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Summary

Pseudomonads play crucial roles in plant growth
promotion and control of plant diseases. However,
under natural conditions, other microorganisms
competing for the same nutrient resources in the rhi-
zosphere may exert negative control over their phy-
tobeneficial characteristics. We assessed the
expression of phytobeneficial genes involved in bio-
control, biostimulation and iron regulation such as,
phiD, hcnA, acdS, and iron-small regulatory RNAs
prrF1 and prrF2 in Pseudomonas brassicacearum
co-cultivated with three phytopathogenic fungi, and
two rhizobacteria in the presence or absence of
Brassica napus, and in relation to iron availability.
We found that the antifungal activity of P. brassi-
cacearum depends mostly on the production of
DAPG and not on HCN whose production is sup-
pressed by fungi. We have also shown that the two-
competing bacterial strains modulate the plant
growth promotion activity of P. brassicacearum by
modifying the expression of phID, hcnA and acdS
according to iron availability. Overall, it allows us to
better understand the complexity of the multiple
molecular dialogues that take place underground
between microorganisms and between plants and its
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rhizosphere microbiota and to show that synergy in
favour of phytobeneficial gene expression may exist
between different bacterial species.

Introduction

The microbiota is thought to provide the host with valu-
able abilities that influence its physiology and improve its
fitness (Zilber-Rosenberg and Rosenberg, 2008). The
rhizosphere microbiota may play an important role in
plant nutrition and protection against pathogens. Many
bacteria are able to lower the level of the ethylene pre-
cursor, 1-aminocyclopropane-1-carboxylate (ACC) and
consequently the production of ethylene by plants,
thanks to the bacterial enzyme ACC deaminase (Glick,
2014). Bacteria producing acdS are capable of increas-
ing plant tolerance to salinity (Heydarian et al., 2021)
and to improve plant root growth (Penrose et al., 2001).

Many fluorescent pseudomonads with biocontrol abili-
ties protect plants from soil-borne diseases by producing
antimicrobial secondary metabolites such as hydrogen
cyanide (HCN) and 2,4-diacetylphloroglucinol (DAPG),
which are important biocontrol determinants (Vincent
et al., 1991; Fenton et al., 1992; Keel et al., 1992; Haas
and Défago, 2005). The phl cluster that encodes DAPG
synthesis is involved in the biocontrol of a broad spec-
trum of diseases by many antagonistic bacterial strains
(Haas and Défago, 2005).

The involvement of the phl cluster in biocontrol has
been determined from studies of root-colonizing Pseu-
domonas in disease-suppressive and conducive soils
(Raaijmakers and Weller, 1998; Weller et al., 2002). The
presence of DAPG-producing strains does not necessar-
ily guarantee disease suppression, as these strains have
also been found in conducive soils (Ramette et al.,
2003; Almario et al., 2013). Indeed, Rezzonico et al.
(2007) reported a lack of correlation between the
amounts of DAPG produced in vitro by bacteria having
the phl cluster and their biocontrol efficacy in planta. The
reason for the discrepancy between these studies has
not yet been established.

Several studies have reported the benefit of introduc-
ing particular bacterial strains with in vitro antifungal
activity in field conditions, as a strategy for disease con-
trol (Nelson, 2004). Effective application of this approach
in the field requires knowledge of the biotic and abiotic
factors that influence the functions of the introduced
strain, especially under natural conditions. Biocontrol is
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the exploitation of disease-suppressive microorganisms
to improve plant protection (Oconnell et al., 1996). From
this perspective, disease suppression through biocontrol
involves plant-bacteria, bacteria—phytopathogen and
bacteria—bacteria interactions, as well as interactions
with their physicochemical environment. Although there
is an increasing demand for biocontrol in the context of
sustainable agriculture, biocontrol in field conditions still
faces challenges before its practices can be widely
accepted and optimally used (Meyer and Roberts, 2002;
Bashan et al, 2014). The success of these biocon-
trol assays also depends on field conditions, where inter-
and intra-species interactions can also impact the
type and concentration of compounds produced by a
microorganism (van Agtmaal et al., 2018).

The physicochemical soil properties and the interac-
tions of biocontrol agents with root-colonizing microbiota
may explain why many microorganisms suppressed dis-
eases successfully under laboratory conditions, but failed
in the field. Introduced biocontrol agents can be affected
by other microbial communities, as well as inducing a
change in the assembly of the microbiota leading to
changes in interactions within the microbial community
and, in some cases, they can work in synergy to sup-
press plant diseases. In other cases, multiple partners
interact to regulate a single phytobeneficial trait, so that
these complex relationships can have important ecologi-
cal consequences (Hussa and Goodrich-Blair, 2013).

Abiotic factors may also be involved in the establish-
ment of inoculated PGPR strains and in the expression
of their phytobeneficial genes (Lim et al., 2012). Almario
et al. (2013) hypothesized that the clay mineral composi-
tion of soils may impact on iron availability, which may
confer disease suppressiveness in the rhizosphere,
allowing the expression of biocontrol relevant genes in
antagonistic Pseudomonas protegens.

Few studies, under controlled conditions, have reported
interspecies interactions that could be based on quorum
sensing that coordinates interactions both within a spe-
cies and between species (Abisado et al, 2018), or in
particular on competition for iron that plays a central role
in microbe—microbe and microbe—host interaction. Ho
et al. (2021) studied the interaction between pyochelin-
producing bacteria and the plant pathogen Phellinus nox-
ius. P. noxius converts pyochelin and ent-pyochelin from
Pseudomonas and Burkholderia species to pyochelin-GA
(and ent-pyochelin-GA), impairing their antifungal and iron
chelation activities (Ho et al., 2021). Interspecies interac-
tions occur between microorganisms occupying the same
ecological niche, such as Pseudomonas aeruginosa and
members of the Burkholderia cepacia complex, which
often coexist in both the soil and the lungs of cystic fibro-
sis patients. Weaver and Kolter (2004) showed that orni-
bactin, a siderophore produced by nearly all B. cepacia

strains, can induce the expression of P. aeruginosa
PA4467 gene, indicating that ornibactin can be produced
by B. cepacia and detected by P. aeruginosa when the
two species coexist.

Pseudomonas brassicacearum was described as the
major root-associated bacterium in the rhizosphere of
Arabidopsis thaliana and Brassica napus (Achouak et al.,
2000; Fromin et al, 2001) and displayed biological
control, plant growth promotion and for some strains
pathogenic traits (Belimov et al., 2007). Mutations in the
gacS-gacA system have been shown to lead to drastic
pleiotropic changes in P. brassicacearum (Lalaouna
et al, 2012). The expression of secondary metabolites
(e.g. the antifungal compounds DAPG and hydrogen cya-
nide), auxin, exoenzymes (e.g. lipase and protease),
three different N-acyl-homoserine lactone molecules, the
type VI secretion machinery and alginate synthesis was
downregulated in variants with mutations in gacS or gacA
genes, and biofilm formation ability was greatly reduced
(Lalaouna et al., 2012). This indicates that the expression
of the phl and hcn genes is under the positive control of
the GacS/GacA system through the synthesis of rsmX-1,
rsmX-2, rsmY and rsmZ (Lalaouna et al., 2021).

To study in situ gene expression of phytobeneficial
bacteria, Haichar et al. (2013) investigated the expres-
sion of phID by developing mRNA-stable isotope probing
(mRNA-SIP). Their results have demonstrated that the
phiD gene was expressed by bacteria inhabiting the rhi-
zosphere soil that derive nutrients from the breakdown
of organic matter and root exudates, whereas phlD gene
expression appeared to be repressed on A. thaliana
roots. In vitro expression of the phID gene in P. brassi-
cacearum was strongly activated by wheat and Med-
icago truncatula and to a lesser extent by B. napus,
whereas it was downregulated by A. thaliana (Haichar
et al., 2013). This regulation is probably mediated by
plant root exudates (Haichar et al., 2013). In addition to
other microorganisms, the plant can also be involved in
modulating the expression of phytobeneficial genes. Lit-
tle is yet known about the activity of the genes underpin-
ning biocontrol and biostimulation under conditions of
competition for scarce nutrients and essential elements
such as iron, the lack of which has major consequences
for the nature of interactions between organisms in the
three kingdoms of life.

