderia xenovorans LB400, and Acinetobacter calcoaceticus P320.
Scopoletin, whose relative abundance decreased in PCB-18-stressed plant
exudates, hampered the growth and proliferation of strains JAB1 and P320,
presumably due to its antimicrobial activity, and reduced the beneficial effect of
Acinetobacter P320, which showed a higher degree of growth promotion in the
scopoletin-depleted mutant f6'h1 compared to Arabidopsis WT plants exposed
to PCB. Nevertheless, scopoletin induced the expression of the bph catabolic
operon in strains JAB1 and LB400. The primary metabolites hypoxanthine, L-
arginyl-L-valine, and L-seryl-L-phenylalanine, which increased in relative
abundance upon PCB-18 stress, were preferentially used as nutrients and
growth-stimulating factors by the three degrading strains and showed a
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variable ability to affect rhizocompetence traits like motility and

biofilm formation.

Discussion: These findings expand the knowledge on PCB-triggered “cry-for-
help” and its role in steering the PCB-degrading microbiome to boost the
holobiont fitness in polluted environments.

KEYWORDS

root exudates, plant-microbe interaction, rhizosphere, metabolomics,

beneficial bacteria

1 Introduction

By modulating their root chemistry, plants modify the
composition of the exudation pattern to actively recruit beneficial
microorganisms able to facilitate adaptation and protection from
stresses (Afridi et al., 2024). Such event, referred to as “cry-for-help”
(Rolfe et al,, 2019), was originally documented as a plant response to
herbivores and phytopathogen attacks (Yi et al., 2011; Berendsen
et al,, 2018), although mounting evidence suggests that it could have
broader implications in plant functional requirements (Feng et al,
2023) and be deployed also under several abiotic stresses, like
drought, salinity, and phosphate deficiency (Rizaludin et al., 2021).
Moreover, modulation of the exudation pattern is considered a
driving factor for the rhizoremediation of soil hydrocarbon
pollution, providing nutrients to sustain the growth of
hydrocarbon-degrading microorganisms and stimulating their
catabolic activities (Rohrbacher and St-Arnaud, 2016). Therefore, it
was proposed that the “cry-for-help” would represent an adaptative
strategy exerted by the plant holobiont to grow in contaminated soils,
and this process would become more relevant in the presence of
poorly phyto-degradable, highly recalcitrant, and phytotoxic
xenobiotics like polychlorinated biphenyls (PCBs) (Rolli et al., 2021).

PCBs constitute a class of 209 compounds, defined as congeners
based on the number and position of the chlorine substituents.
Although banned from production, they continue to pose a threat
to humans, animals, and ecosystem health due to their recalcitrance,
mutagenic and carcinogenic properties, and bioaccumulation in the
food chain (Xiang et al., 2020). The biological degradation of PCBs is
performed by a variety of microorganisms (Suman et al., 2021, 2024)
and occurs through both anaerobic dechlorination, preferentially on
highly chlorinated congeners (Xiang et al., 2020), and aerobic
cleavage of the biphenyl ring, mainly on low-chlorinated congeners.
These microbial functionalities are crucial for plant fitness since PCB
pollution dramatically affects plant growth and development
(Vergani et al, 2017a) by altering photosynthetic capacity and
causing leaf chlorosis and by inducing an oxidative burst and the
overload of the plant detoxification systems, which result to be
inefficient due to the lack of specific enzymatic activities for PCB
degradation (Lin et al., 2020). To counteract these detrimental effects,
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plants may recruit degrading bacterial populations from the soil
microbiome in contaminated environments (Vergani et al., 2022) and
sustain the establishment of a PCB-degrading microbiome in the
rhizosphere, as observed for M. sativa L., C. nigrescens Willd., and D.
glomerata L., plant species spontaneously growing in the historically
polluted site Brescia-Caffaro in northern Italy (Vergani et al., 2017b).
Specific secondary metabolites present in root exudation, like
phenolics and terpenes, can enhance the bacterial degradative
activity to catabolize PCBs and, in turn, alleviate the stress
(Uhlik et al., 2013; Musilova et al., 2016).

Acknowledged as mediators between plants and the
surrounding root microbiome, flavonoids are highly abundant
phenolics in plant exudates with multifaceted capabilities to
support plant fitness under stress (Ghitti et al., 2022). Due to
their structural similarity with the PCB backbone, flavonoids
were reported to act as co-metabolites and inducers for the
expression of bph-encoded dioxygenases, responsible for the
aerobic degradation of PCB congeners in Pseudomonas putida
PML2 (Narasimhan et al., 2003) and Rhodococcus erythropolis
U23A (Toussaint et al., 2012; Pham et al., 2015). In this context,
we demonstrated that flavonoids play a wider and previously
undescribed role in plant-microbe association in the presence of
PCBs. We observed that flavonoid pure compounds can act as
nutrients and signaling factors, differentially affecting bacterial
growth, motility, chemotaxis, and early plant colonization in the
PCB degrader strain Paraburkholderia xenovorans LB400:
through these effects, flavonoids contributed to recruiting and
sustaining the proliferation of strain LB400 in the plant
rhizosphere (Ghitti et al., 2024). Nevertheless, in the long-term
interaction between strain LB400 with Arabidopsis lines affected
in flavonoid biosynthesis and exudation, it was hypothesized that
other non-flavonoid metabolites could be responsible for LB400-
triggered plant growth promotion and colonization under PCB
stress (Ghitti et al., 2024).

Given these findings, this study aims to identify the PCB-
induced fingerprint in root exudation and consequently
determine the role of specialized metabolites, differentially
produced under PCB stress, on the growth and activity of
degrading bacteria. Despite metabolomics and exo-metabolomics
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representing key -omics approaches to investigate how root
chemistry affects microbiome structure and functionality under
adverse environmental conditions (van Dam and Bouwmeester,
2016), the framework of xenobiotic stress is still scarcely
investigated. This limitation urges the exploration of PCB impact
in plant exudation and its role in affecting the functionality of
degrading microorganisms, with the vision to improve the
knowledge on plant-microbe dynamics in contaminated
environments and potentially optimize rhizoremediation
strategies in terms, for instance, of selection of plant species with
a selective rhizodeposition pattern.

Considering the sparse knowledge on the topic, this study sets
the standards to disentangle the putative plant “cry-for-help” in
the presence of PCBs. The approach is based on (i) the adoption of
Arabidopsis thaliana, a valuable model plant to also investigate
PCB-induced phytotoxicity (Zamcho et al., 2021; Ding et al., 2024;
Bao et al, 2013; Jin et al,, 2011), (ii) the trichlorobiphenyl
congener PCB-18 as paradigm of this class of pollutants,
considering that low-chlorinated congeners can be more easily
up-taken by plant roots (Asai et al., 2002) and that this molecule
was proved to exert detrimental effects on Arabidopsis growth
(Bao et al,, 2013) and other crops (Hao et al., 2020), and (iii)
the versatile PCB-degrading strains Acinetobacter calcoaceticus
P320 (Vergani et al.,, 2019), Paraburkholderia xenovorans LB400
(Chain et al., 2006), and Pseudomonas alcaliphila JAB1 (Zubrova
et al,, 2021). In this study, an in vitro assay has been developed to
reproduce PCB phytotoxic hallmarks in Arabidopsis and used to
analyze through liquid chromatography-mass spectrometry (LC-
MS) the PCB-triggered modification in root chemistry exudation.
Furthermore, the exudates identified in the metabolomic
approach were further assayed to investigate their role in the
growth, activity, and rhizocompetence traits (biofilm formation,
motility) of three degradative bacteria. Overall, these findings
contribute to unravel the PCB-stress-induced chemical
remodeling of the rhizosphere niche that could favor the
establishment of beneficial associations with bacteria able to
catabolize this class of xenobiotics.

