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Abstract Rhizosphere bacteria, whether phytopathogenic

or phytobeneficial, are thought to be perceived by the plant

as a threat. Plant Growth-Promoting Rhizobacteria

(PGPR), such as many strains of the Azospirillum genus

known as the main phytostimulator of cereals, cooperate

with host plants and favorably affect their growth and

health. An earlier study of rice root transcriptome, under-

taken with two rice cultivars and two Azospirillum strains,

revealed a strain-dependent response during the rice-

Azospirillum association and showed that only a few genes,

including some implicated in plant defense, were com-

monly regulated in all tested conditions. Here, a set of

genes was selected from previous studies and their

expression was monitored by qRT-PCR in rice roots

inoculated with ten PGPR strains isolated from various

plants and belonging to various genera (Azospirillum,

Herbaspirillum, Paraburkholderia). A common expression

pattern was highlighted for four genes that are proposed to

be markers of the rice-PGPR interaction: two genes

involved in diterpenoid phytoalexin biosynthesis (OsDXS3

and OsDTC2) and one coding for an uncharacterized pro-

tein (Os02g0582900) were significantly induced by PGPR

whereas one defense-related gene encoding a pathogenesis-

related protein (PR1b, Os01g0382000) was significantly

repressed. Interestingly, exposure to a rice bacterial

pathogen also triggered the expression of OsDXS3 while

the expression of Os02g0582900 and PR1b was down-

regulated, suggesting that these genes might play a key role

in rice-bacteria interactions. Integration of these results

with previous data led us to propose that the jasmonic acid

signaling pathway might be triggered in rice roots upon

inoculation with PGPR.
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Abbreviations

IAA Indole acetic acid

ISR Induced systemic resistance

JA Jasmonic acid

MAMP Microbe-associated molecular patterns

PGPR Plant Growth-Promoting Rhizobacteria

Introduction

The rhizosphere, i.e. soil surrounding plant roots, is char-

acterized by incredible diversity and abundance of

microorganisms. Whether phytopathogenic or plant-bene-

ficial, a microorganism is perceived by plants, as a threat

and the success of the interaction is conditioned by the

microbe’s ability to bypass plant immune reactions (Soto

et al. 2009). Plant perception is based on cell surface-lo-

calized immune receptors that recognize specific microbe-

associated molecular patterns (MAMP) leading to the

activation of the defense response. In most cases, this plant

basal immunity is believed to be sufficient to prevent

the spreading of pathogens and apparition of symptoms;

however well-adapted microbes can suppress or bypass

defense mechanisms. Plant defense mechanisms occur as

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s12298-020-00911-1) contains sup-
plementary material, which is available to authorized users.

& Florence Wisniewski-Dyé
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gene expression modifications that reflect a shift in

the investment of resources into defense leading to reduced

growth (Buscaill and Rivas 2014). The cross-talk among

multiple plant hormone signaling has been proposed to

regulate the growth-defense balance in plants (Wasternack

and Hause 2013; Stringlis et al. 2018; Yang et al. 2020).

Some bacteria living in the rhizosphere and inside roots

cooperate with host plants and favorably affect their

growth and health. These, named Plant-Growth Promoting

Rhizobacteria (PGPR), feed on root exudates, and induce

plant beneficial effects through various mechanisms. PGPR

can directly stimulate plant nutrition and develop-

ment mainly through phytohormone production, phosphate

solubilization, or nitrogen fixation. Besides, they can pro-

tect the plant against pathogens, by direct antagonism

through the production of antimicrobial compounds or by

inducing plant systemic immunity termed as Induced

Systemic Resistance (ISR) (Spaepen et al. 2009). The ISR,

well documented for dicots primed with PGPR of the genus

Pseudomonas, allows the plant to display an accelerated

defense response upon subsequent pathogen attack, and

relies on Jasmonic acid (JA) and ethylene signalling (Pi-

eterse et al. 2014). Recently, ISR has been reported in rice,

with the involvement of the same signaling pathways

(Laborda et al. 2020).