The objective of this work was therefore to better
understand the behaviour of biocontrol agents by
assessing the impact of biological factors on the expres-
sion of the phID, hcnA and acdS genes, which encode
two major biocontrol and a biostimulation traits. Here, we
investigated the ability of the plant root-associated P.
brassicacearum NFM421 to compete with two other rhi-
zobacteria, Kosakonia sacchari NO9, a root-associated
diazotroph (Bloch et al, 2020) and Rhizobium alamii

© 2022 The Authors. Microbial Biotechnology published by Society for Applied Microbiology and John Wiley & Sons Ltd.
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Fig. 1. Bacteria—fungi interaction. (A) Antifungal activity of P. brassicacearum NFM421wt, AphlID and AgacA towards Fusarium culmorum (Fc),
Fusarium graminearum (Fg) or Microdochium nivale (Mn). Expression of the NFM421 strain genes phID (B) hcnA (C) and acdS (D) grown alone
(Pbr), or in the presence of F. culmorum (Pbr vs. Fc), F. graminearum (Pbr vs. Fg) or M. nivale (Pbr vs. Mn). Experiments were conducted in
triplicates. Bars with different letters are significantly different at P < 0.05 according to the ANOVA test.

YAS34, known for its ability to produce exopolysaccha-
ride and to contribute to soil stability in the rhizosphere
of Helianthus annuus and B. napus (Alami et al., 2000;
Tulumello et al., 2021), under conditions of iron depletion
and iron repletion, and in the presence (or not) of B. na-
pus. Under these different experimental conditions, we
analysed the expression of the phytobeneficial genes
phiD, hcnA and acdS and to assess the intracellular sta-
tus of iron in P. brassicacearum NFM421, we analysed
the expression of iron-regulatory RNAs prrF in this strain.
We also tested the antagonism of P. brassicacearum
NFM421 wt and the knockout mutants AphID and AgacA
against the soil-borne plant pathogens Fusarium culmo-
rum, Fusarium graminearum and Microdochium nivale,
to compare the antifungal activity of DAPG and HCN.

Results

Only DAPG is likely required for biocontrol activity in
P. brassicacearum NFM421

We assessed the antagonistic activity of wild-type (wt) P.
brassicacearum NFM421 and the knockout mutants

AphID and AgacA against the soil-borne phytopathogens
F. culmorum, F. graminearum and M. nivale. The mutant
AgacA did not produce DAPG or hydrogen cyanide,
whereas the mutant Aph/D was able to produce hydro-
gen cyanide but not DAPG. Only P. brassicacearum
NFM421wt was able to inhibit the growth of the three
assayed fungi, underscoring the role of DAPG produced
by P. brassicacearum NFM421 in its antifungal activity
(Table S1, Fig. 1A). F. graminearum and M. nivale dis-
played increased sensitivity to 2,4-DAPG in comparison
with F. culmorum, as reflected in strong inhibition of their
growth by P. brassicacearum NFM421 wt. The AphiD
and AgacA mutants showed no antifungal activity, sug-
gesting the involvement of DAPG (no fungal inhibition by
AphID mutant) and no conclusion for the role of HCN
since the AgacA mutant is impaired in both DAPG and
HCN production (Table S1, Fig. 1A).

Bacteria—fungi dialogue

To further investigate whether phID (production of
DAPG), hcnA (production of hydrogen cyanide) and

© 2022 The Authors. Microbial Biotechnology published by Society for Applied Microbiology and John Wiley & Sons Ltd.



4 A. Laveilhé et al.

acdS (ACC deaminase activity) genes were expressed
when bacteria were challenged with the fungi, we
applied P. brassicacearum NFM421wt to the border of
the Petri dish as well as the growing fungi at the centre
of the dish (F. culmorum, F. graminearum and M. nivale)
for 48 h. The expression of phID and hcnA in P. brassi-
cacearum NFM421wt was determined by RT-qPCR in
PDA medium, and in the presence or absence of the
three fungi. A significant increase in phiD expression
was observed in presence of F. culmorum only (Fig. 1B).
In contrast, hcnA and acdS expressions were signifi-
cantly decreased especially by M. nivale, and to a lower
extent by F. culmorum and F. graminearum (Fig. 1C and
D). This indicates a fungal negative control of hydrogen
cyanide production and ACC deaminase activity by
P. brassicacearum NFM421wt. This result coupled with
the lack of antifungal activity of the hydrogen cyanide-
producing AphlD mutant (Fig. 1A) indicates the impor-
tance of DAPG produced by P. brassicacearum
NFM421wt for the control of these three phytopathogen
fungi, in contrast to HCN which does not appear to be
involved in this biocontrol.

Population size of competing bacteria in vitro and in
planta

Before studying the molecular dialogue between the bac-
teria, we established a quantitative method for the detec-
tion of the three interacting bacterial strains by
quantitative PCR (g-PCR) of specific genes for each
strain. For quantification, ph/D (which encodes the pro-
duction of DAPG) was used for P. brassicacearum
NFM421wt, hycE for K. sacchari NO9 (Roumagnac
et al, 2012) and gta for R. alamii YAS34 (Santaella
et al., 2008; Schue et al., 2011). Standard curves with
DNA template plasmids containing the cloned target
sequences of phlID, hycE and gta were created and used
as standards in g-PCR.

Bacterial population size under competition in vitro: P.
brassicacearum NFM421 was grown alone, or in co-
culture with R. alamii YAS34 and/or K. sacchari NO9 in
iron-depleted or iron-rich (FeCl; 300 pM) conditions in
CAA medium. For interactions, an equal number of cells
of each strain (107 cells mI~') were used to inoculate
the culture media. The evolution of the relative abun-
dance of each strain was determined after 48 h of co-
culture (> 10° cells mI~" in total) in order to assess the
competitive interactions occurring between the P. brassi-
cacearum NFM421 and the other two strains. P. brassi-
cacearum NFM421 was significantly more abundant than
the competing strains in all situations (Table 1). The
population of R. alamii YAS34 did not exceed 3% when
co-cultured with P. brassicacearum NFM421 and was
less than 2% when co-cultured with the other two strains

Table 1. Population size (in percentage) of P. brassicacearum
NFM421 grown alone, or with the competitors K. sacchari NO9 and
R. alamii YAS34 (separately or together). Strains were grown in
CAA medium supplemented with 300 uM FeCl3 or not (denoted by
a ‘~’). Values are the % mean + SD.

Treatment NFM421 YAS34 NO9

NFM421+FeCls 100.0 £+ 0.0 0.0+0.0 0.0+0.0
NFM421— 100.0 £+ 0.0 0.0+0.0 0.0+0.0
NFM421/YAS34+FeCls 978 +02 22+02 0.0+0.0
NFM421/YAS34— 96.8 + 0.1 3.2 + 0.1 0.0 + 0.0
NFM421/NO9+ FeCly 832+41 00+00 16.8 + 4.1
NFM421/NO9— 872 +21 00+00 128+ 2.1
NFM421/YAS34/NO9+FeCl; 851 +£38 16+ 02 133 + 3.7
NFM421/YAS34/NO9— 83.7+14 19+01 144 +13

combined, regardless of iron availability in growth cul-
ture. The proportion of K. sacchari NO9 was higher, up
to 17%, when competing with P. brassicacearum
NFM421 alone, and up to 14% in the tripartite interaction
(Table 1). No significant differences were observed with
respect to iron availability.