2 Materials and methods

2.1 Bacterial strains, plant material, culture
media, and chemicals

The bacterial strains were routinely grown in tryptic soy broth
(TSB, Merck, Darmstadt, Germany), Luria-Bertani (LB) broth, or
Mineral Medium Brunner (DSMZ, Germany) supplemented with
an adequate carbon source, either 30 mM sodium pyruvate or the
other assayed metabolites, as indicated in the text. Bacterial cells
were stored in glycerol stocks at -80°C and periodically revitalized
on LB agar plates. Arabidopsis thaliana Col-0 WT and the f6'h1
mutant, depleted in scopoletin biosynthesis (Stringlis et al., 2018),
were used in the present study. PCB-18 (2,2’,5-trichlorobiphenyl,
LCG Standards), solubilized in acetone, was used as the model PCB
molecule. The root-exuded compounds identified by the
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metabolomic approach were hypoxanthine (Merck, Germany),
solubilized in 1 N NaOH solution; scopoletin (Merck, Germany),
solubilized in 80% methanol solution; N-(2-hydroxyethyl)-beta-
alanine, (Merck, Germany); and the dipeptides L-seryl-L-
phenylalanine (SF) and L-arginyl-L-valine (RV) (Twin Helix),
solubilized in ultrapure MilliQ water.

2.2 Evaluation of Arabidopsis thaliana
phytotoxicity to PCB-18 stress

This miniaturized assay allowed the evaluation of the
phytotoxic effect exerted by increasing concentrations of PCB-
18 on the fresh weight of Arabidopsis plantlets. Arabidopsis
thaliana Col-0 seeds were surface-sterilized (Rolli et al., 2022)
and spread on square petri dishes containing % Murashige and
Skoog (MS) medium (2.2 g/L Murashige and Skoog basal medium,
0.5 g/L MES hydrate, pH = 5.4; 9 g/L agar type E). After
vernalization (48 h, 4°C, in the dark), the plates were transferred
in a growth cabinet (16-h light, 8-h darkness) at 22°C, 50%
humidity, and 120-150 pumol/m light intensity. At 6 days after
germination, three plantlets were transferred in the wells of a 24-
well plate filled with 2 mL of MS medium containing 1% sucrose
and supplemented with increasing concentrations of PCB-18.
Three technical replicates were used for each treatment, and an
equal volume of acetone was used for mock treatment; the
experiment was repeated in two biological replicates. After 7
days of growth, the fresh weight of the plantlets was quantified
using a high-sensibility scale and used to assess the phytotoxic
effect induced by PCB-18 treatment compared to the mock
treatment with acetone. The 70-uM concentration was selected
to be used for further experiments (Supplementary Figure S1).

2.3 Root exudate collection assay from
Arabidopsis plantlets exposed to PCB-18

A time-course assay was developed to collect root exudates
(REs) and plant tissues and evaluate the PCB-induced
phytotoxicity for the choice of the most appropriate time point
to be analyzed via metabolomics. About 30 sterilized seeds were
distributed in a 4.5-cm-diameter petri dish containing 10 mL of
liquid %2 MS medium with 1% sucrose. After vernalization, the
plates were transferred into the growth cabinet and grown for 11
days. The liquid nutrient medium was removed, and the plantlets
were gently washed twice with 5 mL of %» MS medium. After the
washes, 10 mL of %2 MS medium was added to the petri dishes,
containing either 70 uM PCB-18 to induce PCB stress or an equal
volume of acetone as mock treatment. At this stage, sucrose was
not added to the MS medium to prevent interference in the
subsequent metabolomic analyses. The plants were then grown
for 7 days. Four biological replicates were collected for PCB and
mock treatments at the different time points of 2, 4, and 7 days
(T2, T4, and T7) after PCB-18 treatments. For each replicate, the
collected samples consisted of (i) the medium in which the plants
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were floating, which was considered as REs (Pantigoso et al., 2021)
and was further subjected to metabolomic analysis and (ii) ~30
plantlets for RNA extraction and RT-qPCR quantification of the
expression level of target PCB-responsive genes. The REs were
filtered through a 0.45-pm filter (Millipore) to remove root debris,
lyophilized, and stored at -80°C for further analyses. The plant
material was rapidly frozen in liquid nitrogen and stored at -80°C
for further analysis.

2.4 Evaluation of PCB-18 effect on
plant growth

After 7 days of growth, the fresh weight of the plant shoots was
quantified to verify the detrimental effect on plant growth exerted
by the treatment with 70 uM PCB-18 compared to an equal volume
of acetone as mock treatment. The plant fresh weight was measured
by using a high-sensibility scale; number of plant shoots analyzed :
30, in three biological replicates.

2.5 Reactive oxygen species staining in
Arabidopsis leaves

Reactive oxygen species (ROS) staining of Arabidopsis collected
leaves was performed using 3,3’-diaminobenzidine (DAB) as
described by Daudi and O’'Brien (2012).

2.6 Ability of Paraburkholderia xenovorans
LB400 to grow on Arabidopsis REs
released under PCB-18 stress or under
mock treatment

The collected REs from Arabidopsis Col-0 plants exposed to
PCB stress or to mock treatment with acetone at the different time
points (T2, T4, and T7) were used to assess their potential to sustain
the growth of the model PCB degrader P. xenovorans LB400. To
assess strain LB400 baseline growth, bacterial cells were
resuspended in the Arabidopsis growth medium supplemented
with PCB-18 or acetone, corresponding to %2 MS supplemented
with 70 uM PCB-18 or acetone. This was the medium in which the
plants were placed at the onset of the stress, as described in Section
2.3. This analysis was used to select the most appropriate time point
of the plant root exudation profile to be further analyzed through
the metabolomic approach. Strain LB400 was inoculated in 1/2 TSB
liquid medium and incubated overnight at 30°C on a shaker (150
rpm). Subsequently, cells were collected and washed twice in
physiological buffer by centrifugation (5 min, 4,000 rpm). Cells
were then inoculated at a final concentration of 10° cells/mL in
triplicates in a 96-well plate using the collected REs as culture
media. Negative controls without REs were set using 1/2 MS
medium containing only 70 uM PCB-18 or an equal amount of
acetone. The plate was incubated on a rotatory shaker at 30°C for 4
days. Bacterial cultures were then re-isolated and quantified by
plating serial dilutions, obtaining the number of CFUs/mL.
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2.7 RNA extraction from Arabidopsis
seedlings and RT-qPCR to evaluate the
relative expression of Arabidopsis genes
that are responsive to PCBs, stress,

and flavonoids

Seedlings were harvested at the indicated times (T2, T4, and T7
after PCB or mock treatments) and frozen in liquid nitrogen. Total
RNA extraction from Arabidopsis plantlets was performed using the
NucleoSpin RNA kit (Macherey-Nagel), including DNase treatment,
following the manufacturer’s recommendations. RNA quantification
and quality were measured using NanoDrop (Thermo Scientific). The
cDNA was synthesized from 1 g total RNA using oligo(dT) and
RevertAid First Strand cDNA Synthesis kit (Thermo Fisher Scientific,
USA) in a total volume of 20 pL. For cDNA synthesis, RNA was
heated at 65°C for 5 min, the reverse transcription (RT) mix was
added, and the reaction proceeded at 42°C for 1 h. cDNA was then
heated at 70°C for 5min and stored at 4°C. qPCR reactions were
performed in a 12-puL final volume with 1 uL RT reaction product,
250 nM final concentration of each primer pair, and SsoAdvanced
Universal SYBR Green Supermix (Bio-Rad, USA). The following
genes were analyzed and the primer sequences are indicated by the
literature references: ABCG40 (Wrzaczek et al., 2009), UGT73D1
(Langlois-Meurinne et al., 2005), Germin-like protein subfamily 1
member 15 (Subramanian et al., 2018), and XTR8 and CYP707A3
(Raietal,, 2016). The results of the investigated genes are presented as
relative expression by normalizing to the expression of the
housekeeping gene UBQ5 (At3g62250). Based on literature data,
UGT73D1 and Germin-like protein subfamily 1 member 15 are
PCB-responsive genes that are upregulated in the presence of
tetrachlorobiphenyl (Subramanian et al., 2018) and
dichlorobiphenyl (Jin et al., 2011), respectively. UGT73DI is a
UDP-glucosyl transferase that is poorly characterized, although its
expression seems to be stress-responsive, and it has also been
described to be upregulated upon P. syringae exposure (Rehman
et al,, 2018). Germin-like protein subfamily 1 member 15 belongs to a
large family of enzymes that are induced in response to both biotic
and abiotic stresses and that seem to affect plant defense by the
formation of an oxidative burst response (Li et al., 2016). ABCG40 is a
xenobiotic-responsive gene involved in Arabidopsis resistance to lead
contamination (Fan et al., 2016). Since flavonoids can act as inducers
of the PCB catabolic pathway in bacterial cells (Narasimhan et al,
2003), flavonoid marker genes were also monitored, including TT8,
the transcription factor for flavonoid biosynthesis, and its target genes
XTRS, encoding for a hydrolase enzyme, and CYP707A3, a hydrolase
induced under abiotic stress, including dehydration (Rai et al., 2016).
The upregulation of cell-wall-remodeling enzymes has been linked to
the activation of the metabolism of xenobiotics in plant tissues
(Zamcho et al, 2021). All reactions were performed in CFX
Connect Real-Time PCR Detection System (Bio-Rad) as follows:
95°C for 30s, 40 cycles at 95°C for 5 s, and 60°C for 20s; a
dissociation step was programmed to validate the PCR products.
Results were analyzed using CFX Manager Software (Bio-Rad).
Statistical analysis was performed by applying the Mann-
Whitney test.
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2.8 Metabolomics analysis of root
exudate composition

