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Abstract

Various root-colonizing bacterial species can promote plant growth and trigger systemic resistance against aboveground leaf
pathogens and herbivore insects. To date, the underlying metabolic signatures of these rhizobacteria-induced plant phenotypes
are poorly understood. To identify core metabolic pathways that are targeted by growth-promoting rhizobacteria, we used
combinations of three plant species and three rhizobacterial species and interrogated plant shoot chemistry by untargeted
metabolomics. A substantial part (50-64%) of the metabolites detected in plant shoot tissue was differentially affected by the
rhizobacteria. Among others, the phenylpropanoid pathway was targeted by the rhizobacteria in each of the three plant species.
Differential regulation of the various branches of the phenylpropanoid pathways showed an association with either plant growth
promotion or growth reduction. Overall, suppression of flavonoid biosynthesis was associated with growth promotion, while
growth reduction showed elevated levels of flavonoids. Subsequent assays with twelve Arabidopsis flavonoid biosynthetic mutants
revealed that the proanthocyanidin branch plays an essential role in rhizobacteria-mediated growth promotion. Our study also
showed that a number of pharmaceutically and nutritionally relevant metabolites in the plant shoot were significantly increased
by rhizobacterial treatment, providing new avenues to use rhizobacteria to tilt plant metabolism towards the biosynthesis of
valuable natural plant products.

Introduction

The rhizosphere, the narrow zone surrounding and influenced by plant roots, harbors a plethora of microor-
ganisms that can have deleterious or beneficial effects on plant growth and health (Raaijmakers et al.2009;
Mendes et al. 2011). Amongst the best-studied beneficial rhizosphere microbes are the Plant Growth-
Promoting Rhizobacteria (PGPR). Their beneficial association is thought to be ancient and presumably has
been shaped by co-evolutionary processes in the long-term interactions with their host plants (Lambers et al.
2009). PGPR can enhance plant growth through direct and indirect mechanisms (Lugtenberg & Kamilova
2009). The direct mechanisms involve facilitation of nutrient acquisition and modulation of phytohormones,
whereas indirect effects involve suppression of biotic stress factors through parasitism, antibiosis, competition
and the induction of systemic resistance (van Loon et al. 1998; De Vleesschauwer & Höfte 2009; Van der
Ent et al. 2009; Pineda et al. 2010; Stringlis et al. 2018b).

PGPR can also have profound effects on the physiology and metabolism of their host plants, not only by
enhancing the production of known secondary metabolites but also by inducing the biosynthesis of yet-
unknown compounds (van de Mortel et al. 2012; Etalo et al. 2018). The plant secondary metabolites affected
by PGPR reported to date include, among others, polyphenols, flavonoids and glucosinolates but also primary
metabolites such as carbohydrates and amino acids (Etalo et al. 2018). So far, only few studies have provided
mechanistic insights into the association between rhizobacteria-induced biochemical changes and plant growth
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and defense (Walker et al.2011; Weston et al. 2012; van de Mortel et al. 2012; Etaloet al. 2018; Stringlis et
al. 2018a; Hu et al.2018).

PGPR can prime plant defense against pathogens and insect herbivores and at the same time promote plant
growth. This is in contrast to the widely accepted trade-off between plant defense and plant fitness in general
and plant growth in particular. Understanding the underlying plant metabolic networks and unraveling their
interactions is essential to understand and optimize rhizobacteria-mediated growth promotion and ISR.
Although some reports indicated that rhizobacteria change specific classes of plant metabolites (Mishra et
al. 2006; Walker et al. 2011; Chamam et al. 2013), their overarching effects on the global metabolome of plants
and in particular on core metabolite pathways co-occurring with growth promotion across plant species are
not well understood. In this context, PGPR-mediated re-routing of the plant’s metabolism could give insight
into the metabolic interplay between plant defense and growth. Furthermore, it is highly instrumental to
understand the organization of metabolite routes and how rhizobacteria tilt a particular pathway towards a
desired plant phenotype or the enhanced production of high value plant compounds (HVPC) (Etalo et al.
2018).

Here, we studied the impact of three strains of different rhizobacterial genera on the phenotype and shoot
metabolome of three plant species:Arabidopsis thaliana (model plant), Brassica olearaceavar. italica (crop)
and Artemisia annua (medicinal plant). The rhizobacterial strains Paraburkholderia graminis PHS1 (Pbg )
(Carrión et al. 2018) and Microbacterium EC8 (MB) (Cordovez et al. 2018) were originally isolated from the
rhizosphere of sugar beet (Beta vulgaris ). Pseudomonas fluorescens SS101 (Pf SS101) was isolated from
the wheat rhizosphere (De Souza et al. 2003). These rhizobacteria showed growth promoting and pathogen-
protective effects in different plant species (Tran et al. 2007; van de Mortel et al. 2012; Cheng et al. 2017;
Carrión et al. 2018; Cordovez et al. 2018; Jeon et al. 2021). Here, our primary goal was to identify core
metabolic pathways that are targeted by rhizobacteria in different plant species and to investigate the me-
tabolomic changes induced in rhizobacteria-plant interactions that lead to either plant growth promotion
(effective partnership) or growth reduction (ineffective partnership). Integration of in vitro bioassays, untar-
geted metabolomics and screening of pathways-specific mutants showed that inoculation of the plant root
system with each of the three rhizobacterial genera induced substantial changes in the shoot metabolome in
a species-specific manner. The results pointed to the phenylpropanoid pathway as a central plant metabolo-
me response associated with effective or ineffective partnerships. Subsequent analysis of twelve Arabidopsis
transparent testa (tt ) mutants defective in different branches of the flavonoid pathway, revealed that the
proanthocyanidin branch is key in rhizobacteria-mediated plant growth promotion.

Materials and Methods

Plant material

Seeds of Arabidopsis thaliana flavonoid transparent testa(tt ) mutants were obtained from Nottingham Arabi-
dopsis Stock center. Artemisia annua (Artemisia F1 seeds, Hyb8001r) was provided by the Center for Novel
Agriculture Products, Department of Biology, University of York, England. Seeds of Brassica olearaceavar.
italica, cultivar Coronado were provided by Bejo seeds, Warmenhuizen, the Netherlands.