Bacterial population size under in competition in
planta: B. napus seeds was inoculated with an identical
cell number of each strain and grown for three weeks.
Compared to the in vitro conditions, R. alamii YAS34
displayed a higher capacity to compete in planta with P.
brassicacearum NFM421 (mainly under iron-depleted
conditions), with a population percentage reaching
18.5% (Table 2). However, considering the tripartite
interaction, the proportion of R. alamii YAS34 was 2.7%
under iron-rich conditions and 5.6% in iron-depleted con-
ditions, which is comparable to the result obtained
in vitro (Table 2). In competition with P. brassicacearum
NFM421 alone, the proportion of K. sacchari NO9 was
8%, regardless of iron availability. In contrast, K. saccha-
ri NO9 was much less competitive under iron-depleted
condition in the tripartite interaction, representing less
than 2% of the total bacteria interacting with the plant
roots, but appears to be competitive in the presence of
FeCl; (14.7%, Table 2). Regardless of the competing

Table 2. Population size (in percentage) of P. brassicacearum
NFM421 grown alone, or with the competitors K. sacchari NO9 and
R. alamii YAS34 (separately or together) in association with B. na-
pus. Strains were supplemented with iron source (sequestrene) or
not (denoted by a ‘—’). Values are the % mean + SD.

Treatment NFM421 YAS34 NO9
NFM421+Fe 100.0 0.0 0.0
NFM421— 100.0 0.0 0.0
NFM421/YAS34+Fe 96.0 4.0 0.0
NFM421/YAS34— 81.5 18.5 0.0
NFM421/NO9+ Fe 91.9 0.0 8.1
NFM421/NO9— 91.5 0.0 8.5
NFM421/YAS34/NO9+Fe 82.6 2.7 14.7
NFM421/YAS34/NO9— 92.6 5.6 1.8

© 2022 The Authors. Microbial Biotechnology published by Society for Applied Microbiology and John Wiley & Sons Ltd.
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with different letters are significantly different at P < 0.05 according to the ANOVA test.

strain or iron availability, P. brassicacearum NFM421
was the significantly dominant strain.

Bacteria—bacteria dialogue under in vitro conditions

The molecular dialogue between P. brassicacearum
NFM421 and the two-competing bacterial strains (K. sac-
chari NO9 and R. alamii YAS34) was assessed after
48 h of co-culture by measuring their impact on the
expression of the phlD, hcnA and acdS genes, which
are involved in the biocontrol and biostimulation abilities
of P. brassicacearum NFM421. The presence of the
other two strains (separately or together) caused signifi-
cant transcriptional changes in the expression of phiD,
hcnA and acdS in P. brassicacearum NFM421 under
iron-rich conditions (Fig. 2), despite their low abundance
on the root system. (Table 2). In P. brassicacearum
NFM421, phID was positively regulated by iron, showing
an almost fourfold increase under iron-rich conditions,
when the bacterium was grown alone (Fig. 2A). How-
ever, the presence of the competitors in bipartite or tri-
partite co-cultures significantly decreased the phlD
expression under iron-rich conditions (twofold), while no
significant difference was observed under iron-depleted
conditions (Fig. 2A). The hcnA gene was also upregu-
lated by iron in P. brassicacearum NFM421 when grown
alone, and its expression increased fivefold (Fig. 2B).
This highly significant increase (P < 0.05) in the iron-rich
condition was even observed when P. brassicacearum
NFM421 was grown with K. sacchari NO9 and with both
competitors together (Fig. 2B). Unlike the two genes
involved in biocontrol (phID and hcnA), the expression of
the acdS gene was increased under iron-depleted condi-
tions when P. brassicacearum NFM421 was grown
alone. In the presence of competitors and under iron-
depleted conditions, the acdS expression significantly
decreased (Fig. 2C). However, as with hcnA, the expres-
sion of acdS was significantly increased in co-culture
with K. sacchari NO9 under iron-rich conditions

(Fig. 2C). Despite their limited growth in the presence of
P. brassicacearum NFM421 (Table 2), the presence of
both competitors had significant impact on the expres-
sion of three genes, two of which are involved in biocon-
trol and one in biostimulation in P. brassicacearum
NFM421.

As our results showed the impact of iron availability on
phytobeneficial gene expression and the nature of inter-
actions of P. brassicacearum NFM421 with its competi-
tors K. sacchari NO9 and R. alamii YAS34, we assessed
the intracellular status of iron in P. brassicacearum
NFM421. To do so, we analysed the expression of the
small regulatory RNAs, prrF1 and prrF2, whose expres-
sion is a powerful indicator of intracellular iron status (Wil-
derman et al, 2004). In the presence of iron, the Fur
regulator binds Fe and represses the expression of prrF1
and prrF2. Under iron-depleted condition, these two
sRNAs are expressed and prevent the translation of mes-
senger RNAs encoding iron-requiring proteins, thus allow-
ing the cell to save the little available iron (Wilderman
et al., 2004). prrF1 and prrF2 were expressed only when
the medium was iron-depleted, as expected (Fig. 3A and
B). Surprisingly, the expression level of prrF1 and prrF2
was significantly reduced in the presence of the compet-
ing strains NO9 and YAS34, suggesting that P. brassi-
cacearum NFM421 was able to detect some amount of
iron in the medium (Fig. 3A and B).

Although the expression profiles of both prrF1 and
prrF2 RNAs showed the same trend, the expression of
prrF1 was more affected by co-culture with competitors
and more importantly by R. alamii YAS34 in iron-
depleted medium (Fig. 3A and B).

Plant-bacteria—bacteria dialogue

We investigated the transcriptional changes of plant
growth promotion and biocontrol related genes in
P. brassicacearum NFM421 in the presence of the two-
competing bacterial strains (NO9 and YAS34) during

© 2022 The Authors. Microbial Biotechnology published by Society for Applied Microbiology and John Wiley & Sons Ltd.
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Fig. 4. Phytobeneficial gene expression of P. brassicacearum NFM421 in competition with two rhizobacteria in planta. Expression of phlD

(a), henA(b) and acdS (c) in P. brassicacearum NFM421 grown for three weeks alone, or in competition with K. sacchari NO9 (NF/NO9), R. ala-
mii YAS34 (NF/YAS), or both competitors (Triple) on twofold diluted Hoagland’s medium (H/2) in the absence (grey bars) or in the presence
(black bars) of sequestrene. Bars with different letters are significantly different at P < 0.05 according to the ANOVA test.

their interaction with B. napus root system. Contrary to
what was observed under in vitro conditions, phlD
expression in P. brassicacearum NFM421 did not
change in response to iron availability when grown alone
(Fig. 4A). The presence of K. sacchari NO9 significantly
altered phID expression of P. brassicacearum NFM421
in an iron-dependent manner: iron limitation caused a
twofold increase, whereas there was a threefold
decrease induced by addition under iron-rich medium
(Fig. 4A). In comparison, the presence of R. alamii
YAS34 slightly but significantly decreased phlD expres-
sion of P. brassicacearum NFM421, regardless of iron
availability. When the three competitors interacted in
planta, the impact of the K. sacchari NO9 was attenu-
ated, although it was still significant in a way that was
similar to its bipartite interaction with P. brassicacearum
NFM421. The expression of hcnA was much less altered
by iron availability, whether P. brassicacearum NFM421
was grown alone in planta or interacted with a combina-
tion of the two competitors (Fig. 4B). Expression of the

acdS gene in planta followed the same pattern as ph/D
expression, with a reduction in expression under iron-
depleted conditions when grown alone and an increase
in competition with K. sacchari NO9 under iron-depleted
condition (Fig. 4C).

Evaluation of the intracellular iron status of P. brassi-
cacearum NFM421 in planta confirmed the significant
decrease in the expression of prrF sRNAs upon interac-
tion with both competitors and particularly in the pres-
ence of R. alamii YAS34. Surprisingly, the level of
expression of prrF1 and prrF2 in the presence of
sequestrene (490 uM EDDHA-NaFe) was not negligible
(Fig. 5A and B). No correlation was observed between
the level of intracellular iron and the expression of phiD,
henA and acdS.