Sample preparation was performed according to MetaSysX
standard procedure, a modified protocol from Salem et al. (2016).
The analysis was originally performed by both LC-MS and gas
chromatography-mass spectrometry, but statistically relevant
results were obtained only with the LC-MS approach. For the
LC-MS measurements of hydrophilic analytes, the samples were
measured with Waters ACQUITY Reversed Phase Ultra
Performance Liquid Chromatography (RP-UPLC) coupled to a
Thermo-Fisher Exactive mass spectrometer. C18 columns were
used for the hydrophilic measurements. Chromatograms were
recorded in full-scan MS mode (mass range, 100-1,500). All mass
spectra were acquired in positive and negative ionization modes. To
ensure the highest standards of measurements, MetaSysX used the
number of quality controls in each measurement queue. The queue
was composed of quality control for the performance of
instruments and batch-to-batch variation of intensity, quality
control to compensate retention time deviation, and quality
control for inter-batch deviation. Quality controls to compensate
a potential intensity deviation are useful when bigger experiments
are measured: in this experimental setup, the system is stable over
time. The use of four replicates ensured the proper performance of
the experiment. For LC-MS data processing, data extraction was
accomplished with the software PeakShaper (MetaSysX GmbH).
The alignment and filtration of LC-MS data were completed using
an in-house software. After extraction from the chromatograms,
data were processed, aligned, and filtered for redundant peaks. The
alignment of the extracted data from each chromatogram was
performed according to the criterion that a feature had to be
present in all replicates of at least one of the groups. At this stage,
the average RT and m/z values are given to the features. The
alignment was performed for each type of measurement
independently. Data alignment was followed by the application of
various filters to refine the dataset, which included the removal of (i)
isotopic peaks, (ii) in-source fragments of the analytes (due to the
ionization method), and (iii) redundant peaks like additional less
intense adduct of the same analyte and redundant derivatives, to
guarantee the quality of the data for further statistical analyses.

For the annotation, the in-house MetaSysX database of
chemical compounds was used to match the features detected in
the LC-MS polar platform. MetaSysX possesses in-house databases
created internally, which contain the spectral and retention time
information of 8,000 reference compounds available as pure
compounds and measured in the same chromatographic and
spectrometric conditions as the measured samples. The
annotation of the content of the sample was performed by
database query of mass-to-charge ratio and the retention time of
detected features within certain criteria, corresponding to 6 ppm
and 0.1 min of deviation from the reference compound mass-to-
charge ratio and retention time, respectively, for the polar and non-
polar platforms. Co-eluting compounds with the same mass-to-
charge ratio were all kept. Only the matched compounds that
passed the indicated criteria were kept. Normalization was
performed for each platform separately for the median of
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intensities of each sample. Normalized intensities were merged as
a final data matrix. Among the annotated metabolites, N-
hydroxyethyl-B-alanine was identified, based on the MetaSysX
database. For this compound, the alpha isomer was not present in
the database, and it cannot be excluded, but the following
experiments were performed using the beta isomer. For statistical
analysis, all normalized intensities were log,-transformed. For
heatmap visualization, the logarithmically transformed values
were scaled by median-centering. The missing values were not
replaced and color-coded with white. The test was conducted on the
log,-transformed intensities. The statistical test was computed with
a two-tailed f-test assuming unequal variance, and p-values were
corrected using the Benjamini-Hochberg (BH) method. Principal
component analysis (PCA) was performed on normalized
intensities in PRIMER v. 6.1, PERMANOVA+ for PRIMER
routine (Anderson et al., 2008). Significant differences in the
metabolite fingerprints were investigated by permutational
analysis of variance, PERMANOVA (Anderson et al, 2008),
considering the factor “treatment” for mock (acetone) and PCB-
18 (treated).

2.9 Generation of fluorescence-labeled
strains for microscopy analysis of the root
colonization pattern

Strain LB400 was previously labeled with the mScarlet by
adopting a conjugation protocol that was applied also to
successfully label Pseudomonas JAB1 (Ghitti et al., 2024). For the
gfp-tagging of Acinetobacter P320, the protocol described in Rolli
etal. (2015) was applied. The root colonization experiment was run
according to Rolli et al. (2021). The microscopy analysis was
performed at the platform Unitech NOLIMITS available at the
University of Milan. The fluorescence emitted by the fluorescent-
tagged bacteria colonizing Arabidopsis plantlets was observed with a
stereomicroscope (Stereo Nikon SMZ) by scanning the root system
at x15 magnification. For an optimized visualization of the
mScarlet-labeled strains on the Arabidopsis root system, the
maximum brightness of the epifluorescence microscopy images
was adjusted to value 150 by using Image] software. For the gfp
signal, the maximum brightness of the epifluorescence microscopy
images was adjusted to value 190 by using Image]J software.

2.10 In vitro assay for the putative
antimicrobial effect of scopoletin

The putative antimicrobial effect induced by the presence of
scopoletin was tested and quantified in vitro by employing the
microplate assay proposed by Stringlis et al. (2018) with
modifications. In brief, 96-well plates (VWR, USA) were filled
with 100 uL of TSB supplemented with different concentrations
of scopoletin (0.25, 0.5, 1, and 2 mM). The negative control was
composed of equal amounts of the solubilizing solvent (80%
methanol), while antibiotic tetracycline (100 pg/mL, Merck,
Germany) was used as the positive control for the inhibition of
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bacterial growth. The three bacterial strains were grown overnight
in 1/2 TSB medium until late-log phase, and 2 mL of bacterial
cultures was harvested, washed twice, and resuspended in
physiological buffer. For the assay, 100 pL of the bacterial cell
suspension was added to each well containing the TSB
supplemented with scopoletin to reach a final concentration of
10° cells/mL in the well. The growth was monitored by measuring
ODgqo every hour for 24 h using a 96-well plate reader (Tecan,
Switzerland), keeping the plate incubated at 30°C and shaking for 7
s before each measurement. Each condition was tested with three
biological replicates and three technical replicates, respectively.
Relative growth to express bacterial sensitivity to scopoletin was
calculated as reported by Harbort et al. (2020) by dividing the final
ODggp measurement (at time 24 h) of each concentration assayed by
the ODgg obtained in the root-exudate-free control. Doubling time
and maximum growth rate were calculated as specified by Navarro-
Pérez et al. (2022).