Seed surface sterilization

Seeds of Arabidopsis and Artemisia were surface sterilized as previously described by (van de Mortel et al.
2012). Briefly, the seeds were placed in opened Eppendorf tubes inside a desiccator with two 100-mL beakers
each containing 50 mL sodium hypochlorite (12% v/v). To each of the beakers, 1.5 mL concentrated HCl
was added and the seeds were exposed for three hours to the chlorine gas generated inside the desiccator.
Seeds of Brassica olearacea var. italica, cultivar Coronado were surface sterilized for 30 min in 1% (v/v)
sodium hypochlorite supplemented with 0.1 % (v/v) Tween 20 and then washed three times with ample
sterile distilled water.

Bacterial strains and culture conditions

Pseudomonas fluorescens SS101 (Pf SS101) was cultured in King’s medium B (KB), while Microbacterium
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EC8 (MB) was cultured in Tryptone Soy broth (TSB) medium and Paraburkholderia graminisPHS1 (Pbg
) in Luria Bertani (LB) medium (Lennox, Carl Roth) at 25 °C for 16h. Bacterial cells were collected by
centrifugation, washed three times with 10 mM MgSO4, and resuspended in 10 mM MgSO4 to a final
density of ~109 cells/ml (OD600 = 1.0).

Plant phenotyping

After surface sterilization, seeds of Arabidopsis and Broccoli were pre-germinated on sterile wet filter paper
in plastic petri dishes and placed at 4 °C in the dark for 4 and 2 days, respectively. After emergence of the
radicle, seeds were sown on half-strength Murashige and Skoog (MS) medium containing 2.5% (w/v) sucrose
and plant agar 1,2%. The plates were then transferred to a climate chamber at 21 °C /21 °C day/night;
180 μmol light m-2s-1, 16h light/8h dark cycle and 70% relative humidity. The root tips of the seedlings
were inoculated with 2 μL of washed bacterial cell suspension (OD600 = 1.0) 7 days post planting for A.
thaliana and A. annua and after 3 days for B. oleracea ; the plants were grown in the same growth chamber
until harvest. To assess the temporal changes in plant growth of the different plant species-rhizobacteria
combinations, the shoot fresh biomass was determined every two days until 11 days post inoculation (dpi) for
Arabidopsis and Broccoli and until 14 dpi for Artemisia. For each plant species, four independent biological
replicates were considered with 10 seedlings of Arabidopsis, 8 of Artemisia and 5 of Broccoli per biological
replicate. Prior to root dry mass measurements, roots were carefully detached from the MS-agar and washed
with sterile distilled water to remove agar. Thereafter, root dry biomass was determined (Ostonen et al.
2007).

Rhizobacteria colonization

Bacterial root colonization was determined at 11 dpi for Arabidopsis and Broccoli and at 14 dpi for Artemisia.
Roots were collected in sterile glassware and their fresh weight was determined. Root samples were vortexed
for 60 s in 10 mM MgSO4, sonicated for 60 s, and vortexed once more for 15 s. After serial dilution, 50 μL of
the suspensions were plated onto PSA (Pf SS101 and Pbg ) and TSA (MB) containing 100 μg mL-1 delvocid
(DSM). After 3 days of incubation at 25 °C, the number of colonies were counted for each of the replicates.
Bacterial colonization was expressed as colony-forming units (cfu) per gram of root fresh weight.

Plant metabolite analysis

Sample collection and extraction

Shoots were harvested at 11 dpi for Arabidopsis (N=10) and Broccoli (N=5) seedlings, and at 14 dpi for
Artemisia (N=8). For each plant species x rhizobacteria combination, four biological replicates comprising
the aforementioned number of plants were used. Briefly, shoots were snap frozen in liquid nitrogen and
ground to a fine powder under continuous cooling and kept at -80 °C until further use. For extraction of
semipolar metabolites, 300 μL of 99.89% methanol containing 0.13% (v/v) formic acid was added to 100
mg powdered plant material in 2 mL round-bottom Eppendorf tubes, and sonicated for 15 min followed by
centrifugation for 15 min at 20,000 Xg . The supernatants were transferred to a 96-well plate (AcroPrepTM,
350 μL, 0.45μm, PALL) and vacuum filtrated into a 96-deep-well autosampler plate (Waters) using a Genesis
Workstation (Tecan Systems).

Metabolite analysis

An UltiMate 3000 U-HPLC system (Dionex) was used to create a 45 minutes linear gradient of 5-35% (v/v)
acetonitrile in 0.1% (v/v) formic acid (FA) in water at a flow rate of 0.19 mL min-1. 5 μL of each extract was
injected and compounds were separated on a Luna C18 column (2.0 x 150 mm, 3μm; Phenomenex) maintained
at 40 °C (De Voset al. 2007). The detection of compounds eluting from the column was performed with a
Q-Exactive Plus Orbitrap FTMS mass spectrometer (Thermo Scientific). Full scan MS data were generated
with electrospray in switching positive/negative ionization mode at a mass resolution of 35,000 (FWHM at
m/z 200) in a range of m/z 95-1350. Subsequent MS/MS experiments for identification of selected metabolites
were performed with separate positive or negative electrospray ionization at a normalized collision energy of
27 and a mass resolution of 17,500. The ionization voltage was optimized at 3.5 kV for positive mode and
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2.5 kV for negative mode; capillary temperature was set at 250 °C; the auxiliary gas heater temperature was
set to 220 °C; sheath gas, auxiliary gas and the sweep gas flow were optimized at 36, 10 and 1 arbitrary
units, respectively. Automatic gain control was set at 3e6 and the injection time at 100 ms. External mass
calibration with formic acid clusters was performed in both positive and negative ionization modes before
each sample series.