Proximity favours communication

Monitoring the proportion of each competing bacteria
revealed an enrichment of specific microbial populations
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(A)
0.00015
— H/2
3
3 d mH/2 +iron
< 0.00012 —
B
23
gé 0.00009
2<
52
5E g
T 8 000006 —— ; —
S o
Qs I
3 c
5 e bc
£ 0.00003 b - a
£
g i i ] i
0

NF NF/YAS NF/NO9 TRIPLE

Multiple dialogues control phytobeneficial traits 7

—
w
-

0.00016

ey

0.000128 ——

0.000096 ——

H0a

0.000064 i

S b
= o)
b a
.l I I i
0
NF

NF/YAS NF/NO9

prrF1 transcripts
(normalized to 16S rRNA transcription level)

TRIPLE

Fig. 5. Iron status of P. brassicacearum NFM421 in competition with two rhizobacteria in planta. Expression of prrF1 (A) and prrF2 (B), in P.
brassicacearum NFM421 grown for three weeks alone, or in competition with K. sacchari NO9 (NF/NO9), R. alamii YAS34 (NF/YAS), or both
competitors (Triple) in the absence (grey bars) or in the presence (black bars) of sequestrene. Bars with different letters are significantly differ-
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that have evolved to colonize the rhizoplane. Colocaliza-
tion of competing bacteria was performed to determine
whether they share the same microniche on the root sur-
face or whether they inhabit different sites (Fig. 6).
Although P. brassicacearum NFM421 colonized B.
napus roots more efficiently, we were able to locate
competing strains in planta. As illustrated in Fig. 6A, the
few sites colonized by R. alamii YAS34 were not colocal-
ized with those of P. brassicacearum NFM421. When K.
sacchari NO9::gfp was localized, it was often associated
with P. brassicacearum NFM421::rfp colonizing the same
sites on the rhizoplane (the yellow patch is due to mixed
expression of the two colours of rfp and gfp) (in Fig. 6A).

Discussion

Although certain pseudomonads play a crucial role in pro-
moting plant growth and controlling plant diseases, other
living organisms such as bacteria, fungi and plants may
interfere with their biocontrol efficiency. Most fluorescent

10 pm

NFM421/YAS34

pseudomonads promote plant growth and produce antimi-
crobial secondary metabolites including hydrogen hydro-
gen cyanide (HCN) and 24-diacetylphloroglucinol
(DAPG). Here, we assessed the expression of hcnA,
phiD and acdS in P. brassicacearum during co-culture
with phytopathogenic fungi and during co-culture with
non-pathogenic plant root-associated bacteria. This work
demonstrates the modulation of phytobeneficial genes by
other microorganisms, depending on the presence of
competing bacteria as well as plant and iron availability.
Host colonization by biocontrol and biostimulant agents is
essential for biocontrol but not sufficient for plant protec-
tion against pathogens and plant growth promotion. In
addition to competing for C and energy resources in the
rhizosphere and of the rhizoplane sites to be colonized,
the biocontrol agent must be able to express antimicrobial
genes and produce the corresponding compounds.
Genes that are modulated during interspecific bacterial
interactions often include genes involved in the produc-
tion of antibiotics, as a defensive or offensive strategy in

* 10um

NFM421/NO9

Fig. 6. Colocalization of competing bacteria. In planta colocalization of rfp-tagged P. brassicacearum NFM421 with: gfp-tagged R. alamii
YAS34 (a) and gfp-tagged K. sacchari NO9 (b). Scale bars correspond to10 pum.
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microbial interactions (Fong et al., 2001; Harrison et al.,
2008; Garbeva and de Boer, 2009). Rhizosphere-
associated bacteria are always encountered as mixed
populations of numerous species in the environment, and
they have to cope with other microorganisms, the host
and environmental cues. These associations are the
result of coevolution leading to the implementation of
strategies for adaptation to specific ecological niches.

Antifungal activity of P. brassicacearum is DAPG-
dependent

When iron is scarce, bacteria produce siderophores that
may act as antifungals by depriving fungi of iron. In the
presence of iron, other antifungal metabolites intervene
like DAPG and phenazines among others. Interaction
assays of P. brassicacearum NFM421 with Fusarium
head blight fungi, carried out without addition of iron to
determine the role of DAPG and HCN, clearly show the
role of DAPG in inhibiting the growth of the tested fungi.
Using the two mutants, AgacA and AphlD, we demon-
strated that DAPG, but not HCN, seems to be primarily
responsible for the antifungal activity.

We observed a repression of hcnA expression in the
presence of the three phytopathogenic fungi F. culmo-
rum, F. graminearum and M. nivale, whereas Barret
et al. (2009) reported an increase in the expression of
hydrogen cyanide synthesis genes with Pseudomonas
fluorescens strain Pf29Arp, in the presence of the phy-
topathogenic fungus Gaeumannomyces graminis var.
tritici. Co-culture of P. brassicacearum NFM421 with M.
nivale species did not alter phlD expression, while we
noticed a significant increase in phlD expression in the
presence of F. culmorum and F. graminearum, whereas
these fungi are known to produce fusaric acid, which
has been reported to repress phID expression (Notz
et al., 2002). These bacterium—fungus interactions do
not appear to be generalizable, and these interactions
may be species- or even strain-dependent.

The expression of phlD was one thousand times
higher than that of hcnA, indicating that even if HCN is
known to be effective against pathogenic fungi, the
levels of its expression by P. brassicacearum NFM421
are too low to inhibit fungal growth. Therefore, the mode
of biocontrol of plant pathogenic fungi used in this study,
which seems plausible in P. brassicacearum NFM421,
most likely involves DAPG.

Pseudomonas brassicacearum outcompetes K. sacchari
and R. alamii

Our results showed the competitiveness of P. brassi-
cacearum NFM421 when grown with K. sacchari NO9
and R. alamii YAS34, under iron-depleted and iron-rich

conditions via a higher growth rate. The total population
size evolved from 3 107celsml™' to at least
10° cells ml~", suggesting that the three bacterial strains
could proliferate, and their population size increased at
least tenfold. P. brassicacearum produces at least two
types of siderophores, which facilitate the recovery of
small amounts of iron in aerobic environments (Matthijs
et al., 2016), and at least two antimicrobial compounds,
DAPG and HCN (Lalaouna et al., 2012).

These observations are consistent with previous stud-
ies showing that batch cultures of Pseudomonas aerugi-
nosa grown in a defined medium produce one or more
secreted factors that are stimulated by iron limitation and
inhibits Agrobacterium tumefaciens biofilms (Hibbing and
Fuqua, 2012). Surprisingly, R. alamii YAS34 was more
efficient in planta at competing with P. brassicacearum
NFM421 under iron-depleted conditions than under iron-
rich conditions, where they reached up to 18 and 4% of
the total population, respectively. This finding suggests
that the growth rate of P. brassicacearum NFM421 is
probably much higher at the expense of root exudates
and under iron-rich conditions.

Expression of phID, hcnA and acdS is not exclusively
controlled by iron

Both competitors (K. sacchari NO9 and R. alamii
YAS34) mostly downregulated ph/D expression under
iron-rich conditions when co-cultured with P. brassi-
cacearum. These results suggest that these competing
bacterial strains may produce specific signals that are
perceived by P. brassicacearum, which act directly or
indirectly at the transcriptional or post-transcriptional
level. They may produce certain metabolites that might
activate the repressor phlF. Bacterial extracellular
metabolites such as salicylate and pyoluteorin as well as
fusaric acid, a toxin produced by the pythopathogen fun-
gus Fusarium, strongly repressed DAPG synthesis in
Pseudomonas protegens strain CHAO (Schnider-Keel
et al., 2000). The expression of phID and hcnA genes
was remarkably increased by the addition of iron, unlike
P. fluorescens Pf-5 in which Lim et al. (2012) reported
overexpression of DAPG-encoding genes and downreg-
ulation of hydrogen cyanide-encoding genes under iron-
depleted conditions.

In contrast to the interaction with fungi, competition
with bacteria led to a significant decrease in phlD
expression in the presence of iron and conversely a sig-
nificant increase in hcnA expression.