2.11 Evaluation of scopoletin on
Acinetobacter P320—plant interaction
under control conditions and in the
presence of PCB-18 stress

Acinetobacter P320, the bacterial strain most affected by
scopoletin, was evaluated for its performance in plant-bacteria
interaction in wild-type (WT) Arabidopsis plants and in f6’hl
mutant depleted in scopoletin biosynthesis (Stringlis et al., 2018).
Sterilized seeds were sown on % MS agar plates (50 mL)
supplemented with Acinetobacter P320 at a concentration of 2 x
10° cells/mL or without the bacterial inoculum in the case of control
seeds that were prepared by adding an equal volume of
physiological buffer. The plates were vernalized for 2 days at 4°C
in the dark and then placed vertically in a growth cabinet for 5 days
(22°C, 50% humidity, long-day conditions with light intensity of
120-150 pmol/m). At 5 days after germination, the Arabidopsis
plantlets were transferred onto fresh 2 MS plates containing 20 pM
PCB-18 (treated) or an equal volume of acetone (mock treatment)
as described in Ghitti et al. (2024). The plates were incubated for a
total of 14 days in vertical position in a growth cabinet. At the end of
the experiment, the fresh weight of the plantlets was measured by
using a precision scale. All measurements were performed on three
independent experiments and on at least seven plants per condition.
The beneficial index, which means the growth promotion ability
exerted by Acinetobacter P320, was calculated as the ratio between
the fresh weight of Acinetobacter P320-colonized plants and non-
inoculated seedlings and was expressed in percentage in the same
genetic background. The beneficial index was used as a tool to
compare Acinetobacter P320 improving performances under PCB-
18 stress in the Arabidopsis backgrounds used in the present assay.
To evaluate the bacterial colonization efficiency, the root systems
were collected and placed in pre-weighed Eppendorf tubes, and
their fresh weight was measured. The roots were then homogenized
with TissueLyser II (QIAGEN, Germany) using the following
protocol: two cycles at 20-Hz frequency for 20 s and, after adding
900 uL of physiological buffer, two cycles at 15 Hz for 1 min. The
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smashed root suspension obtained was used as 10™ suspension to
prepare serial dilutions for the drop-plate count method, which
were plated on LB plates. After an overnight incubation at 30°C, the
bacterial colonies were counted, and the root colonization efficiency
was expressed as CFUs/mg root fresh weight.

2.12 Induction of bphA gene expression by
scopoletin in Pseudomonas JAB1 and in
Paraburkholderia LB400

Adapting the protocol used by Zubrova et al. (2021),
Pseudomonas JABI cells were grown in MMB supplemented with
30 mM sodium pyruvate on a rotatory shaker at 30°C until late-log
phase. The culture was then harvested by centrifugation, washed in
physiological buffer, and resuspended in 1 OD/mL of fresh MMB
supplemented with 30 mM sodium pyruvate. Aliquots of the
bacterial suspension were divided into glass vials, previously
amended with 0.25 mM scopoletin and biphenyl; the latter was
used as the positive control for bphA induction. Media
supplemented only with the solvents in which scopoletin and
biphenyl were solubilized, 80% methanol and acetone,
respectively, were used as the negative controls. The solvents were
evaporated for 15 min prior to the addition of the bacterial
suspension. The cultures were incubated at 30°C on a rotatory
shaker, and for each condition, 200 pL of culture was sampled in
triplicate at time points 0 and 2 h and then pelleted by
centrifugation (4,000 rpm, 4°C, 5 min). The pellet obtained was
stored at -20°C for subsequent RNA extraction steps. Total RNA
extraction and RT-qPCR were performed as previously reported
(Ghitti et al., 2024). Relative quantification was performed using
JAB1 bphA as target gene (primers: F: 5'-GAGATCCAGAAGGGG
CTAC-3'; R: 5'-GCGCATCCAGTGGTGATA-3’) and infB as
reference gene (primers: F: 5'-AGTGACCGATAGTGAGAAAC-
3’; R: 5'-AACACTGATGGTCTTGCTAC-3’). Data analysis to
calculate the relative abundance of bphA gene expression was
performed as reported previously (Ghitti et al., 2024).

The bph operon induction in Paraburkholderia LB400 with
scopoletin was performed following the assay previously described
in Ghitti et al. (2024).

2.13 In vitro growth on pure REs as unique
carbon or nitrogen sources

The ability of the bacterial strains to use hypoxanthine, L-seryl-
L-phenylalanine, and L-arginyl-L-valine, the plant REs that
increased their abundance upon PCB-18 stress, as unique sources
of carbon or nitrogen was tested in vitro in liquid culture. The
bacterial strains were cultivated overnight in MMB medium
supplemented with 30 mM sodium pyruvate at 30°C on a
rotatory shaker (150 rpm), and cells were harvested by
centrifugation (10 min, 4,000 rpm). Subsequently, bacterial
cultures were washed twice in physiological buffer and
resuspended at a final concentration of 5 x 10° cells/mL in MMB
supplemented with 10 mM of the pure compounds identified in the
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metabolomic approach as carbon sources. MMB with no carbon
source was used as the negative control, while MMB supplemented
with 10 mM sodium pyruvate was used as the positive control for
bacterial growth. For growth on REs as unique nitrogen source,
bacterial cultures were washed twice in physiological buffer and
resuspended at a final concentration of 5 x 10° cells/mL in MMB
deprived of (NH,4),SO4 and supplemented with 4 mM REs as
nitrogen source instead. MMB with no nitrogen source was used
as the negative control, while the conventional composition of
MMB was used as the positive control for bacterial growth. The
cultures were aliquoted (200 pL per well) into a transparent 96-well
plate (VWR, USA). Abiotic controls were analyzed as blanks to
subtract the absorbance background given by the medium. Each
condition was tested with three biological replicates and three
technical replicates, respectively. Bacterial growth was monitored
by measuring the optical density at 600 nm every hour for 48 h
using a 96-well plate reader (Tecan, Switzerland), keeping the plate
in incubation at 30°C and shaking for 7 seconds before

each measurement.

2.14 In vitro biofilm formation assay

Biofilm formation was estimated in vitro by quantifying the
bacterial cell adhesion to a solid surface (polystyrene 96-well plate,
VWR, USA) using crystal violet (CV) staining, following the
method applied by Yoshioka and Newell (2016) and previously
adapted by Ghitti et al. (2024). For the assay, the pure compounds
of the identified root exudates were added at the final
concentrations of 5, 50, and 500 uM. The respective solvents were
added to the medium as the negative controls, and non-inoculated
medium was aliquoted as the blank. Each condition was tested with
three independent biological replicates.

2.15 In vitro swimming motility assay

The effect of pure REs on bacterial swimming motility was
tested for the strains JABI and LB400 in soft agar plates with 1/10
TSB medium supplemented with 0.25% (w/v) agar and 50 and 100
UM REs following the indications of Kearns (2010) and Bartolini
and Grau (2019) and previously adapted by Ghitti et al. (2024).
Each condition was tested in three biological replicates, each with
three technical replicates.

2.16 Bacterial growth assay in the presence
of increasing concentrations of pure root
exudate compounds

For this in vitro growth assay, the protocol used by Huang et al.
(2019) was applied with some adaptations as previously reported
(Ghitti et al., 2024). Bacterial strains were grown in 1/10 TSB
supplemented with pure compounds that were enriched in
Arabidopsis REs secreted under PCB stress (hypoxanthine, L-
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seryl-L-phenylalanine, and L-arginyl-L-valine) at final
concentrations of 10, 20, 50, and 100 pM. Each condition was
tested with three biological replicates and three technical replicates,
respectively. Bacterial growth was monitored by measuring the
optical density at 600 nm every hour for 24 h using a 96-well
plate reader (Tecan, Switzerland).

2.17 Statistical analysis

Statistical analyses were performed using R and Graphpad.
Normal data were tested using ANOVA followed by unpaired t-
test for multiple comparisons (95% confidence interval). For non-
normal data, Kruskal-Wallis test was adopted, followed by Dunn’s
post-hoc test (95% confidence interval). To compare non-normal
distributions with small sample size (n < 30), Mann-Whitney non-
parametric test was used.

3 Results

3.1 In vitro assay to detect the PCB-18-
triggered “cry-for-help” signature in
Arabidopsis thaliana and root
exudation collection

Based on the reduction in Arabidopsis plantlet fresh biomass in
presence of PCB-18 (Supplementary Figure S1), a miniaturized in
vitro assay was developed to reproduce PCB phytotoxic features in
Arabidopsis thaliana. At 7 days after 70 uM PCB-18 application, the
stressed plants showed leaf chlorosis (Figure 1A), a 44% reduction
in fresh biomass (Figure 1B), and enhanced ROS accumulation in
the leaves (Figure 1C), indicating that the assay was effective in
recapitulating the main hallmarks of PCB stress. Plantlets and RE-
enriched media were analyzed at different time points (2, 4, and 7
days after PCB treatment) to select the most suitable one to collect
REs from for metabolomics analysis.