LCMS data processing and analysis

Mass peak picking and alignment were performed using Metalign software (Lommen 2009). Mass features
in the resulting peak list were considered as a real signal if they were detected with an intensity of more
than 3 times the noise value and in 3 out of the 4 biological replicates of at least one treatment. Mass featu-
res originating from the same metabolites were subsequently reconstituted based on their similar retention
window and their intensity correlation across all measured samples, using MSClust software (Tikunov et al.
2012). This resulted in the relative intensity of 725 putative metabolites in Arabidopsis, 868 in Artemisia and
1908 in broccoli detected in positive and negative ionization mode, in which the metabolite abundance was
represented by the Measured Ion Count (MIC), i.e the sum of the corrected intensity values of all mass fea-
tures ions within the corresponding cluster. ANOVA and a threshold of at least a 2-fold change were applied
to pinpoint compounds that were significantly different between rhizobacteria-treated and control samples.
Log transformation and scaling of the data was performed in GeneMaths XT 1.6 (www.applied-maths.com).
Transformed and scaled values were used for hierarchical cluster analysis using Pearson’s correlation coeffi-
cient and Unweighted Pair Group Method with Arithmetic Mean (UPGMA).

Annotation of differential metabolites was performed after manually identifying the putative molecular ions
within the clustered masses. In-house databases were used to annotate metabolites detected in Arabidop-
sis and Broccoli by considering the observed accurate masses and retention times of the molecular ions.
If selected compounds were not yet present in this experimentally obtained database, detected masses we-
re matched with compound libraries, including Metabolomics Japan (www.metabolomics.jp), the Dictiona-
ry of Natural Products (www.dnp.chemnetbase.com), KNApSAcK (www.knapsackfamily.com), and Metlin
(www.metlin.scripps.edu) using a maximum mass deviation of 5 ppm. To annotate metabolites detected in
Artemisia, we used the online Magma (Ridder et al. 2013) in combination with the above-mentioned publicly
available databases.

Statistical analysis of plant phenotypic data

The relative changes in shoot biomass, root biomass in the combinations of the three plants and three
rhizobacterial strains was analyzed with R Studio (Version 3.5.2). First, the normality and homogeneity of
variance of the data was assessed and when the two assumptions were not met, the data was subjected to
Box-Cox transformation using the package MASS. Differences were tested by two-way analysis of variance
(ANOVA). A Tukey-HSD test was used to separate group mean values when the ANOVA was significant at p
< 0.05. The ANOVA table is shown in Supplementary Material, Table S1 . Differences between rhizobacterial
treatments and non-treated control on raw phenotype parameters were compared by Student’s t -Test.

Results

Plant growth promotion is bacteria and plant species-specific

To assess the changes in growth of Arabidopsis (model plant), Artemisia (medicinal plant) and Broccoli
(crop) induced by strains of three specific rhizobacterial genera (Figure 1a ), we expressed fresh root and
shoot biomass as a percentage relative to the non-treated control plants. Two-way ANOVA showed that
the impact of the three rhizobacterial strains on plant growth was dependent on the interacting partners
(Supplementary Material, Table S1 ). In the following sections, we refer to these interactions as ‘effective
partnerships’ when the rhizobacterial strain promotes growth whereas ‘ineffective partnerships’ result in no
growth promotion or reduced growth.

Effective partnerships
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Root tip inoculation with Pseudomonas fluorescens strainPf SS101 resulted in a significant increase in shoot
biomass in both Arabidopsis and Artemisia (63.1% ± 4.7 and 38.7% ± 6.3, respectively) (Figure 1b ). Simi-
larly, root tip inoculation withParaburkholderia graminis strain PHS1 (Pbg ) resulted in significant increases
in shoot biomass of both Artemisia and Broccoli (470.4% ± 21.3 and 54.1% ± 11.9, respectively). With a
biomass increase of almost 5-fold relative to the untreated control plants,Pbg -Artemisia was considered as
the most effective partnership. Likewise, the effect of the rhizobacterial strains on root biomass and architec-
ture was highly species-specific (Figures 1a, 1c and Supplementary material, Figure S1 ). Pbgresulted in
significant increases in root biomass in both Artemisia and Broccoli (773.9% (± 28.2) and 258.8% (± 50.1),
respectively) (Figure 1c ). Inoculation of MB induced significant increase in shoot biomass only in Arabi-
dopsis. The best-performing partnerships were characterized by an early and sustained growth promotion
(Figures 1d-f ). For example, Pbg -Artemisia showed a significant increase in shoot fresh biomass as early
as 5 dpi, while growth promotion in the combination of Pf SS101- Artemisia was only apparent after 13 dpi
(Figure 1e ). Pbg- Broccoli showed a significant and sustained plant growth promotion at 7 dpi compared
to the control plants (Figure 2f ). In Arabidopsis, only Pf SS101 and MB induced a significant increase in
shoot biomass (Figure 1d ).

Ineffective partnerships

Root tip inoculation of Pf SS101 resulted in a significant reduction (-22% ± 2.6) of shoot biomass in Broccoli.
Similarly, inoculation of Arabidopsis with Pbg significantly reduced shoot biomass (-24.9% ± 1.8). Root tip
inoculation of both Artemisia and Broccoli with MB had no significant impact on both shoot and root
biomass (Figure 1a2 ).