Analysis of the prrf SRNAs expression indicated that it
was likely that the presence of competitors allowed
P. brassicacearum NFM421 to increase its intracellular
iron level. It is difficult to imagine how Fur could be acti-
vated other than by complexing iron, as it is the only
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regulator known to repress the expression of the small
prrF regulatory RNAs in the presence of iron (Wilderman
et al., 2004; Liu et al., 2016). Even genes that are finely
regulated seemed to be modulated by the co-culture of
bacteria.

In addition to the indirect competition for iron involving
siderophores, it has been reported that P. aeruginosa
was able to kill Staphylococcus aureus and utilized the
released iron (Mashburn et al., 2005). Competitive beha-
viours between bacteria are partly controlled by iron
availability (Andrews et al, 2003). Numerous mecha-
nisms may be involved in bacterial exchange, such as
secondary metabolites and quorum-sensing quenching
system. Bacteria are known to communicate with each
other and modulate their gene expression through
quorum-sensing signalling molecules (Lowery et al,
2008).

Contrary to phlD, whose expression is tenfold higher in
CAA medium enriched with iron than in planta, acdS
expression is tenfold higher in planta than CAA medium
enriched with iron (Fig. 3A and C vs Fig. 4A and C). The
production of ACC by the plant must probably activate
the expression of acdS, as indicated by genes transcript
level normalized to 16S rRNA transcription level. We pre-
viously reported the impact of the plant via root exudates
on the expression of the non-coding RNAs rsmZ, acdS
gene encoding  1-aminocyclopropane-1-carboxylate
(ACC) deaminase and nosZ gene encoding nitrous oxide
reductase, and evidenced their expression in the root-
adhering soil and on the roots of A. thaliana by using
MRNA-SIP approach (Haichar et al., 2012). However,
phID gene expression was shown to be highly activated
by root exudates of wheat and that of Medicago truncat-
ula and to a lesser extent by that of B. napus, while it was
strongly suppressed by root exudates of A. thaliana sug-
gesting that the signals for downregulation of ph/iD gene
expression may originate from B. napus and A. thaliana
root exudates (Haichar et al., 2013).

We observed no effect of iron on phID or hcnA expres-
sion, with the exception of co-inoculation with K. sacchari
NO9 which induced a strong increase in phiD and hcnA
expression in the absence of iron and a significant
decrease of phlD in the presence of iron. The triple inocu-
lation also led to an increase of phiD expression in the
absence of iron. During in planta interspecies interaction,
P. brassicacearum NFM421 antifungal genes were posi-
tively modulated by K. sacchari NO9 denoting a synergy
between these two strains in favour of the use of P. bras-
sicacearum NFM421 as a biocontrol agent, in combina-
tion with K. sacchari NO9. However, acdS expression
was reduced in P. brassicacearum NFM421 grown alone
on CAA or in monoxenic condition in planta, whereas the
presence of K. sacchari NO9 seems to induce an
increase in acdS expression, in planta under iron-

Multiple dialogues control phytobeneficial traits 9

depleted condition. This increase in acdS expression did
not support the need for increased ethylene production by
the plant under Fe deficiency, which, in the roots of sev-
eral plant species, led increased ethylene production con-
tributing to the regulation of subapical root hairs and Fe
acquisition genes (Angulo et al., 2021). Our results show
an in planta modulation of the expression of phytobenefi-
cial genes in P. brassicacearum NFM421, essentially in
the presence of K. sacchari NO9 suggesting a signalling
exchange between these strains on the plant root sur-
face. For this reason, we colocalized the competing
strains in planta. Colocalization imagery showed that K.
sacchari NO9 strain occupied the same sites as P. bras-
sicacearum NFM421 on the rhizoplane, as we consis-
tently observed their colocalization (Fig. 6B). Figure 6B
shows a strong colonization by the NO9 strain at the api-
cal part of the roots; however, they are less abundant at
the basal part (Fig. S1), while R. alamii YAS34 did not
exhibit a significant impact on the expression of antifungal
genes, probably because they inhabited niches on the
roots that did not overlap with those of P. brassicacearum
NFM421 (Fig. 6A).

It is likely that inhabiting separate niches may lead to
a weaker interaction and exchange. The type and quan-
tity of compounds produced by one bacterial strain can
probably vary when it interacts directly with another,
especially when they compete for space and resources
in the same ecological niche. It is this proximity and
exchange that should shape microbial assemblages and
interaction networks within microbial communities. The
interactions, we observed in a very simplified in vitro
system with only three strains, hint at the complexity of
what could happen in situ in real soil with thousands of
bacterial species.

Scheme for multiple dialogues that may modulate
phytobeneficial gene expression

To illustrate our results, we propose a scheme targeting
the modulation of phl gene expression by other microor-
ganisms and the plant, as well as the role of iron and its
regulation by prrF regulatory non-coding RNAs (Fig. 7).
The expression of hcnA and acdS also seems to depend
on the biotic and abiotic environment of the bacterium.
This scheme of interactions in a simplified in vitro sys-
tem of bacteria with their biotic and abiotic environment
and their potential impact on the expression of phytoben-
eficial traits hints at the complexity of these relationships
under natural conditions.

Conclusions

Our results suggest that it is difficult to predict the beha-
viour of an introduced strain, since the expression of its
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Fig. 7. Scheme for multiple dialogues that may modulate phytobeneficial gene expression. This model illustrates the modulation of phl gene
expression by other microorganisms, the plant and iron, and the role of iron and its regulation by prrF regulatory non-coding RNAs. These inter-
actions are most likely even more complex under natural conditions in the rhizosphere in the presence of a very diverse microbiota producing a
multitude of metabolites. This is also valid for the other genes hcnA and acdS. V1, positive effect; J—, negative effect; dotted lines, indirect effects.
The conclusion of this study is that the regulation of phytobeneficial gene expression is under the control of different biotic and abiotic factors.

phytobeneficial traits will depend on several factors,
including pedoclimatic factors not addressed here, inter-
action with other microorganisms, the plant and availabil-
ity of nutritive resources including essential elements
such as iron.

The expression of antifungal genes was modulated by
interspecies interactions, confirming that rhizosphere
bacteria can compete with each other through a range of
antibacterial agents and quorum-sensing (as well as pre-
sumably unknown signalling molecules). The mecha-
nisms by which one bacterial population interferes with
the gene expression of another population are not yet
fully understood. Interkingdom and interspecies interac-
tions, as well as external factors, may affect the success
of introduced beneficial microorganisms. Future research
must continue to characterize the mechanisms by which
these interactions occur and evolve in the rhizosphere.

The introduction of a bacterial strain into an ecological
niche may have an impact on the assembly of the micro-
biota and in particular on the interaction networks within
the microbial community. These interactions can be syn-
ergistic by acting positively directly or indirectly on the
expression of genes of inoculated strain or conversely
prevent the inoculated strain (biointrant) to express its
phytobeneficial effect.

In conclusion, the successful development of smart
biocontrol not only requires that bacteria carry the

appropriate genes, but also that they are expressed in a
coordinated and dynamic manner.

Experimental procedures
Bacterial growing and co-cultures conditions

Pseudomonas brassicacearum NFM421 was isolated from
the A. thaliana rhizosphere (Achouak et al., 2000),
Kosakonia sacchari NO9 isolated from the rice rhizo-
sphere (formerly Enterobacter cloacae, Omar et al., 1989),
and Rhizobium alamii YAS34 isolated from the sunflower
rhizosphere (Alami et al., 2000; Berge et al., 2009).

Fungal-bacteria interaction experiments were per-
formed using potato dextrose agar (PDA, Difco™) med-
ium. PDA plates were inoculated with 5-mm agar plugs
of the fungi Fusarium culmorum, Fusarium graminearum
and Microdochium nivale (kindly provided by Biovitis,
France) and incubated at 25°C for at least 48 h, to
ensure bacterial growth at this temperature. Bacterial
inocula, consisting of two spots of 10 pl containing 107
cells washed in a 110 mM KCI solution, were applied on
either side of fungi at 2 cm from the fungal mycelium
border. Two 10-ul spots of KCI were also applied on
either side of fungi as control treatment, and all plates
were incubated at 25°C for three more days.