Members of the genus Azospirillum can improve

the yield of many plant species including cereals (Pereg

et al. 2016). One of the hallmarks of Azospirillum strains is

the ability to fix nitrogen but only a fraction of the fixed

nitrogen is thought to be retrieved by the plant. Azospiril-

lum strains produce diverse phytohormones, among which

indole-3-acetic acid (IAA) seems to play a major role in

plant growth promotion (Spaepen et al. 2007). Induced

resistance does not seem to be a common feature of

Azospirillum, with only a few reports for an endophytic

strain and the involvement of ethylene signalling was

proposed (Kusajima et al. 2020). Azospirillum cooperation

leads to enhancement of root development, which ulti-

mately leads to increased yields (Dobbelaere et al. 2003).

As described with other PGPR, an Azospirillum strain

performed better with specific plant cultivars (Pereg et al.

2016). The affinity of strains for certain plant genotypes

(together with other field parameters) leads to difficulties to

obtain reliable and reproducible plant growth-promoting

effect of inoculum for field application. Therefore, it is

worth understanding molecular mechanisms ruling plant-

Azospirillum ‘‘compatibility’’ and to decipher how this

PGPR is perceived by the plant. Previously, a rice tran-

scriptomic study was performed using two rice cultivars of

the japonica group (Nipponbare and Cigalon) inoculated

with two Azospirillum strains initially isolated from each of

the cultivar (Drogue et al. 2014). Gene expression changes

in rice roots were found to be dependent on the cultivar-

strain combination with 83% of the differentially expressed

genes appearing as combination-specific. A reduced num-

ber of genes involved in response to stress and plant

defense appeared to be differentially expressed when a

strain was inoculated onto its original host cultivar (Drogue

et al. 2014). Besides, only 34 genes were found to be

commonly regulated in all combinations and have been

defined as potential ‘‘marker genes’’ of the Azospirillum-

rice interaction. Interestingly, some of these marker genes

have been found to be also regulated in rice roots following

infection by a fungal pathogen (Drogue et al. 2014; Marcel

et al. 2010). The present study is based on the hypothesis

that some transcriptional changes induced in two rice cul-

tivars by different Azospirillum strains may constitute a

signature of plant perception to PGPR. Moreover, tran-

scriptional changes specifically induced by a strain able to

colonize inner root tissues might reflect the perception of

an endophyte. Thus, we investigated by qRT-PCR the

expression of a set of genes in rice roots inoculated with ten

PGPR strains isolated from various plants and with a rice

bacterial pathogen. Four genes are proposed to be markers

of the rice-PGPR interaction. Besides, data suggests the

activation of the JA signaling pathway in response to all

PGPR strains.

Materials and methods

Bacterial strains and culture conditions

Ten gfp-tagged PGPR (Table 1) and one rice pathogenic

strain B. glumae AU6208 were used throughout this study.

Azospirillum strains were grown at 28�C onto nutrient agar

(Difco) supplemented with 0.0005% (w/v) bromothymol

blue (NAB medium) whereas other strains were grown on

LBm medium, i.e. Luria–Bertani medium containing NaCl

at only 5 g L-1. Liquid cultures for rice inoculation were

performed at 28�C in NFb broth (Nelson and Knowles

1978) supplemented with 1/40 (v/v) LBm (i.e. NFb*),

except for Herbaspirillum seropedicae SmR1 and

Burkholderia glumae AU6208 that were grown in liquid

LBm. When required, antibiotics were added at the fol-

lowing final concentrations lg mL-1: Gentamicin (Gm)

25; Kanamycin (Kan) 50.

Acetylene-reduction assay

The acetylene-reduction assay (ARA) was performed on

free-living cells grown in a semi-solid medium conferring

the favourable microaerobic atmosphere required for N2

fixation. Ethylene production was measured using a gas

chromatograph (Girdel Série 30 F) equipped with a flame

ionization detector. Cultures were grown overnight in Nfb
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broth supplemented with 5 mM NH4Cl. Cultures were then