Relationship between growth promotion and root colonization

In the assays described above, root colonization was assessed when plants were 11 days old. For Arabidopsis,
Broccoli and Artemisia,Pf SS101 established population densities ranging from 1.5 ± 0.1 x 105 to 9.4
± 0.7 x 107 CFU mg-1 root fresh weight. In contrast, MB colonization of roots varied greatly between
different plant species: MB established population densities on Arabidopsis roots of 7.5 ± 0.5 x 106 CFU
mg-1, whereas MB densities on Artemisia roots were below the detection limit. Pbg colonized roots of
all three plant species at relatively high densities ranging from 8.1 ± 0.3 x 107 to 1.0 ± 0.1 x 109 CFU
mg-1 (Supplementary Material, Table S2 ). To determine correlations, if any, between the rhizosphere
population densities and specific plant phenotypes (i.e., biomass), we plotted the rhizobacterial densities
against various plant parameters (Supplementary Material, Figure S2 ). Colonization of the root at higher
density showed a positive, negative or no association with shoot and root biomass and depended on the host-
rhizobacterium combination. For example, Pbg reached higher population densities than Pf SS101 and MB
on the root of Arabidopsis and Artemisia. In Arabidopsis, high population densities ofPbg were associated
with a reduction in shoot biomass while in Artemisia it resulted in significant enhancement of shoot biomass.
In Broccoli, all three rhizobacterial strains showed a similar level of root colonization, yet the plant phenotype
varied greatly: Pbg induced a significant increase in shoot biomass while Pf SS101 resulted in a significant
reduction in shoot biomass and MB showed no significant effect on shoot biomass. Hence, there was no
clear overall correlation between rhizosphere population densities of the introduced rhizobacterial strains
and shoot biomass (Supplementary Material,Figure S2a ). Also for root biomass, no consistent association
was found with rhizosphere population densities of the introduced strains (Supplementary Material, Figure
S2b ).

Global and specific rhizobacteria-induced changes in the plant shoot metabolome

LC-MS-based non-targeted metabolite profiling was used to investigate the global and specific effects of
each of the three rhizobacterial strains on the occurrence and relative abundance of semi-polar secondary
metabolites in shoots of Arabidopsis, Artemisia and Broccoli. Emphasis was given to metabolic alterations
that differentiate effective from ineffective plant-rhizobacteria partnerships. An overview of metabolites that
were significantly increased or reduced revealed that root inoculation with Pbg exerted the largest alteration
of the shoot metabolomes of Artemisia and Arabidopsis, combinations that represent the most effective and
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ineffective partnerships, respectively (Supplementary Material, Figure S3 and Table S3 ). Furthermore,
most of the differential metabolites were unique for plants inoculated with Pbg , i.e they were below the
detection limit in untreated control plants. In Broccoli, the ineffective partnership with Pf SS101 accounted
for the largest share of the ‘upregulated’ metabolites, whereas its effective partnership withPbg accounted
for the largest share of ‘down-regulated’ metabolites (Supplementary Material, Figure S3 andTable S3 ).
ANOVA with correction for multiple testing (Benjamini and Hochberg), principal component analysis (PCA)
and hierarchical cluster analysis (HCA) were performed to investigate and visualize metabolite clusters that
were significantly altered (p < 0.05, fold change > 2) in a rhizobacteria-plant specific manner (Figure 2 ).
Below, we will discuss the most significant changes for each of the three plant species and the interacting
rhizobacterial strains.

Arabidopsis

Inoculation of Arabidopsis roots with each of the three rhizobacteria resulted in significant changes in the
shoot metabolome. From the 725 detected metabolites, 465 (64%) were significantly different between at
least two treatments. In the PCA, the first three principal components explained 89% of the total variance
(Figure 2a1 ). The first principal component (PC1), representing 56% of the total variance, was associated
with metabolites that were highly induced (Figure 2a2 clusters 5 ; 291 metabolites and 6 ; 10 metabolites)
or reduced in the ineffective partnership betweenPbg and Arabidopsis (clusters 3 ; 82 metabolites and4 ; 33
metabolites). Pbg -induced metabolites in cluster5 primarily encompassed flavonoids including anthocyanins
(cyanidin rutinoside, delphinidin rutinoside), tryptophan and its derivatives such as IAA, defense or stress-
associated metabolites such as salicylic acid, dihydroxybenzoic acid glucosides, copoline and camalexin. The
second principal component (PC2) explained 21% of the total variance and corresponded to metabolites that
were increased (Figures 2a1 and a2 clusters 2 ; 18 metabolites and6 ; 9 metabolites) or decreased (cluster
7 ; 10 metabolites) in the effective partnership of Arabidopsis with Pf SS101 and MB. Among the identified
metabolites, the long-chain aliphatic glucosinolate glucohirsutin (8-(methylsulfinyl)octyl glucosinolate) was
significantly increased in Arabidopsis shoot after inoculation with Pf SS101 or MB. From the same group of
glucosinolates, 8-(methylthio) octyl glucosinolate was significantly increased after inoculation with Pf SS101
(Supplementary Material, Table S4 ). The third principal component (PC3) explained 12% of the total
variation and was represented by metabolites that accumulated only after inoculation with either Pf SS101
or MB (Figures 2a1 and 2a2 cluster 1 ; 8 metabolites and cluster 9 ; 7 metabolites, respectively). A
fatty acyl glycoside demonstrated Pf SS101-specific accumulation while fumaric acid displayed MB-specific
increases.

Artemisia

From the 868 metabolites that were detected in the Artemisia shoot samples, 451 (52%) metabolites were
significantly different between at least two rhizobacteria treatments. In the PCA, the first two PCs explained
80% of the total variance (Figure 2b1 ). The first principal component explained more than 64% of the
total variance and corresponds to metabolites that were either reduced or accumulated during the most
effective partnership of the host with Pbg(Figure 2b1 and 2b2 cluster 1 ( reduced metabolites) and clus-
ter 2 (induced metabolites)). Flavanones, flavonol glycosides, coumarins, benzoic acid derivatives, acylated
polyamine, catechols, fatty acyl glycosides of mono- and disaccharides, dipeptide and terpene glycosides
showed significant reductions uponPbg inoculation. Various other metabolites belonging to the compound
classes hydroxycinnamoyl quinic acids and derivatives, organic acids, mono and diterpenoids, and iridoids
showed a significant increase after root inoculation with Pbg . Treatment of Artemisia withPbg resulted in
significant reduction in artemisinic acid while the relative levels of both dihydroartemisinin and artemisinic
alcohol significantly increased. PC2 explained 16% of the total variance and corresponded to induced meta-
bolites (cluster 3 ) in response toPf SS101 inoculation. Putative metabolite identification revealed that the
amino acid arginine, fatty acyl glycoside blumenol glycoside and phenylpropanoid glycoside derivatives were
induced in a Pf SS101-specific manner.