The bacterial co-culture experiments were performed
using an iron-limited medium (iron poor casamino acids
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medium, CAA, Difco™) in the presence or not of FeCls
(300 pM). Bacterial inocula consisting of 107 cells of
P. brassicacearum NFM421 were grown in pure culture,
or co-culture with equal cell numbers of K. sacchari NO9
and/or R. alamii YAS34, in a 10-ml final volume of CAA
or iron-supplemented CAA medium. Bacterial cultures
were incubated at 28°C for 48 h, and bacterial cells were
collected for DNA and RNA extraction.

Construction of the AphlD mutant

Upstream and downstream regions of phID were ampli-
fied from P. brassicacearum NFM421 genomic DNA
using the MD-phiD-1/MD-phiD-2 and MD-ph/D-3/MD-
phiD-4 primers respectively (Table S2). In a separate
PCR, the overlap between the MD-ph/ -2 and MD-ph/D-3
primers enabled amplification of a 2-kb fragment, in
which the upstream and downstream regions were
ligated together. This fragment was then cloned into the
suicide vector pME3087 (Voisard et al., 1994) and intro-
duced into E. coli S17-1 by transformation. The recombi-
nant plasmid was subsequently introduced into the wild
type by conjugation and mutants obtained as previously
described (Lalaouna et al., 2012).

In planta B. napus co-inoculation assays

In order to determine the impact of the plant on the
expression of phytobeneficial genes, we selected B.
napus which is a plant highly colonized by P. brassi-
cacearum (Achouak et al., 2000) and protected against
water stress by R. alamii (Tulumello et al., 2021). Canola
seeds (B. napus cv. Sensation) were selected between
1.6 and 2.0 mm in diameter, surface-sterilized as previ-
ously described (Achouak et al., 2004). A 10>-10® CFU
suspension of P. brassicacearum NFM421 was used
alone or in combination with equivalent suspension of
K. sacchari NO9 and/or R. alamii YAS34. Bacterial sus-
pensions were added to 1 ml of 3.5 g I"! agar contain-
ing half-strength Hoagland’s medium (H/2) (Arnon and
Hoagland, 1940) and poured as a band on the surface
of H/2 medium solidified with 0.4% phytagel (Sigma; St.
Louis, MO, USA). Then, the seeds were sown on the
surface of the agar band. The square dishes
(15 cm x 15 cm) were sealed with Micropore™ tape
(3 M; St. Paul, MN, USA) and incubated vertically for
three weeks under a daily regimen of 22°C for 16 h in
the light and 18°C for 8 h in the dark (approximately
100 photons m~2 s 7).

To count and localize P. brassicacearum NFM421, we
used rfp-tagged bacteria (Achouak et al., 2004), R. ala-
mii YAS34 gfp-tagged (Santaella et al., 2008) and a gfp-
tagged K. sacchari NO9 obtained by inserting the pnpt2
promoter and gfp gene from plasmid p519ngfp
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(Matthysse et al., 1996) between the Hindlll and EcoRI
restriction sites of plasmid pPBBR1MCS-2 (Kovach et al.,
1995). Dual colour confocal images were acquired by
sequential scanning, with settings that were optimal for
green (excitation at 480 nm and emission at 520 nm)
and red fluorescence (excitation at 587 nm and emission
at 661 nm).

Quantification of bacteria

Single copies of genes specific to P. brassicacearum
NFM421 (phiID), K. sacchari NO9 (hycE, hydrogenase 3,
Roumagnac et al., 2012) and R. alamii YAS34 (gta, gly-
cosyltransferase, Schue et al, 2011), which, respec-
tively, encode DAPG, the large subunit of hydrogenase
and glycosyltransferase, were identified, amplified from
the genomic DNA of each bacterial species, cloned into
TopoXL plasmids and used as standards in quantitative
PCR. A serial dilution of the plasmid DNA was per-
formed, and the copy number of each specific gene from
the three bacteria species was determined in the differ-
ent culture combinations. Calculations were performed to
determine the mass of plasmids containing cloned target
sequences (plasmid + insert) corresponding to copy
numbers of target nucleic acid sequences. DNA was
extracted from pure cultures or co-cultures using the
phenol/chloroform/isoamyl alcohol extraction protocol for
bacterial culture.

phiD, hcnA, acdS, prrF1 and prrF2 gene expression

RNA was extracted from bacteria grown in co-culture in
CAA medium supplemented or not with iron (300 uM
FeCls), or in PDA medium in the presence of fungi using
the RNeasy Kit (Qiagen, Hilden, Germany).

For in planta experiments, bacteria were collected
from growth medium and from roots by vortexing, pel-
leted, and then, RNA was extracted according to manu-
facturer instruction (Qiagen RNasy kit, France).
Quantitative reverse transcription PCR (RT-gPCR)
assays were performed to quantify phlD, hcnA, acdS
and prrF1 and prrF2 expression in P. brassicacearum
NFM421 alone, or interacting with K. sacchari NO9 and/
or R. alamii YAS34 by using the Transcriptor first strand
cDNA synthesis kit (Roche, Manheim, Germany). Gene-
specific primers for real-time PCR were designed based
on P. brassicacearum NFM421 phlD, hcnA, acdS and
prrF1 and prrF2 sequences to obtain predicted PCR
products of 200-250 bases (Table S2). Amplifications
were performed according to the real Q-PCR Light
Cycler 480 SYBR Green | Master kit instructions for the
Light Cycler 480 Real Time PCR System (Roche). Real-
time PCR was performed in triplicate, and mRNA relative
expression was normalized to the 16S reference gene.
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Statistical analysis

Triplicates were used for each experiment. Statistical
analyses were performed on g-PCR data from the three
replicates per treatment in each experiment. Gene tran-
script levels were normalized to 16S rRNA transcription
level. The significance of the results was examined by
one-way analysis of variance (ANOVA) followed by post
hoc tests (Student-Newman—Keuls test). Analyses were
performed using STATGRAPHICS Centurion XVLII.
P < 0.05 was considered to be statistically significant.

Acknowledgement

AL had a researcher fellowship from the ANRT (Agence
Nationale de la Recherche et de la Technologie) (CIFRE
N° 2011/1473) and the InVivo company.

Author contributions

WA and TH conceived the experiments and coordinated
the research. AL and SF performed the experiments. DL
realized genetic constructs. JT and MB performed bioin-
formatics analysis. AL, SF, TH and WA discussed and
interpreted the results. WA and TH wrote the manuscript.
All authors read and approved the manuscript.

Conflict of Interest

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

References

Abisado, R.G., Benomar, S., Klaus, J.R., Dandekar, A.A,,
and Chandler, J.R. (2018) Bacterial quorum sensing and
microbial community interactions. MBio 9: e02331-17.

Achouak, W., Conrod, S., Cohen, V., and Heulin, T. (2004)
Phenotypic variation of Pseudomonas brassicacearum as
a plant root colonization strategy. Mol Plant Microbe Inter-
act17: 872-879.

Achouak, W., Sutra, L., Heulin, T., Meyer, J.M., Fromin, N.,
Degraeve, S., et al. (2000) Description of Pseudomonas
brassicacearum sp. nov. and Pseudomonas thivervalensis
sp. nov., two root-associated bacteria isolated from Ara-
bidopsis thaliana and Brassica napus. Int J Syst Evol
Microbiol 50: 9—18.

van Agtmaal, M., Straathof, A.L., Termorshuizen, A., Lie-
vens, B., Hoffland, E., and de Boer, W. (2018) Volatile-
mediated suppression of plant pathogens is related to soil
properties and microbial community composition. Soil Biol
Biochem 117: 164—174.

Alami, Y., Achouak, W., Marol, C., and Heulin, T. (2000)
Colonization of sunflower roots by EPS-producing Rhizo-
bium sp. and its effect on rhizosphere soil aggregation

and plant nutrition. Appl Environ Microbiol 66: 3393—
3398.