The model PCB-degrader Paraburkholderia xenovorans LB400
demonstrated enhanced growth ability in the presence of the
medium enriched with REs collected at T2, while no statistically
relevant differences were observed for T4 and T7 time points by
comparing the REs released by Arabidopsis plantlets in the presence
of acetone or PCB-18 (Figure 1D). Furthermore, RT-qPCR analysis
was applied to monitor the relative expression of PCB stress and
flavonoid-responsive genes, knowing the interconnection between
these plant secondary metabolites and the stimulation of microbial
degraders (Ghitti et al., 2022). All the analyzed genes showed a
statistically relevant increase in their expression level upon PCB-18
treatment at T2; in the case of the PCB-responsive genes UGT73D1
and Germin-like protein subfamily 1 member 15, this increase was
observed also at T4 in PCB-treated plantlets (Figure 1E). The T2
time point was selected for subsequent RE metabolomic analysis,
potentially representing the root exudation fingerprint specifically
triggered by PCB-18 and affecting microbial degraders.
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FIGURE 1

Validation of the in vitro assay to simulate polychlorinated biphenyl (PCB) stress in Arabidopsis thaliana and selection of the appropriate time point
for the metabolomic analysis of root exudates. (A) Upon exposure for 7 days to 70 uM PCB-18, the Arabidopsis plantlets showed leaf chlorosis, as
indicated by the red arrows. (B) PCB-18-induced stress showed a severe decrease in fresh biomass for plantlets at T7 treated with 70 uM PCB-18
compared to plants exposed to an equal volume of acetone (mock). Statistical analysis was performed by applying unpaired t-test. ****:p < 0.0001,
n = 30. (C) ROS staining on the leaves of plantlets at T7 exposed to PCB stress or mock treatment. (D) Ability of the PCB degrader strain
Paraburkholderia xenovorans LB400 to exploit as nutrient source the root exudate-enriched medium released by Arabidopsis plantlets exposed to
PCB-18 or mock treatment at different time points (T2, T4, and T7). The medium for the sample indicated as “no plant” corresponded to ¥> MS
supplemented with 70 uM PCB-18 (dark gray bar) or acetone (light gray bar). Statistical analysis was performed by applying the Mann—Whitney test
(n = 3). ***:p < 0.001; ns, non-statistically relevant. (E) RT-qPCR representing the relative expression level of PCB-, xenobiotics-, and flavonoid-
responsive genes. The plantlets were collected at different time points upon PCB or mock treatment at T2, T4, and T7. Transcript accumulation is

expressed as relative to the average of the transcript level of UBQ5 as reference gene, according to Serra et al. (2013). Statistical analysis was

performed by applying the Mann—Whitney test (3 < n > 4).

3.2 Untargeted metabolomics analysis on
PCB-18-triggered REs in Arabidopsis

The metabolomic analysis detected 2,513 metabolite features
comprising 200 annotated ones (Supplementary Table SI;
Supplementary Figures S2, S3). PCA analysis of metabolite
fingerprint was performed to identify similarities/dissimilarities
among REs exuded with PCB-18 or with acetone as mock treatment
in the medium (Figures 2A, B). The PCA plots (Figures 2A, B)
indicated that, based on the metabolite profile, the samples clustered
differently according to the treatment (i.e., PCB-exposed plantlets and
mock-treated ones, respectively). Axis 1 and axis 2 of the PCA plots
explain 73.6% and 65% of the total variance for the metabolite
detected in positive and negative ionization mode in the LC-MS
analysis, respectively (Figures 2A, B). As suggested by PCA,
PERMANOVA analysis (Supplementary Table S3) confirmed that
the samples differed according to the treatment for both metabolites
detected in positive mode (PERMANOVA: p = 0.0286) and for those
detected in negative mode (PERMANOVA: p = 0.0283).

In the metabolite dataset, 65 features showed a statistically
different relative abundance between the REs of mock-treated and

Frontiers in Plant Science

08

*:p < 0.05; ***:p < 0.001; ns, non-statistically relevant.

PCB-18-exposed plants (Figure 2C; Supplementary Table S2).
These features may represent the PCB-18-induced “cry-for-help”
in Arabidopsis exudation pattern, and the variation in their relative
abundance among treatments is represented in the heatmap, with
10 features showing a relative increase under PCB-18 stress, while
55 features decreased their relative abundance (Figure 2C). Five of
these compounds were identified and corresponded to scopoletin
and N-hydroxyethyl-beta-alanine (B-alanine), which showed a
decrease upon PCB-18 treatment, and hypoxanthine, L-seryl-L-
phenylalanine (SF), and L-arginyl-L-valine (RV) that increased
their relative abundance in PCB-exposed REs (Figure 2D). The
only flavonoid compounds identified in the dataset are kaempferol,
dihydro-kaempferol, and genistein 7-O-B-D-glucoside, but they did
not show a significant change in their relative abundance in the
PCB-18 treatment (Supplementary Figure 54). In the vision that the
identified exudates are part of the “cry-for-help” strategy exerted by
the host plant under PCB stress, these metabolites were further
assayed, as pure compounds, to investigate their putative role on the
physiology of three degrading bacteria that were able to colonize the
Arabidopsis root system (Supplementary Figure S5) and that were
previously isolated from the plant rhizosphere in polluted soils.
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Arabidopsis root exudate compounds diverge in response to PCB-18. (A, B) Principal component analysis of the detected metabolite features
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features) modes, respectively. (C) Heatmap of the 65 metabolic features that showed the differential relative abundancies among PCB-18-treated
root exudates compared to the acetone-treated ones. The metabolites have a mean ratio fold change >1 and a p-value <0.05, corrected using the
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of the graph) to the one with the highest relative intensity (bottom of the graph). In the PCB-18 bar, the corresponding relative intensity for each
metabolite is shown, according to the heat-color map. (D) Boxplot showing the relative intensity of the annotated metabolites, expressed as log, of
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3.3 Scopoletin negatively influenced the
growth of PCB-degrading bacteria

Scopoletin is a well-described plant secondary metabolite that
mediates host-microbe interactions (Stringlis et al., 2019; Voges
et al, 2019). Since the relative abundance of this compound
decreased in the REs of PCB-stressed plants (Figure 2D), we
verified if it could negatively affect the growth of PCB-degrading
bacteria, based on previous observations of scopoletin antimicrobial
activity on beneficial/pathogenic microbes (Stringlis et al., 2018).
Acinetobacter P320 was highly inhibited by scopoletin even at the
lowest tested concentration of 250 uM (Figure 3A; Supplementary
Figure S6A), showing a severe decrease in biomass accumulation
already after 6 h upon scopoletin supplementation (Figure 3B) and
an overall decrease of its relative growth after 24 h of exposure to
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this plant secondary metabolite (Figure 3C). Furthermore, 1 and 2
mM scopoletin negatively affected the doubling time of the
bacterium (Supplementary Table S4), also causing a
concentration-dependent reduction of the maximum growth rate
compared to mock treatment (percentage of reduction: 25.5% at 500
uM and 56% at 2 mM) (Figure 3C). The scopoletin inhibitory effect
was less prominent on Pseudomonas JAB1, whose growth was
hindered only at the highest assayed concentrations (Figure 3D;
Supplementary Figure S6B): 1 and 2 mM scopoletin supplies caused
a decrease in biomass formation (Figure 3E) and a reduction in the
bacterial maximum growth rate (Figure 3F). On the other hand, P.
xenovorans LB400 growth was unaffected by scopoletin
(Supplementary Figure S6C).