Broccoli

6



P
os

te
d

on
A

u
th

or
ea

1
M

ar
20

22
—

T
h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
64

61
53

53
.3

68
37

62
6/

v
1

—
T

h
is

a
p
re

p
ri

n
t

a
n
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

Similar to Arabidopsis, inoculation of Broccoli roots with each of the three rhizobacterial strains resulted
in substantial alteration of the shoot metabolome. From the 1908 detected metabolites, 933 (49%) were
significantly different between at least two treatments. For this set of metabolites, HCA revealed eight
distinct metabolite clusters of the host metabolome. PCA further showed that the metabolome of Broccoli
seedlings inoculated with different rhizobacteria is clearly different from the control and from each other.
The first three PCs explained 84% of the total variance (Figure 2c1 ). PC1, representing 47% of the total
variance, was associated with metabolites that discriminate both the control and MB samples from the Pbg
and Pf SS101 samples. These metabolites were either significantly increased or decreased in plants inoculated
by Pbg or Pf SS101 (Figure 2c2 decreased cluster 3 and induced clusters6 and 7 ) that represent effective
and ineffective partnerships with the host, respectively. The indole glucosinolate glucobrassicin also showed a
significant increase in plants inoculated with Pbg and Pf SS101. PC2 explained 22% of the total variance and
corresponded to metabolites that were either specifically altered in the Pbg or Pf SS101 treatments (Figures
2c1 and 2c2 induced (clusters 8 (Pf SS101) and9 (Pbg )) or reduced by Pbg inoculation (cluster4 )).
Metabolites that were specifically induced in the ineffective partnership between Pf SS101 and the host were
dominated by flavonoids such as kaempferol, quercetin glycosides and glucosinolates including glucoibervirin,
neoglucobrassicin and 4-methoxyglucobrassicin. Furthermore, several hydroxycinnamates conjugated or not
with quinic acid, including chlorogenic acid (caffeoyl-quinic acid), coumaroyl quinic acid, sinapic acid and
ferulic acid, were predominant in those metabolite clusters (clusters 7and 8 ). PC3 explained 15% of the
total variation and corresponded to MB-induced metabolites represented in cluster 1and induced metabolites
by all three rhizobacteria in cluster2 . Hexose 1-phosphate in cluster 1 showed a MB-specific increase.
Meanwhile, some of the putatively annotated metabolites in cluster 2 including tryptophan, a precursor of
indole glucosinolates, was reduced by all three rhizobacterial treatments.

Importance of the flavonoid pathway in plant growth promotion

In the ineffective rhizobacteria-plant partnerships, flavonoids showed considerably higher accumulation while
they were not significantly changed or significantly reduced in effective and highly effective partnerships,
respectively. Considering our results and other reports on the negative association between flavonoids and
auxin transport, auxin distribution and turnover (Brown et al. 2001; Buer et al.2013; Yin et al. 2014; Kuhn
et al. 2017), we further investigated the effects of Pbg on growth of 12 isogenic homozygous Arabidopsis
transparent testa (tt )-mutants (Appelhagen et al. 2014) disrupted in biosynthetic genes of different branches
of the flavonoid pathway (Figure 4a ). First, the inherent variation in shoot biomass of each of the 12 mutant
lines and wild type (WT) Col-0 was assessed in absence of Pbg . Second, the effect of Pbg on growth of these 12
mutants and Col-0 was assessed by calculating the percent change in shoot biomass relative to the biomass
of the respective non-treated mutant line or WT. Both measures were subjected to analysis of variance
(ANOVA) by considering the ‘genotype’ as a factor and root biomass and percent change in shoot biomass
as dependent variables.

In absence of Pbg , we observed significant variation in shoot biomass among the tt- mutants and between
several of thett- mutants and WT Col-0 (Figures 4b and 4c and Supplementary material, Table S5 ).
Mutants disrupted in the initial steps of the flavonoid pathway (tt- 4 and tt- 6) showed similar shoot biomass
as WT Col-0 and higher shoot biomass than many of the mutants with genes disrupted in the downstream
steps of the pathway, especially mutants tds 4, aha 10, and tt 10 that are associated with the biosynthesis
of flavan-3-ols (PA) (Figure 4c ).

Root tip inoculation with Pbg led to significant changes in shoot fresh biomass between the 12 mutants
(Figure 4d and Supplementary material, Table S6 ). Interestingly, Pbghad the strongest growth-promoting
effect on mutants affected in the downstream part of the flavonoid pathway, particularly on mutants in the
proanthocyanidin branch (tt 10-8, aha 10-6, tt 12-2,tds -4, tt 15-5 and tt 18-5) (Figure 4d ). Thett- 7 mutant
that accumulates kaempferol-derived flavonols showed inherently the lowest shoot biomass accumulation
(Figure 4d ) and root inoculation of this mutant with Pbg had no significant growth-promoting effect as
compared to the WT (Figure 4d ). Collectively, these results indicate that the proanthocyanidin (PA)
branch plays a key role in Pbg -mediated growth promotion.
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Discussion

Over the past decades, several studies indicated that strains of various rhizobacterial species can promote
plant growth, induce systemic resistance against pathogens and phytophagous insects and can alter plant
secondary metabolism (van de Mortel et al. 2012; Etaloet al. 2018; Stringlis et al. 2018a; Hu et al.2018;
Jeon et al. 2021). Our results confirm and extend results obtained in previous studies (Barriuso et al. 2008;
Walkeret al. 2011; van de Mortel et al. 2012; Cordovez et al. 2018) and provide, for the first time, new
insights into global metabolome changes and specific plant metabolic signatures of effective and ineffective
partnerships between rhizobacteria and their host plant.