Almario, J., Prigent-Combaret, C., Muller, D., and Moénne-
Loccoz, Y. (2013) Effect of clay mineralogy on iron
bioavailability and rhizosphere transcription of 2,4-
diacetylphloroglucinol biosynthetic genes in biocontrol
Pseudomonas protegens. Mol Plant Microbe Interact 26:
566-574.

Andrews, S.C., Robinson, A.K., and Rodriguez-Quinones, F.
(2003) Bacterial iron homeostasis. FEMS Microbiol Rev
27: 215-237.

Angulo, M., Garcia, M.J., Alcantara, E., Pérez-Vicente, R.,
and Romera, F.J. (2021) Comparative study of several Fe
deficiency responses in the Arabidopsis thaliana ethylene
insensitive mutants ein2-1 and ein2-5. Plants 10: 262.

Arnon, D.l., and Hoagland, D.R. (1940) Crop production in
artificial culture solutions and in soils with special refer-
ence to factors influencing yields and absorption of inor-
ganic nutrients. Soil Sci 50: 463-485.

Barret, M., Frey-Klett, P., Guillerm-Erckelboudt, A.Y., Boutin,
M., Guernec, G., and Sarniguet, A. (2009) Effect of wheat
roots infected with the pathogenic fungus Gaeumanno-
myces graminis var. tritici on gene expression of the bio-
control bacterium Pseudomonas fluorescens Pf29Arp. Mol
Plant Microbe Interact 22: 1611-1623.

Bashan, Y., de Bashan, L.E., Prabhu, S.R., and Hernandez,
J.-P. (2014) Advances in plant growth-promoting bacterial
inoculant technology: formulations and practical perspec-
tives (1998-2013). Plant Soil 378: 1-33.

Belimov, A.A., Dodd, I.C., Safronova, V.l., Hontzeas, N.,
and Davies, W.J. (2007) Pseudomonas brassicacearum
strain  Am 3 containing 1-aminocyclopropane-1-
carboxylate deaminase can show both pathogenic and
growth-promoting properties in its interaction with tomato.
J Exp Bot 58: 1485-1495.

Berge, O., Lodhi, A., Brandelet, G., Santaella, C., Roncato,
M.A., Christen, R., et al. (2009) Rhizobium alamii sp.
nov., an exopolysaccharide producing species isolated
from legume and non-legume rhizospheres. Int J Syst
Evol Microbiol 59: 367-372.

Bloch, S.E., Clark, R., Gottlieb, S.S., Wood, L.K., Shah, N.,
Mak, S.M., et al. (2020) Biological nitrogen fixation in
maize: optimizing nitrogenase expression in a root-
associated diazotroph. J Exp Bot 71: 4591-4603.

Fenton, A.M., Stephens, P.M., Crowley, J., O’Callaghan, M.,
and O’Gara, F. (1992) Exploitation of gene(s) involved in
2,4 diacetylphloroglucinol biosynthesis to confer a new
biocontrol capability to a Pseudomonas strain. Appl Envi-
ron Microbiol 58: 3873-3878.

Fong, K.P., Chung, W.O., Lamont, R.J., and Demuth, D.R.
(2001) Intra- and interspecies regulation of gene expres-
sion by Actinobacillus actinomycetemcomitans LuxS.
Infect Immun 69: 7625-7634.

Fromin, N., Achouak, W., Thiery, J.M., and Heulin, T. (2001)
The genotypic diversity of Pseudomonas brassicacearum
populations isolated from roots of Arabidopsis thaliana:
influence of plant genotype. FEMS Microbiol Ecol 37: 21—
29.

Garbeva, P., and de Boer, W. (2009) Inter-specific interac-
tions between carbon-limited soil bacteria affect behavior
and gene expression. Microbial Ecol 58: 36—46.

© 2022 The Authors. Microbial Biotechnology published by Society for Applied Microbiology and John Wiley & Sons Ltd.



Glick, B.R. (2014) Bacteria with ACC deaminase can pro-
mote plant growth and help to feed the world. Microbiol
Res 169: 30-39.

Haas, D., and Défago, G. (2005) Biological control of soil-
borne pathogens by fluorescent pseudomonads. Nat Rev
Microb 3: 307-319.

Haichar, F.Z., Fochesato, S., and Achouak, W. (2013) Host-
plant specific control of 2,4-diacetylphloro-glucinol produc-
tion in the rhizosphere. Agronomy 3: 621-631.

Haichar, F.Z., Roncato, M.A., and Achouak, W. (2012)
Stable isotope probing of bacterial community structure
and gene expression in the rhizosphere of Arabidopsis
thaliana. FEMS Microbiol Ecol 81: 291-302.

Harrison, J.J., Turner, R.J., Joo, D.A., Stan, M.A., Chan,
C.S., Allan, N.D., et al. (2008) Copper and quaternary
ammonium cations exert synergistic bactericidal and anti-
biofilm activity against Pseudomonas aeruginosa. Antimi-
crob Agents Chemother 52: 2870-2881.

Heydarian, Z., Gruber, M., Coutu, C., Glick, B.R., and Hege-
dus, D.D. (2021) Gene expression patterns in shoots of
Camelina sativa with enhanced salinity tolerance provided
by plant growth promoting bacteria producing 1-
aminocyclopropane-1-carboxylate deaminase or expres-
sion of the corresponding acdS gene. Sci Rep 11: 4260.

Hibbing, M.E., and Fuqua, C. (2012) Inhibition and dispersal
of Agrobacterium tumefaciens biofiims by a small dif-
fusible Pseudomonas aeruginosa exoproduct(s). Arch
Microbiol 194: 391-403.

Ho, Y.-N., Hoo, S.Y., Wang, B.-W., Hsieh, C.-T., Lin, C.-C.,
Sun, C.-H., et al. (2021) Specific inactivation of an anti-
fungal bacterial siderophore by a fungal plant pathogen.
ISME J 15: 1858—-1861.

Hussa, E.A., and Goodrich-Blair, H. (2013) It takes a village:
ecological and fitness impacts of multipartite mutualism.
Annu Rev Microbiol 67: 161-178.

Keel, C., Schnider, U., Maurhofer, M., Voisard, C., Laville,
J., Burger, U., et al. (1992) Suppression of root diseases
by Pseudomonas fluorescens CHAOQ: importance of the
bacterial secondary metabolite 2,4-diacetylphloroglucinol.
Mol Plant Microbe Interact 5: 4-13.

Kovach, M.E., Elzer, P.H., Hill, D.S., Robertson, G.T., Far-
ris, M.A., Roop, R.M., and Peterson, K.M. (1995) Four
new derivatives of the broad-host- range cloning vector
pBBR1MCS, carrying different antibiotic-resistance cas-
settes. Gene 166: 175—-176.

Lalaouna, D., Fochesato, S., Sanchez, L., Schmitt-Kopplin,
P., Haas, D., Heulin, T., and Achouak, W. (2012) Regula-
tory RNAs control phenotypic switching in Pseudomonas
brassicacearum. Appl Environ Microbiol 78: 1658—1645.

Lalaouna, D., Fochesato, S., Harir, M., Ortet, P., Schmitt-
Kopplin, P., Heulin, T., and Achouak, W. (2021) Amplify-
ing and fine-tuning Rsm sRNAs expression and stability
to optimize survival in nutrient-poor environments.
Microorganisms 9: 250.

Lim, C.K., Hassan, K.A., Tetu, S.G., Loper, J.E., and Paul-
sen, I.T. (2012) The effect of iron limitation on the
transcriptome and proteome of Pseudomonas fluorescens
Pf-5. PLoS One 7: €39139.

Liu, W., Bertrand, M., Chaneac, C., and Achouak, W.
(2016) TiO, nanoparticles alter iron homeostasis in

Muiltiple dialogues control phytobeneficial traits 13

Pseudomonas brassicacearum as revealed by PrrF sRNA
modulation. Environ Sci Nano 3: 1473.