To counteract the deleterious effects of toxic metabolites, a
bacterial protection strategy is embedding cells in a biofilm matrix.
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FIGURE 3

Scopoletin negatively affected the growth of Acinetobacter P320 and Pseudomonas JABL. (A, D) Growth curves of Acinetobacter P320 and
Pseudomonas JABL, respectively, at increasing concentrations of scopoletin. In the assay, 100 uM tetracycline was used as the positive control for
bacterial growth inhibition. (B, E) Bacterial biomass accumulation at different time points during the growth of Acinetobacter P320 and
Pseudomonas JABL, respectively, at increasing concentrations of scopoletin. ***:p < 0.001. (C, F) Values of Acinetobacter P320 and Pseudomonas
JAB1 maximum growth rate when exposed to increasing concentrations of scopoletin. For all the graphs, statistical analysis was performed using the
Mann—-Whitney test by comparing the scopoletin treatment with the mock solvent control. ***:p < 0.001. (G-1) Influence of scopoletin on the
biofilm formation ability of Acinetobacter P320, Pseudomonas JABL, and Paraburkholderia LB40O0, respectively, represented as the ratio between the
crystal violet OD (CV) of the stained biofilm and the optical density of the culture at 600 nm (OD). Statistical analysis was performed using the
Mann-Whitney test (n = 3) by comparing the scopoletin treatment with the mock solvent control. *:p < 0.05; **:p < 0.01; ***:p < 0.001

Therefore, we further verified if scopoletin could affect the biofilm
formation ability in PCB-degrading model bacteria. In agreement
with the observed reduction in bacterial growth, biofilm formation
was stimulated in Acinetobacter P320 when exposed at the highest
assayed concentration (Figure 3G) and in Pseudomonas JABI at 5
and 500 uM (Figure 3H), while a reduction in the ability to build the
biofilm matrix was observed in Paraburkholderia LB400 (Figure 3I).
As with scopoletin, 3-alanine also showed a significant reduction in
the root exudation profile of PCB-18-stressed plantlets. It was observed
that at the highest assayed concentration, B-alanine stimulated
Paraburkholderia LB400 biofilm formation, potentially pointing to a
deleterious effect for bacterial cells (Supplementary Figure S7).
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3.4 Scopoletin negatively affected the
plant-growth-promoting ability of
Acinetobacter P320, but not the
degradative potential of Pseudomonas
JAB1 and Paraburkholderia LB400

As a result of the “cry-for-help” hypothesis, it is expected that
the Arabidopsis interaction with PCB-degrading bacteria would lead
to improved plant resistance to the deleterious effect induced by
these pollutants. It was previously observed that strain LB400 could
improve plant growth both under control conditions and when
plants were challenged with 20 uM PCB-18 (Ghitti et al,, 2024). A
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similar trend was also observed for Pseudomonas JAB1
(Supplementary Figure S8).

Considering also our previous observations that indicated
Acinetobacter P320 as the most sensitive strain to scopoletin, we
investigated scopoletin influence on Acinetobacter P320-plant
interaction under PCB-18 stress by comparing the outcome of the
bacterium association with Arabidopsis WT versus the f6’h] mutant
that is impaired in scopoletin biosynthesis. In mock-treated plantlets,
Acinetobacter P320 stimulated plant growth in both WT and f6'h1
lines without significant differences (Figure 4A; Supplementary
Figure S9), suggesting that the bacterial strain has a plant growth
promotion potential per se. Upon PCB-18 stress, Acinetobacter P320
was able to boost plant growth, enhancing plant resistance to PCB
stress (Figure 4B). Importantly, in the presence of PCB-18, the
Acinetobacter P320-triggered growth promotion was enhanced in
scopoletin-depleted plants (+83%) compared to the wild-type ones
(+18%) (Figure 4B; Supplementary Figure 59), although colonization
efficiency was not altered in the two genotypes (Figure 4C). These
results indicate that scopoletin negatively affected Acinetobacter
P320-promoted beneficial effect on the plant under PCB stress.

On the other hand, scopoletin did not affect the degradative
functionality of Pseudomonas JAB1 and Paraburkholderia LB400,
being able to trigger the expression of the bph operon in the two
strains similarly to the positive inducer biphenyl (Supplementary
Figures S10A, B).

3.5 Metabolites whose accumulation was
enhanced under PCB stress serve as

nutrients for PCB-degrading bacteria and
diversely affected rhizocompetence traits

Based on their increase in relative abundance in PCB-treated
REs, it was verified that hypoxanthine, L-seryl-L-phenylalanine, and
L-arginyl-L-valine could act as carbon/nitrogen sources,

10.3389/fpls.2024.1429096

proliferation-stimulating molecules, or signaling compounds that
affect the physiology of the selected degrading bacteria.
Hypoxanthine was exploited as carbon source by
Paraburkholderia LB400 (Figure 5A) and by Pseudomonas JABI
(Figure 5B). In the latter strain, this compound also provided a
nitrogen source for growth (Figure 5C) and enhanced bacterial
swimming motility (Figure 5D). The dipeptide L-seryl-L-
phenylalanine (SF) was used by strain LB400 as nitrogen source
(Figure 5E) and acted as a growth-promoting factor by enhancing
Acinetobacter P320 biomass formation and total proliferation when
added as a supplement in a rich growth medium at the highest
concentrations of 50 and 100 uM (Figure 5F). Biofilm formation
showed contrasting results depending on the bacterial strain, the
root exudate compounds, and assayed concentrations
(Supplementary Figure S11).

4 Discussion

Rhizoremediation exploits the plant holobiont services to
catabolize the pollutants and is a sustainable solution particularly
suited for large areas contaminated by PCBs. This technology is
based on the beneficial interaction established by plants and their
associated microbiomes. In particular, root exudation performs a
biostimulating role by providing nutrients, signaling molecules, and
co-metabolites to significantly increase the biological activity of
degrading microorganisms (Lu et al., 2017; Vaidya et al., 2022). On
the other side, through their catabolism, degrading microorganisms
contribute to decrease in the rhizosphere the concentrations of
these detrimental xenobiotics, which the plant cannot remove
efficiently due to the lack of specific detoxification systems
(Huang et al,, 2022). In fact, although the so-called green liver
model is designated to detoxify root-absorbed PCBs through
oxidation, conjugation with glutathione, and storage in the
vacuole (Coleman et al., 1997), the system is inefficient (Schiffner
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Scopoletin reduced Acinetobacter P320-triggered plant growth promotion under polychlorinated biphenyl (PCB) stress. (A) The fresh weight of
Arabidopsis plantlets exposed to mock treatment with acetone showed that Acinetobacter P320 is able to trigger a similar degree of growth promotion
in both WT and the scopoletin-depleted f6'h1 line. *:p < 0.05. (B) The fresh weight of Arabidopsis plantlets stressed by treatment with 20 uM PCB-18
indicated that Acinetobacter P320-induced growth promotion is enhanced in f6'h1 plantlets (83%) compared to WT (18%), suggesting that scopoletin
interferes with the bacterial plant growth promotion under PCB stress. Statistical analysis was performed by applying the Mann—-Whitney test (n = 21).
*p < 0.05; ***:p < 0.001. (C) Root colonization efficiency of Acinetobacter P320 in WT and f6°'h1 plantlets exposed to mock treatment or to PCB-18
stress. Statistical analysis was performed by applying the Mann—Whitney test (three biological replicates with three technical replicates each). ***:p < 0.001.
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Hypoxanthine and L-seryl-L-phenylalanine (SF) are exploited as nutrient sources and signaling molecules by polychlorinated biphenyl-degrading
bacteria. (A, B) Growth curves of strain LB400 and strain JABL, respectively, in mineral medium in the presence of hypoxanthine as the carbon
source. (C) Growth curve of strain JAB1 in mineral medium in the presence of hypoxanthine as the nitrogen source. (D) Swimming ability of strain
JABL1 in the presence of hypoxanthine. Statistical analysis was carried out on at least three independent experiments using Dunn'’s post-hoc test
***%:p < 0.001. (E) Growth curve of strain LB400 in mineral medium in the presence of L-seryl-L-phenylalanine as the nitrogen source. (F) Growth
modulation activity of L-seryl-L-phenylalanine supplemented as pure chemicals to 1/10 TSB liquid medium in Acinetobacter P320. In the graph,
bacterial biomass reached at stationary phase at 23 h is reported, expressed as ODgop. The bars represent the average + standard deviation of three
independent replicates. Statistical analysis was performed using the Mann—Whitney test by comparing the exudate concentrations with the

respective solvent control. **:p < 0.01.

et al,, 2002) because PCB catabolism in planta is hampered by
several factors that can dramatically influence their recalcitrance

(Rezek et al., 2007; Van Aken et al., 2010).