Finding the right rhizobacterial partner is key for plant growth promotion

Of the three tested rhizobacterial genera, none of the strains showed growth-promoting effects for all three
plant species, indicating specificity in rhizobacteria-plant interactions (Figure 1 ). For example, Pbg esta-
blished an effective partnership with Artemisia and Broccoli, whereas interaction with Arabidopsis was
deleterious given the significant reduction in biomass and the accumulation of stress-related dark-purple
anthocyanins in the leaves (Figure 1a ). Even when an effective partnership between rhizobacteria and
the host took place, the extent of growth promotion can significantly differ as shown by the partnership
between Pbg and Artemisia (˜500%) and Broccoli (˜50%). The temporal analyses of the rhizobacteria-host
interactions also demonstrated that the establishment of an effective partnership was characterized by early
and sustained induction of growth promotion as was shown for the interaction of Pbg with Artemisia and
Broccoli (Figure 1e and f ). The differential growth response of the three plant species to Pbg inoculation
exemplifies the importance of the right partnership for growth promotion.

Root colonization by rhizobacteria showed no clear association with growth promotion

It is widely known that plant growth-promoting rhizobacteria must colonize the rhizosphere of the host plant
to a specific threshold density to be beneficial (Benizri et al. 2001). The establishment of high population
densities of PGPR on roots has been proposed as a prerequisite of plant growth promotion. This is exem-
plified in our results by the lack of phenotypic responses of Artemisia to MB inoculation (Figure 3a1 and
Supplementary material,Figure S2 ). However, our results also indicated that high rhizosphere population
densities of the introduced strains can be associated with either growth promotion or growth reduction as
was seen for the combination of Pbg with Artemisia (growth promotion) andPbg with Arabidopsis (growth
reduction) (Supplementary Material,Figures S2a2 and a1 , respectively).

Metabolite signatures of Brassicaceae in effective and ineffective partnerships

The metabolome changes induced by the different rhizobacteria in the shoots of Arabidopsis and Broccoli
were subjected to a comparative analysis as both plant species belong to the Brassicaceae family. Glucosino-
lates (GLS) are among the metabolites that showed alteration by rhizobacteria treatment. In Arabidopsis,
the effective partnership withPf SS101 enhanced the relative levels of aliphatic long-chain GLS such as glu-
cohirsutin and 8-methylthiooctyl glucosinolate, whereas the ineffective partnership between Pf SS101 and
Broccoli was characterized by an increase in the levels of indolic GLS (i.e., glucobrassicin, desulfoglucobrassi-
cin, 4-methoxyglucobrassicin and neoglucobrassicin) and short-chain aliphatic GLS such as glucoibervirin. In
contrast to the effective Pf SS101-Arabidopsis partnership, the ineffective Pbg -Arabidopsis partnership cau-
sed a drastic reduction of all detected aliphatic GLS, (i.e., glucohirsutin (8-methylsulfinyloctyl glucosinolate),
glucolesquerellin (6-methylthiohexyl glucosinolate), 7-methylthioheptyl glucosinolate and 8-methylthiooctyl
glucosinolate. In Broccoli, both the ineffective partnership with Pf SS101 as well as the effective part-
nership with Pbg caused significant increases of the indolic GLS glucobrassicin. Meanwhile, the effective
MB-Arabidopsis partnership led to upregulation of glucohirsutin while this rhizobacterial strain barely in-
fluenced the level of GLS in Broccoli (Supplementary Material,Tables S4 and S7 ). Considering their
inconsistent accumulation patterns in effective and ineffective partnerships, GLS seem not to be appropriate
plant metabolic markers for discriminating between effective and ineffective partnerships.

On the other hand, alteration of a particular branch of the phenylpropanoid pathway showed co-occurrence

8



P
os

te
d

on
A

u
th

or
ea

1
M

ar
20

22
—

T
h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
64

61
53

53
.3

68
37

62
6/

v
1

—
T

h
is

a
p
re

p
ri

n
t

a
n
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

with growth promotion (effective partnership) or lack of growth promotion/ growth reduction (ineffective
partnership) in the different plant-rhizobacteria combinations tested. Higher accumulation of flavonoids was
evident in the ineffective partnerships between Arabidopsis-Pbg and Broccoli-Pf SS101, while flavonoids
showed no significant change in their abundance in the effective partnership between Arabidopsis-Pf SS101
(Figure 3 and Supplementary Material, Tables S4 and S7 ). Furthermore, in the ineffective partnerships
between Arabidopsis-Pbg, indole-derived defensive compounds such as camalexin, β-d-glucopyranosyl indole-
3-carboxylic acid and metabolites from the phenylpropanoid pathway (including anthocyanin and salicylic
acid) showed higher accumulation (Figure 2a2 , Supplementary Material, Table S4 and Figure 3b ).
Similarly, the ineffective partnership between Broccoli and Pf SS101 resulted in a significant accumulation
of flavonoids and other defensive metabolites (Figure 2c2 , Supplementary Material, Table S7 ). The accu-
mulation of these stress/defense-related metabolites in the aforementioned ineffective partnerships suggests
that both Pbgand Pf SS101 may be perceived as a biotic stressor by Arabidopsis and Broccoli, respectively
(Figure 2a2 and 3 ).

Flavonoids: a common signature of rhizobacteria-mediated plant growth promotion

Our results showed that one of the most distinctive metabolic signatures between effective and ineffective
partnerships is the differential regulation of the flavonoid pathway. In effective partnerships, metabolites
from this pathway were either suppressed or showed only a slight accumulation. In ineffective partnerships,
metabolites from this pathway were highly induced in the plant shoot (Figure 2 and3 ). Of all rhizobacteria-
plant combinations, thePbg -Artemisia combination can be considered as a highly-effective partnership in
terms of growth promotion and was hallmarked by a substantial alteration of the host metabolome (Figure
1 andFigure 2c1 and c2 ). This ‘rewiring’ of the Artemisia metabolome primarily involved accumulation
of hydroxycinnamates and suppression of other phenolic compounds such as flavonoids and benzoic acid
derivatives (Figure 3a2 and Supplementary Material,Table S8 ). This phenomenon might be the result of
the competition for the common precursor P -coumaroyl CoA between hydroxycinnamoyl transferase (HCT)
and chalcone synthase (CHS), key enzymes involved in the biosynthesis of hydroxycinnamates (monolignols)
and flavonoids, respectively (Figure 3a2 and Supplementary Material, Table S6 ).