Lowery, C.A., Dickerson, T.J., and Janda, K.D. (2008) Inter-
species and interkingdom communication mediated by
bacterial quorum sensing. Chem Soc Rev 37: 1337-
1346.

Mashburn, L.M., Jett, A.M., Akins, D.R., and Whiteley, M.
(2005) Staphylococcus aureus serves as an iron source
for Pseudomonas aeruginosa during in vivo coculture.
J Bacteriol 187: 554-566.

Matthijs, S., Brandt, N., Ongena, M., Achouak, W., Meyer,
J.M., and Budzikiewicz, H. (2016) Pyoverdine and
histicorrugatin-mediated iron acquisition in Pseudomonas
thivervalensis. Biometals 29: 467-485.

Matthysse, A.G., Stretton, S., Dandie, C., McClure, N.C.,
and Goodman, A.E. (1996) Construction of GFP vectors
for use in Gram-negative bacteria other than Escherichia
coli. FEMS Microbiol Lett 145: 87-94.

Meyer, S.L., and Roberts, D.P. (2002) Combinations of bio-
control agents for management of plant-parasitic nema-
todes and soilborne plant-pathogenic fungi. J Nematol 34:
1-8.

Nelson, L.M. (2004) Plant growth promoting rhizobacteria
(PGPR): prospects for new inoculants. Crop Manage 3:
301-305.

Notz, R., Maurhofer, M., Dubach, H., Haas, D., and Défago,
G. (2002) Fusaric acid-producing strains of Fusarium
oxysporum alter 2,4-diacetylphloroglucinol biosynthetic
gene expression in  Pseudomonas fluorescens
CHAOIn vitro and in the rhizosphere of wheat. Appl Envi-
ron Microbiol 68: 2229-2235.

Oconnell, K.P., Goodman, R.M., and Handelsman, J. (1996)
Engineering the rhizosphere: expressing a bias. Trends
Biotechnol 14: 83-88.

Omar, AM.N.,, Richard, C., Weinhard, P., and Balandreau,
J. (1989) Using the spermosphere model technique to
describe the dominant nitrogen-fixing microflora associ-
ated with wetland rice in two Egyptian soils. Biol Fertil
Soils 7: 158-163.

Penrose, D.M., Moffatt, B.A., and Glick, B.R. (2001) Deter-
mination of 1-aminocyclopropane-1-carboxylic acid (ACC)
to assess the effects of ACC deaminase-containing bacte-
ria on roots of canola seedlings. Can J Microbiol 47: 77—
80.

Raaijmakers, J.M., and Weller, D.M. (1998) Natural plant
protection by 2,4-diacetylphloroglucinol-producing Pseu-
domonas spp. in take-all decline soils. Mol Plant Microbe
Interact 11: 144-152.

Ramette, A., Moénne-Loccoz, Y., and Défago, G. (2003)
Prevalence of fluorescent pseudomonads producing anti-
fungal phloroglucinols and/or hydrogen hydrogen cyanide
in soils naturally suppressive or conducive to tobacco
black root rot. FEMS Microbiol Ecol 44: 35-43.

Rezzonico, F., Zala, M., Keel, C., Duffy, B., Moénne-
Loccoz, Y., and Défago, G. (2007) Is the ability of biocon-
trol fluorescent pseudomonads to produce the antifungal
metabolite 2,4-diacetylphloroglucinol really synonymous
with higher plant protection? New Phytol 173: 861-872.

Roumagnac, P., Richaud, P., Barakat, M., Ortet, P., Ron-
cato, M.A,, lannello, M., et al. (2012) Reversible oxygen-

© 2022 The Authors. Microbial Biotechnology published by Society for Applied Microbiology and John Wiley & Sons Ltd.



14 A. Laveilhé et al.

tolerant hydrogenase carried by free-living N2-fixing
Enterobacter radicincitans. Microbiol Open 1: 349-361.

Santaella, C., Schiie, M., Berge, O., Heulin, T., and
Achouak, W. (2008) Role of exopolysaccharide produced
by Rhizobium sp. YAS34 in the colonization of Arabidop-
sis thaliana and Brassica napus and biofilm formation on
roots. Environ Microbiol 10: 2150-2163.

Schnider-Keel, U., Seematter, A., Maurhofer, M., Blumer,
C., Duffy, B., Gigot-Bonnefoy, C., et al. (2000) Autoinduc-
tion of 2,4-diacetylphloroglucinol biosynthesis in the bio-
control agent Pseudomonas fluorescens CHAO and
repression by the bacterial metabolites, salicylate and
pyoluteorin. J Bacteriol 182: 1215-1225.

Schue, M., Fekete, A., Ortet, P., Brutesco, C., Heulin, T.,
Schmitt-Kopplin, P., et al. (2011) Modulation of metabo-
lism and switching to biofilm formation prevail over
exopolysaccharide production in the response of Rhizo-
bium alamii to cadmium. PLoS One 6(11): e26771.
https://doi.org/10.1371/journal.pone.0026771

Tulumello, J., Chabert, N., Rodriguez, J., Long, J., Nalin, R.,
Achouak, W., and Heulin, T. (2021) Inoculation of EPS-
producing strains of Rhizobium alamii increases rapeseed
growth and shapes its rhizosphere microbiota. Sci Total
Environ 797: 148895.

Vincent, M.N., Harrison, L.A., Brackin, J.M., Kovacevich,
P.A., Murkerji, P., Weller, D.M., and Pierson, E.A. (1991)
Genetic analysis of the anti-fungal activity of a soilborne
Pseudomonas aureofaciens strain. Appl Environ Microbiol
57: 2928-2934.

Voisard, C., Bull, C.T., Keel, C., Laville, J., Maurhofer, M.,
Schnider, U., et al. (1994) Biocontrol of root diseases by
Pseudomonas fluorescens CHAO: current concepts and
experimental approaches. In Molecular Ecology of Rhizo-
sphere Microorganisms. Ogara, F., Dowling, D.N., and
Boesten, B. (eds). Weinheim, Germany: VCH, 67-89.

Weaver, V.B., and Kolter, R. (2004) Burkholderia spp. alter
Pseudomonas aeruginosa physiology through iron
sequestration. J Bacteriol 186: 2376—2384.

Weller, D.M., Raaijmakers, J.M., Garderner, B.B.M., and
Thomashow, L.S. (2002) Microbial populations responsi-
ble for specific soil suppressiveness to plant pathogens.
Annu Rev Phytopath 40: 309-348.

Wilderman, P.J., Sowa, N.A., FitzGerald, D.J., FitzGerald,
P.C., Gottesman, S., Ochsner, U.A., and Vasil, M.L.
(2004) Identification of tandem duplicate regulatory small
RNAs in Pseudomonas aeruginosa involved in iron home-
ostasis. Proc Natl Acad Sci USA 101: 9792-9797.

Zilber-Rosenberg, 1., and Rosenberg, E. (2008) Role of
microorganisms in the evolution of animals and plants:
the hologenome theory of evolution. FEMS Microbiol Rev
32: 723-735.

Schue M., Fekete A., Ortet P., Brutesco C., Heulin T, ,
(2011) Modulation of metabolism and switching to biofilm
prevail over exopolysaccharide production in the response
of Rhizobium alamii to cadmium. PLoS ONE, 6, (11),
€26771. https://doi.org/10.1371/journal.pone.0026771

Supporting information

Additional supporting information may be found online in
the Supporting Information section at the end of the arti-
cle.

Table S1. Antifungal activity of P. brassicacearum NFM421
towards phytopathgenic fungi.

Table S2. Strains, plasmids and primers used in this study.

Fig. S1. Colocalization of competing bacteria. In planta colo-
calization of rfp-tagged P. brassicacearum NFM421 with:
gfp-tagged tagged K. sacchari NO9.

© 2022 The Authors. Microbial Biotechnology published by Society for Applied Microbiology and John Wiley & Sons Ltd.


https://doi.org/10.1371/journal.pone.0026771
https://doi.org/10.1371/journal.pone.0026771