washed 3 times in NFb broth. Five mL of washed cultures

were then mixed with 45 mL of lukewarm semi-solid NFb

medium to obtain a final concentration of 2 9 107 -

cells mL-1 and a final agar concentration of 1.8 g L-1 in

150 mL plasma flasks (Verre équipement, France). For

each strain, three flasks were prepared as experimental

replicates. Cultures were then incubated at 28 �C for 60 h

before sealing them with a rubber septum and replacing

10% of the atmosphere with acetylene (bottles without

acetylene were used as control). The exponential phase of

nitrogenase activity started around 2 h post-acetylene

injection. From that point, 400 lL gas samples were taken

from each bottle every 2 h (for 10 h) and injected into the

gas chromatograph for ethylene quantification, to obtain

the kinetic of ethylene production. Quantification of ethy-

lene was achieved using external standard calibration with

serially diluted ethylene-containing bottles. Since cell

count is not feasible in a semi-solid medium, total protein

quantification was performed in order to normalize nitro-

genase activity between strains. The cultures were boiled

and NaOH was added to a final concentration of 0.1 M

before a 15 min-incubation in an ultrasonic bath for cell

lysis. Then, total protein content was measured using a

fluorometer with the Qubit Protein Assay Kit following the

manufacturer’s instructions (Invitrogen). Nitrogenase

activity was calculated and expressed in nmol ethylene

produced over 1 hour, normalised by protein content.

In vitro production of bacterial phytohormones

Strains were grown for 48 h (28�C, 150 rpm) in NFb*

broth supplemented or not with 250 mM of the auxin

precursor tryptophan or with 0.1 mM of the cytokinin

precursor adenine. 750 lL of bacterial cultures were lyo-

philized before being extracted in 750 lL of 100%

methanol followed by sonication for 20 min. The extrac-

tion was performed twice successively and extracts were

pooled. Solutions were filtered, dried, and resuspended in

50 lL 100% methanol. Extracts were subjected to UHPLC

separation on an Agilent 1290 Series instrument using a

100 mm 9 3 mm reverse phase column (Agilent Poroshell

120 EC-C18, 2.7 lm particle size) with a diode array

detector as previously described (Vacheron et al. 2016).

The following 16 compounds were searched for: abscisic

acid (sesquiterpenoides), jasmonic acid (jasmonates), gib-

berellic acid and gibberellin A1 (gibberellins), kinetin,

6-benzylaminopurine, trans-zeatin, trans-zeatin riboside,

and isopentenyl adenosine (cytokinins), indole acetic acid,

indole butyric acid, indole lactic acid, indole carboxylic

Table 1 The bacterial strains used in the study

Straina Isolated from Referencesb

Azospirillum

Azospirillum sp. B510 Disinfected stem of O. sativa subsp. japonica (cv

Nipponbare), Japan

Elbeltagy et al. (2001), Chamam et al. (2013)

A. brasilense Sp245 Surface-disinfected root of Triticum aestivum, Brazil Baldani et al. (1986a), Valette et al. (2020)

A. lipoferum 4B Rhizosphere of Oryza sativa subsp. japonica (cv Cigalon),

France

Thomas-Bauzon et al. (1982), Chamam et al.

(2013)

A. lipoferum B518 Disinfected stem of O. sativa subsp. indica rice (cv

Kasalath), Japan

Elbeltagy et al. (2001), Valette et al. (2020)

A. lipoferum TVV3 Rhizosphere of O. sativa subsp. indica rice (cv IR64),

Vietnam

Trân Vân et al. (1997), Valette et al. (2020)

A. lipoferum Sp59b Undisinfected root of Triticum aestivum, Brazil Tarrand et al. (1978), Valette et al. (2020)

A. lipoferum Br17 Undisinfected root of Zea mays, Brazil Tarrand et al. (1978), Valette et al. (2020)

A. zeae N7 Rhizosphere of Zea mays, Canada Mehnaz and Lazarovits (2006), Valette et al.

(2020)

Other genera

Herbaspirillum seropedicae
SmR1

Surface sterilized root of Sorghum bicolor Baldani et al. (1986b)

Paraburkholderia phytofirmans
PsJN

Surface sterilized root of Allium cepa Sessitsch et al. (2005), Compant et al. (2005)

Burkholderia glumae AU6208 Clinical isolate, pathogenic on rice Devescovi et al. (2007)

aAll strains used (except B. glumae AU6208) were labelled previously, either with egfp via introduction of pMP2444 (All Azospirillum strains) or

by gfp via transposition (Herbaspirillum seropedicae SmR1 and Paraburkholderia phytofirmans PsJN)
bThe last reference refers to the labelling
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acid, indole pyruvic acid, indole propionic acid and tryp-

tophol (auxins and auxinic compounds). These compounds

were detected with an Agilent 6530 Quadrupole Time-of-

Flight (Q-TOF) mass spectrometer in positive and negative

electrospray ionization, based on comparison with com-

mercial standards on both mass and UV (280 nm) chro-

matograms. Absolute quantification of indole acetic acid,

indole lactic acid, indole carboxylic acid was achieved

using an external standard calibration by DAD analysis

with commercial standards (Sigma-Aldrich, St. Louis,

USA) serially diluted in methanol.