Similar to the ineffective partnerships of Pbg -Arabidopsis orPf SS101-Broccoli, Besseau et al . (2007)
showed that the HCT-mutants displayed reduced growth and a concomitant accumulation of flavonoids of
mainly kaempferol derivatives. Accumulation of flavonoid glycosides in Arabidopsis are reported to affect
auxin transport (Besseau et al. 2007), distribution and turnover (Kuhn et al. 2016), thereby affecting
plant growth. Besseau et al . 2007, further showed that suppression of flavonoid production via CHS
silencing, restored auxin transport and normal development of HCT-deficient plants. Another interesting
Pbg -induced chemotype we observed in Arabidopsis was the accumulation of metabolites derived from the
indole pathways such as IAA and camalexin. The accumulation of auxin in the aerial part of the plant might
suggest that rootward transport of auxin is inhibited in Arabidopsis colonizaed by Pbg . Flavonoids were
implicated as endogenous metabolites that reduce the basipetal transport of auxin (Peer et al. 2004; Santelia
et al. 2008). Interestingly, the ineffective partnership between Pf SS101 and Broccoli was characterized by the
accumulation of indolic glucosinolates while IAA and camalexin were not detected in the samples. In contrary
to Besseau et al. (2007), Li et al. (2010) suggested that growth reduction associated with lignin biosynthesis
in Arabidopsis is independent of flavonoids. Other studies also showed that accumulation of flavonoids
either increases plant biomass (Sharmaet al. 2016) or does not lead to growth penalty (Nakabayashiet al.
2014), making the association between growth and flavonoids debatable. Elucidation of the role of a class
of metabolites in plant growth by targeting a gene at branching points of different biosynthetic pathways or
by targeting transcription factors that potentially involve in multiple metabolic pathways will have spillover
effect, and could jeopardize our attempt to establish relationship between a given metabolite class and plant
growth phenotype. Hence, in our study we used specific Arabidopsis mutants and focused on the role of the
flavonoid pathway and its different branches in rhizobacteria-mediated plant growth promotion.

The proanthocyanidin (PA) branch of the flavonoid pathway affects rhizobacteria-mediated
growth promotion in Arabidopsis

9
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Considering our results and other reports on the negative impact of flavonoids on auxin transport, auxin
distribution and turnover (Murphyet al. 2000; Brown et al. 2001; Besseau et al.2007; Santelia et al. 2008;
Kuhn et al. 2011, 2016; Bueret al. 2013), we investigated if Pbg can establish effective partnership with
Arabidopsis transparent testa (tt) mutants that harbor mutations in biosynthetic and transport genes along
the main trunk route of the flavonoid pathway. Before assessing the response of the tt- mutants to Pbg,
we evaluated their inherent variation in biomass accumulation. These twelve mutants showed significant
variation in biomass accumulation. In general, mutants in the downstream steps of the flavonoid pathway
showed reduced shoot biomass when compared to mutants from the upstream steps of the pathway (tt4
, tt5 and tt6 ) and the WT (Figures 4a, 4b and 4c ). The upstream mutants produce no detectable
level of flavonols that are often implicated to interfere with auxin transport and turnover (Bowerman et al.
2012). However, that did not lead to growth promotion in these mutants. The tt7 mutant that accumulates
kaempferol-derived flavonols (Routaboul et al. 2006) showed the lowest shoot biomass accumulation (Figure
4c ) and when treated with Pbg showed no significant difference in shoot biomass from the WT (Figures
4b, c and d ). Interestingly, both the ineffective partnerships between Arabidopsis-Pbg and Broccoli-Pf
SS101 exhibited high accumulation of kaempferol-derived flavonols (Figure 2a2 and2b2 ). In Arabidopsis,
kaempferol diglycosides are reported to act as an endogenous polar auxin transport inhibitor (Buer & Muday
2004; Peer et al. 2004; Yin et al. 2014; Kuhn et al. 2016, 2017). This may suggest that kaempferol-derived
flavonols could negatively influence the inherent growth of Arabidopsis and also potentially compromise its
responsiveness to Pbg .

From the early steps of the flavonoid pathway, mutants tt 4,tt 5 and tt 6 are defective in the biosynthesis
of the three main branches of the flavonoid pathway such as flavonols, anthocyanins and PA (Lepiniec et al.
2006; Bowerman et al. 2012). Of the three mutants, tt 4 and tt 6 responded the least toPbg in terms of
shoot biomass accumulation suggesting that some group of flavonoids might be required for Pbg -mediated
growth promotion. Although the tt 5 mutant was expected to behave similarly to tt 4 and tt 6, it showed
a significant increase in shoot biomass accumulation upon treatment with Pbg probably owing to its ‘leaky’
phenotype (Peer et al. 2001).

Mutants from the downstream branches of the flavonoid pathway defective in anthocyanin (tt 18, tds 4) and
proanthocyanidin biosynthesis (tt 18, tds 4, tt 15, tt 12,aha 10 and tt 10) established effective partnership
withPbg leading to significant increases in shoot biomass (Figure 4b ). The role of anthocyanin can be
excluded in the establishment of effective partnership as the ban mutant that accumulates anthocyanin at the
expense of PA (Devic et al. 1999; Xie et al. 2003) showed no significant influence on the growth phenotype.
Similarly, the tt 7 that does not accumulate anthocyanin showed no significant growth promotion when
treated withPbg. Hence, the influence of tt 18 and tds 4 on the establishment of effective partnership could
be due to their influence on the PA pathway.