In this study, we explored the hypothesis that the PCB-induced
phytotoxic effects could modify the root chemistry in a “cry-for-
help” strategy to feed and sustain PCB-degrading microbes in the
rhizosphere. By using Arabidopsis thaliana, a model plant for
holobiont studies (Poupin et al., 2023), we developed an
experimental setup to reproduce the main hallmarks of PCB
phytotoxicity, including reduced plant growth (Subramanian
et al., 2018), chlorosis (Liu and Schnoor, 2008), overproduction of
ROS (Wang et al,, 2021), and alteration of plant homeostasis (Ren
et al,, 2022). REs collected at T2 were selected as representatives of
the bona fide PCB-triggered shift in root chemistry based on (i)
enhanced proliferation of strain LB400 by exploiting the root
exudates released by PCB-exposed plantlets compared to the ones
exuded by plants in the mock treatment and (ii) the increased
expression levels of PCB-stress- and flavonoid-responsive genes.
The metabolomic investigation performed in this work
demonstrated that the root exudation pattern was dramatically
altered under PCB-18 stress compared to mock-treated plantlets,
potentially supporting the “cry-for-help” hypothesis triggered by
PCB’s detrimental effect. Plant metabolic and physiological
responses to xenobiotic exposure, including PCBs, are still poorly
characterized (Subramanian et al., 2018; Lin et al., 2020) and would
deserve increased attention from the research community to drive
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knowledge-based solutions for rhizoremediation in terms of plant
species selection in order to cope with stress and biostimulate PCB
degradation as observed for Festuca arundinacea in a semi-field trial
(Terzaghi et al., 2019).

Most of the metabolites detected in the analysis could not be
identified despite the technical improvement of metabolomics
approaches in recent years (Patel et al, 2021). The expected
repertoire of metabolites in plants is extremely complex and
uncharted (Alseckh and Fernie, 2018), pushing the limits in terms
of molecule identification (Aharoni et al., 2023). The annotated
metabolites detected in Arabidopsis REs included not only organic
acids (like pimelic, citric, malic, and azelaic acids), many amino
acids and short peptides, sugars (including galactose and raffinose),
purines, and pyrimidines (like adenine, uracil) but also osmolytes
(like betaine and choline). Despite being acknowledged as key co-
metabolites in PCB degradation, the flavonoid compounds
kaempferol, dihydrokaempferol, and genistein 7-O-beta-D-
glucoside, which were annotated in the metabolome analysis, did
not show a significant variation in their relative abundance among
treatments. No other flavonoids were detected in the experimental
setup of the present study: REs collection at longer time points or
plantlets exposition to different PCB congeners or to a higher
dosage would potentially lead to uncover new PCB-triggered
exudates and possibly also other specialized metabolites.
Glucosinolates and their breakdown products, for instance, are
characteristic metabolites of the Brassicaceae and were shown to
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strongly affect the taxonomical composition of Arabidopsis
rhizosphere microbiome, with specific taxa enrichment profiles,
including Flavobacterium and an unclassified Diplorickettsiaceae
(Chroston et al., 2024). Leaf-spraying of silver nitrate acted as a
powerful elicitor for Arabidopsis secondary metabolites including
indole glucosinolates, scopoletin, camalexin, and flavonoids like
quercetin and kaempferol, highlighting a crosstalk among defense
metabolites, although the mechanisms are still elusive (Canizares
et al,, 2024). Therefore, the investigation of potential additive,
synergistic, or antagonistic effects among Arabidopsis-specialized
metabolites deserves further attention to verify their modulatory
role on PCB-degrading microorganisms.

To uncover the possible impact of the identified metabolites on
the physiology and functionality of PCB-degrading
microorganisms, three bacteria previously isolated from
contaminated sites were selected, which belong to different
bacterial genera that are associated to the Arabidopsis holobiont
(Poupin et al., 2023). Burkholderiaceae has been described as an
important component of the Arabidopsis floral microbiome and
comprises beneficial bacteria able to support plant growth and
resistance to abiotic stresses (Massoni et al., 2021; Pal et al., 2022).
The Acinetobacter genus was described for its ability to contribute
to the plant phosphorus budget by phosphate solubilization
activities (Yaghoubi Khanghahi et al, 2021), while the genus
Pseudomonas accounts for highly versatile bacteria showing
biocontrol, plant-growth-promoting potential and pollutant
degradative abilities (Kuhl-Nagel et al., 2022). In our study, it was
shown that the three assayed strains were able to establish a
beneficial association with Arabidopsis by colonizing the root
system, stimulating plant growth under control conditions, and
boosting plant resistance to PCB stress.

Among the identified compounds, scopoletin is one of the best
characterized Arabidopsis exudate components (Stringlis et al., 2019):
it is produced under iron deficiency and it selectively impacts the
assembly of the rhizosphere microbial community (Voges et al,
2019), leading to enhanced plant growth due to the generation of
conditions that favor the establishment of iron-mobilizing bacteria
like Pseudomonas simiae WCS417 (Stringlis et al., 2018). The ability
of scopoletin to sculpt the root-associated microbiome is linked to its
differential antimicrobial features, inhibiting the growth of
phytopathogenic fungi like Fusarium and Verticilloides spp. while
being ineffective on iron-mobilizing bacteria like Pseudomonas
capeferrum WCS358 (Stringlis et al., 2018), supposedly insensitive
to its ROS-induced stress (Voges et al, 2019). In our study, we
observed that, in PCB-18-stressed plants, scopoletin relative
abundance decreased in the REs, and this led to the hypothesis that
this reduction might be linked to the antimicrobial properties of this
compound, affecting the proliferation and vitality of PCB-degrading
bacteria. Indeed it was observed that both Acinetobacter P320 and
Pseudomonas JAB1 were sensitive to scopoletin antimicrobial activity,
although at different levels, while only P. xenovorans LB400 was
resistant. Scopoletin negatively affected the different growth
parameters of sensitive bacterial strains, decreasing their viability,
biomass accumulation, and maximum growth rate with the ultimate
effect to unbalance their fitness and the services provided to the plant.
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Notably, for Acinetobacter P320, it was observed that the bacterium-
triggered enhancement of plant growth under PCB-18 stress was
restricted by scopoletin, as indicated by the higher plant growth
promotion effect in the scopoletin-depleted mutant f6’21 compared
to scopoletin-producing WT plantlets. However, the functionality of
Pseudomonas JAB1 in terms of PCB catabolism was not
compromised by scopoletin: similarly to umbelliferone, another
coumarin compound (Zubrova et al, 2021), scopoletin could
induce the expression of the bph-encoded degradative pathway. In
Paraburkholderia 1B400, flavone and quercetin were demonstrated
to act as bph inducer (Ghitti et al., 2024), while this is the first report
for a coumarin to perform such activity. The comprehension of the
factors affecting the degradative functionality in PCB degradative
bacteria is still poorly characterized, also considering the lack of
experimental data collected by using REs with a complex blend.
Bacterial cell adhesion in corn kernel biochar, for instance, seems to
promote strain LB400 viability and induce a higher expression of the
bph-encoded dioxygenases (Dong et al., 2024).

Furthermore, coumarins have been identified as effective
antibiofilm and anti-quorum sensing compounds in medical/
pharmaceutical fields against human pathogens (Reen et al., 2018),
while few reports are available in the environmental microbiology
context as antagonist molecules able to block Ralstonia solanacearum
outbreak (Yang et al., 2016, 2017). Being sensitive to scopoletin, in the
presence of this compound, Acinetobacter P320 and Pseudomonas
JAB1 showed an increased ability to form biofilm, which could
potentially act as a barrier against penetration and contact with
toxic compounds (Shree et al., 2023).

To date, scopoletin’s role in plant-microbe interactions has
been mainly documented for iron homeostasis, with important
implications for phytopathogen control (Stringlis et al., 2019),
while, to our knowledge, this is the first report about scopoletin
modulation in plants exposed to xenobiotic stress. Collectively,
these findings indicate a regulated release of scopoletin by
Arabidopsis roots exposed to different stresses, like iron deficiency
and PCB pollution, reinforcing its mechanisms of action in
modulating the composition of the root-associated microbial
community through its antimicrobial ability. The decreased
abundance of scopoletin under PCB-18 stress, due to its
inhibitory eftect on the performance of some PCB-degrading
bacteria, may be instrumental to generate more suitable
conditions in the rhizosphere niche to accommodate scopoletin-
sensitive degrading bacteria.