Rice seed disinfection and inoculation

For all experiments, rice seeds of cultivar Nipponbare were

chosen based upon the availability of genetic resources and

previous work. Seeds were surface sterilized using the

previously described method (Drogue et al. 2014; Valette

et al. 2020) and germinated on water agar plates (8 g L-1)

for 2 or 3 days in the dark at 28 �C. Fresh bacterial cultures
were mixed with water agar at a final bacterial concen-

tration of 2 9 107 cells mL-1. The whole experiment was

performed independently three times for the transcriptional

analysis.

Assessing endophytic colonisation

For determining the bacterial ability to colonize plant tis-

sues, 7 days-old plants were harvested and three plantlets

were transferred in a tube containing 40 mL of a disin-

fecting solution (1% chloramine T with 3 drops of Tween-

20 for 100 mL). Tubes were mixed by inversion for

10 min (for Azospirillum strains) or 15 min (for

Paraburkholderia and Herbaspirillum strains). The plant-

lets were rinsed four times with 0.85% NaCl. Roots were

aseptically removed from plantlets and crushed in 1 mL

MgSO4 (10 mM) using sterile mortar and pestle. The so-

lution of crushed roots was then plated onto NAB medium.

To test the efficiency of the surface-sterilization procedure,

150 lL of the last wash plated on LBm, as well as a

fragment of the surface-disinfected root. After 3 days of

incubation at 28 �C and if no any colony appeared in

control plates, we recorded the growth of any individual

colonies appared in experimental plate, the fluorescence of

such colonies was checked. At least two independent bio-

logical repeats were performed for each strain.

Preparation of samples for qRT-PCR and qRT-PCR

Twenty-five root systems from each experimental condi-

tions (i.e. 5 root systems 9 5 plates) were collected after

7 days of inoculations. Roots on each plate were collected

separately into a 2 mL tube to avoid the inter-plate

variability. RNA extraction was performed with RNAzol

RT reagent (Sigma, St. Louis, USA), according to previ-

ously described methods (Breitler et al. 2016; Valette et al.

2020). Primers used in this study (Table S1) were either

taken from previous reports or designed using Primer3plus

software (http://primer3plus.com/cgi-bin/dev/primer3plus.

cgi) with the following criteria: product size ranges

80–180 bp, primer size comprises between 18 and 24

bases, optimal primer Tm 60 �C. All qRT-PCR reactions

were performed in a CFX96 Touch Real Time PCR

Detection System (BioRad, Hercules, USA) in a final

volume of 20 lL, using the method previously described

(Valette et al. 2020). To normalize the data, two reference

genes, Os03g0177400 encoding the elongation factor 1A

(Blanvillain-Baufumé et al. 2017) and Os06g0215200

encoding a Zinc finger domain containing protein (Narsai

et al. 2010) were selected. The election was based on their

stable expression in our experimental conditions (data not

shown). The level of gene expression of each inoculated

condition was compared to that of the uninoculated con-

dition using the Pfaffl method 2-DDCt (Livak and Sch-

mittgen 2001), and corrected by each primer pair

efficiency.

Results

Colonization behaviour and potential for plant

growth promotion of studied PGPR strains

We selected a panel of PGPR comprising Azospirillum

strains isolated from japonica rice cultivars (A. lipoferum

4B and Azospirillum sp. B510), from indica rice cultivars

(A. lipoferum B518 TVV3), from wheat (A. brasilense

Sp245 and A. lipoferum Sp59b), and from maize (A. lipo-

ferum Br17 and A. zeae N7) (Table 1). Two non-Azospir-

illum PGPR strains, Paraburkholderia phytofirmans PsJN

and Herbaspirillum seropedicae SmR1 were also isolated

from onion and sorghum respectively (Table 1). Since

some of our selected strains have been found within plant

roots (Olivares et al. 1997; Schloter and Hartmann 1998;

Elbeltagy et al. 2001; Compant et al. 2005) and since the

transcriptional response of rice roots is more affected by an

endophytic strain than by a rhizospheric one (Drogue et al.