Among the PA mutants, the tt 12 gene encodes a transporter that is homologous to the Multidrug and Toxic
compound Extrusion (MATE) secondary transporter (Marinova et al. 2007), the aha 10 gene encodes a
H+-ATPse that is also involved in PA metabolism (Baxter et al. 2005) and tt 15 encodes the UDP-Glc:sterol
glycosyltransferase UGT8B (DeBolt et al. 2009). The tt 10 gene is involved in the formation of polymeric
pigments from epicatechin and may catalyze the oxidative browning of colorless PAs (Pourcel et al. 2005).
Pbg had the highest growth-promoting effect on the tt 10 mutant that was reported to accumulate epicatechin
(CE) and procyanidin polymers and soluble PA but lacks oxidized PA (Pourcel et al. 2005). Mutant tt 15
showed reduced PA and oxidized PA, cyanidin and quercetin (Fockset al. 1999; Routaboul et al. 2012), tt
12 revealed absence of CE, PA, oxidized PA and reduction of the major flavonol quercetin-3-O- rhamnoside
(Marinova et al. 2007) andaha 10 accumulates CE and shows highly reduced PA and oxidized PA (Baxter et
al. 2005). When evaluated together, the tt 15,tt 12 and aha 10 mutants lack or have a highly reduced PA and
a concomitant reduction of oxidized PA. The tds 4 andtt 18 mutants that established effective partnership
withPbg are reported to lack or have highly reduced anthocyanin levels, have reduced CE, highly reduced
PA and lack oxidized PA. Hence, the common denominator of all Arabidopsis transparent testa (tt) mutants
that established an effective partnership with Pbg is the absence of oxidized PA (tannins). In conclusion,
our results indicate that the flavonoid pathway is a prime target of rhizobacteria and various branches of
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this pathway can have different impacts on the inherent growth and responsiveness of Arabidopsis to growth
promoting rhizobacteria. Based on these results, we postulate that kaempferol-derived flavonols and the
oxidized products of PA can negatively influence rhizobacteria-mediated plant growth promotion.

Rhizobacteria as agents to enhance high value natural products in plants

Beyond assessing the co-occurrence of specific metabolites associated with growth promotion in different
plant-bacteria interactions, our result also revealed that the three different rhizobacterial genera can boost
nutritionally and/or pharmaceutically important high value natural plant compounds (HVPC). The list of
various putative HVPC are summarized in Supplementary Table S9 . Among these, flavonoid glycosides
induced in the ineffective partnership between Pbg and Arabidopsis are considered vital phytochemicals in
diets and are of great interest due to their diverse bioactivities (Xiao et al.2016). Similarly, glucosinolates in
Brassica species (Traka 2016), hydroxycinnamic acid derivatives (Alam et al. 2016) and dihydroartemisinin in
Artemisia (Tilley et al. 2016) are potential HPVC. In effective partnerships, the increase in these compounds
is even more pronounced when we consider the increase in host biomass due to rhizobacteria inoculation. A
typical example for this is the Pbg -Artemisia combination that resulted in five-fold increase in host biomass
and up to three-fold increase in both artemisinic alcohol and dihydroartemisinin per unit fresh tissue biomass.
Hence, the use of rhizobacteria may be considered as a simple and generic approach to boost economically
or pharmaceutically interesting plant metabolites.

Acknowledgements

Artemisia F1seed and Broccoli seeds were kindly provided by the Department of Biology, University of York,
York, UK and Bejo seed company (Trambaan1, 1749 CZ Warmenhuizen, The Netherlands), respectively. We
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genic tomato plants alter quorum sensing in plant growth-promoting rhizobacteria. Plant Biotechnology
Journal 6 , 442–452.

Baxter I.R., Young J.C., Armstrong G., Foster N., Bogenschutz N., Cordova T., . . . Harper J.F. (2005) A
plasma membrane H+-ATPase is required for the formation of proanthocyanidins in the seed coat endothe-
lium of Arabidopsis thaliana. Proceedings of the National Academy of Sciences 102 , 2649–2654.

Benizri E., Baudoin E. & Guckert A. (2001) Root Colonization by Inoculated Plant Growth-Promoting
Rhizobacteria. Biocontrol Science and Technology 11 , 557–574.

Besseau S., Hoffmann L., Geoffroy P., Lapierre C., Pollet B. & Legrand M. (2007) Flavonoid Accumulation
in Arabidopsis Repressed in Lignin Synthesis Affects Auxin Transport and Plant Growth. The Plant Cell
19 , 148–162.

Bowerman P.A., Ramirez M.V., Price M.B., Helm R.F. & Winkel B.S. (2012) Analysis of T-DNA alleles of
flavonoid biosynthesis genes in Arabidopsis ecotype Columbia. BMC Research Notes 5 , 485.

Brown D.E., Rashotte A.M., Murphy A.S., Normanly J., Tague B.W., Peer W.A., . . . Muday G.K. (2001)
Flavonoids Act as Negative Regulators of Auxin Transport in Vivo in Arabidopsis. Plant Physiology126 ,
524–535.

11



P
os

te
d

on
A

u
th

or
ea

1
M

ar
20

22
—

T
h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
64

61
53

53
.3

68
37

62
6/

v
1

—
T

h
is

a
p
re

p
ri

n
t

a
n
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

Buer C.S., Kordbacheh F., Truong T.T., Hocart C.H. & Djordjevic M.A. (2013) Alteration of flavonoid
accumulation patterns in transparent testa mutants disturbs auxin transport, gravity responses, and imparts
long-term effects on root and shoot architecture. Planta238 , 171–189.

Buer C.S. & Muday G.K. (2004) The transparent testa4 Mutation Prevents Flavonoid Synthesis and Alters
Auxin Transport and the Response of Arabidopsis Roots to Gravity and Light. The Plant Cell16 , 1191–1205.

Carrión V.J., Cordovez V., Tyc O., Etalo D.W., de Bruijn I., de Jager V.C.L., . . . Raaijmakers J.M. (2018)
Involvement of Burkholderiaceae and sulfurous volatiles in disease-suppressive soils. The ISME Journal 12
, 2307–2321.

Chamam A., Sanguin H., Bellvert F., Meiffren G., Comte G., Wisniewski-Dyé F., . . . Prigent-Combaret
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