[B-alanine is part of the 250 non-proteinogenic amino acids
produced by plants to perform anti-herbivory and anti-microbial
actions and to mediate response to abiotic stresses (Parthasarathy
etal, 2019). In the LC-MS analysis, alpha and beta isomers cannot
be separated; therefore, the presence of the alpha form cannot be
excluded. The accumulation of both forms is documented under a
diverse array of stresses, including drought and heavy metal
contamination for B-alanine (Parthasarathy et al, 2019) and
waterlogging in wheat plants for o-alanine (Cid et al., 2024). The
decrease of N-hydroxyethyl-B-alanine relative abundance in REs
under PCB-18 stress may appear controversial. Nevertheless, 3-
alanine is a structural component of pantothenate that contributes
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to coenzyme A backbone. The TCA cycle, in which the coenzyme A
shuttle is fundamental, is described as a major target of PCB stress
in rice. Exposure to methoxylated PCB derivatives mainly affected
the rice saccharide catabolism, including pyruvate metabolism and
the TCA cycle, resulting in a greater energy consumption that
dramatically reduced plant growth (Lin et al., 2020). Therefore, the
decrease of the 3-alanine compound in PCB-exposed plantlets may
be part of the plant physiology adaptation to PCB stress. Indeed the
N-hydroxyethyl-B-alanine-mediated effect on the physiology of
PCB-degrading bacteria was largely cryptic, and the only effect
that we observed was related to P. xenovorans LB400 decreased
biofilm formation at the intermediate assayed concentration. Since
biofilm formation on the rhizoplane is considered an early
determinant in successful plant-microbe interactions, the fitness
of strain LB400 could be negatively affected by N-hydroxyethyl-
[-alanine.

The identified compounds that increased their relative
abundance in REs upon PCB-18 treatment were all primary
metabolites, an abundant and heterogenous class of molecules that
are demonstrated to exert a strong selective pressure on plant and soil
microbial diversity (Shi et al., 2011; Steinauer et al., 2016) through
their preferential microbial utilization (Zhalnina et al., 2018).

Hypoxanthine is a purine catabolic product that is then
converted to allantoin and allantoate, metabolites that can act as
ROS scavengers and were shown to attenuate stress symptoms
under darkness stress and senescence in Arabidopsis (Brychkova
et al,, 2008). Its overproduction in REs in the presence of PCB-18
can be interpreted as part of the “cry-for-help” plant response to
recruit PCB-degrading bacteria. In the rhizosphere, hypoxanthine is
generally used by soil microorganisms as a nitrogen source
(Izaguirre-Mayoral et al., 2018), and a specific chemoreceptor for
its translocation has been identified in P. putida KT2440
(Fernandez et al,, 2016). In our study, it was observed that
hypoxanthine can be exploited as both N and C sources by
Pseudomonas JAB1 and that it could, moreover, improve bacterial
swimming motility. Hypoxanthine depletion in Pseudomonas
fluorescens Pf0-1 led to a reduced performance in the rhizosphere
due to an altered transition from planktonic cells to biofilm-
attached cells (Yoshioka and Newell, 2016). In our study,
hypoxanthine inhibition of biofilm formation for Pseudomonas
JAB1 and Paraburkholderia LB400 was concentration-dependent.
Opverall, these results indicate that hypoxanthine can be exploited as
a nutrient and can diversely affect rhizosphere colonization traits in
the selected PCB-degrading bacteria.

Low-molecular-weight peptides, amino acids, and derivatives
produced from the cleavage of larger proteins are typical
constituents of plant root exudation (McLaughlin et al, 2023),
and different dipeptides were identified in Arabidopsis root
secretome (Strehmel et al, 2014). In our work, the identified
dipeptides overproduced under PCB stress showed a capacity
both to serve as nitrogen sources and as stimulators of bacterial
proliferation as putative co-metabolites, in agreement with previous
findings (Moormann et al, 2022). Furthermore, we suggested a
possible role as mediators of root colonization processes like biofilm
formation and swimming motility, aspects in which peptide

Frontiers in Plant Science

14

10.3389/fpls.2024.1429096

regulatory actions are largely overlooked (Minen et al., 2023). To
conclude, our findings indicate that the metabolites that are more
abundant in Arabidopsis REs under PCB-18 stress may contribute
to sustain the growth, proliferation, and rhizosphere colonization of
PCB-degrading bacteria, with effects that are species-specific and
concentration dependent.

The investigation on the role played by the identified REs on
degradative bacteria has been performed by adopting in vitro tests
and, depending on the assay, a well-established metabolite
concentration. Unfortunately, quantitative analyses on the
amount of REs in the rhizosphere are sparse, although it is
known that metabolite abundance declines with increased
distance from root surfaces (Eze and Amuji, 2024). Moreover, the
impact of abiotic processes like adsorption to soil particles,
biological degradation by the soil microbiota, and the half-life of
the different compounds should be taken into consideration (Shaw
et al., 2006; Del Valle et al., 2020). Therefore, it is not possible to
exclude that the concentration used for the in vitro experiments are
higher than those in the rhizosphere. Anyway, in a hydroponic root
exudate collection system, flavonoids were estimated in micromolar
ranges (Toussaint et al., 2012), suggesting that the concentrations
used in the present study are well suited to investigate their effect on
bacterial physiology.

To strengthen the relevance of the findings of the present study,
which shed light on the partnership between host plant and
degrading bacteria in presence of PCBs, alternative root exudate
collection methods may be crucial to simulate field-like settings—
for instance, leachate collection of three grassland species cultivated
in pots allowed the identification of many species-specific exuded
metabolites (Williams et al., 2021). On the other hand,
complications often arise in data interpretation of root exudate
collection from soil-cultivated plants compared to those collected in
hydroponic and liquid media. Among them, there is the risk of
sample contamination from soil chemical inputs, the presence of
partially catabolized exudate by microbes and of metabolites
produced by microorganisms (Pantigoso et al., 2020).

There are still several open questions about the ecology of
rhizoremediation that would benefit from the strengthening of the
holobiont concept in the approaches adopted for xenobiotic
cleanup. A crucial point is represented, for instance, by the choice
of the plant species: among those commonly used for
bioremediation purposes, they are often selected for their ability
to tolerate PCBs at high concentrations or to bio-accumulate them
in root and stem tissues, like pumpkins and zucchini (Aslund et al.,
2007, 2008). The contribution of the associated microbiomes to
these phenotypic traits is largely overlooked, although the plant
association with degrading microorganisms is fundamental for
effective remediation (Wang et al., 2023). By modulating root
exudation, plants can generate a stimulating niche to recruit
beneficial bacteria, directly contributing to enhanced plant fitness
(Rohrbacher and St-Arnaud, 2016), or can improve PCB bio-
availability to be further catabolized by degrading microorganisms
(Terzaghi et al.,, 2021). Novel knowledge on these issues will provide
a broader and more efficient application of rhizoremediation on
PCB-contaminated environments.
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5 Conclusion

The analyses, performed on the developed in vitro setup that
reproduce PCB phytotoxic effects, delineate the scenario of a shift in
Arabidopsis exudation pattern induced by xenobiotic stress. Our
efforts to characterize the role of PCB-18-modulated metabolites on
the physiology of three PCB-degrading bacteria could not rule out a
univocal framework since some effects were either species-specific
or showed differences based on the analyzed functional traits.
Indeed, although rhizodeposition is acknowledged as a crucial
player in microbiome dynamics, contrasting effects exerted by
pure root metabolites, depending on their concentration and on
the bacterial species involved, can hamper the comprehension of
clear causation (Huang et al., 2019; He et al., 2022; Ghitti et al,
2024). The use of synthetic communities rather than single bacterial
isolates could contribute to a more comprehensive understanding of
the influence played by root metabolites on the diversity and activity
of the plant-associated microbiome (Li et al., 2024). Nevertheless,
the collected data suggest a potential plant “cry-for-help” event in
response to PCB-18 exposure in terms of root chemistry
remodeling. The role played by the differentially exuded
compounds could be investigated only by using the five annotated
metabolites, and based on these findings, they seem to be potentially
involved in the accommodation of degrading bacteria in the
rhizosphere by decreasing those exudates that can hamper their
growth and performance (scopoletin and N-hydroxyethyl--
alanine) and increasing the relative abundance of compounds that
can be exploited as nutrients and signaling molecules for
rhizocompetence. Based on the evidence obtained in the
standardized setup of this investigation, further studies are
claimed since the identification of the root metabolic drivers
of bacterial assembly in polluted environments is of
paramount importance to steer the soil microbiome, potentially
enriching those populations endowed with the highest
bioremediation potential.
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