2014), we choose to characterize the root colonization

behaviour of each selected strain onto Nipponbare

rice. Normally confocal microscopy is used to study gfp-

labelled strains however, this technique failed to answer

our question, likely due to the very low endophytic colo-

nization level, and the bacterial settlement occurring

mainly in superficial root cell layers. Thus, a surface-dis-

infection procedure with chloramine-T was used, followed

by root crushing and plating. The main difficulty
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encountered with surface sterilization was to remove all the

rhizoplane-colonizing bacteria (thus avoiding false posi-

tive) without harming the potential endophytes coloniz-

ing in the superficial root cell layers. In agreement with

previous observations (Chamam et al. 2013; Elbeltagy

et al. 2001), Azospirillum sp. B510 has been recovered

from all the surface-disinfected roots confirming its rice

endophytic colonization. A. zeae N7, initially isolated from

maize and for which no endophytic behaviour has so far

been described, has been repeatedly recovered from Nip-

ponbare disinfected roots (Table 2). For strains A. lipo-

ferum B518, Sp59b, Br17, A. brasilense Sp245 and H.

seropedicae SmR1, colonies could be recovered from

surface-disinfected roots on some occasions but not sys-

tematically; this may indicate that their endophytic colo-

nization rate is very low and not easily detectable. Finally,

A. lipoferum 4B and TVV3, both isolated from rice, were

found to colonize exclusively the rhizoplane, a feature

already described for strain 4B (Chamam et al. 2013).

Finally, our data seem to indicate that P. phytofirmans

PsJN is not able to colonize rice as an endophyte under our

experimental conditions, which is rather surprising, as this

strain has been described as an endophyte of various plants

like grapevine (Ait Barka et al. 2002), maize and lupin

(Kost et al. 2013).

Nitrogen fixation is one of the bacterial mechanisms

contributing to plant-growth promotion. Nitrogenase

activity of the eight Azospirillum strains and the Her-

baspirillum strain was measured via the acetylene reduc-

tion assay method in semi-solid culture medium and data

were normalized by total proteins content for inter-strain

comparison. Under our experimental conditions, a strong

variability was observed between the strains. A. lipoferum

B518 and Azospirillum sp. B510 appeared to be the best

nitrogen fixers by far with more than 10,000 nmol C2H4 -

mg proteins-1 h-1 produced (Table 2). Conversely, A.

lipoferum Sp59b and H. seropedicae SmR1 displayed the

lowest nitrogenase activity with around 800 and

500 nmol C2H4 mg proteins-1 h-1 respectively. Thus, the

intensity of the nitrogenase activity observed in vitro is not

related to the phylogeny of the strains nor with the original

host plant used for bacterial isolation, since large variations

between strains of the same species (for instance A. lipo-

ferum) were observed.

One of the main mechanisms used by PGPR to stimulate

growth is to interfere with plant hormones homeostasis and

this is achieved by bacterial biosynthesis of phytohor-

mones, an ability described for various PGPR (Egam-

berdieva et al. 2017). The potential to synthesize hormones

has been analysed for all strains grown in liquid medium

supplemented or not with tryptophan or adenine, by

searching 16 compounds using UHPLC-DAD-MS. Strains

were not able to synthesize abscisic acid, jasmonic acid,

gibberellic acid, gibberellin A1 and the cytokinins, even if

the medium was supplemented with adenine, a cytokinin

precursor. Out of the the seven auxinic compounds studied,

four auxinic compounds were detected with variable levels

(Table 2). The production of the indole acetic acid (IAA)

assessed in the presence of tryptophan has been detected

in H. seropedicae and into six Azospirillum strains out of

the eight used in the study. The highest level of IAA pro-

duction was detected in A. lipoferum Br17. The variability

in IAA production from one strain to another might be

linked to the presence or absence of ipdC, the genetic

determinant encoding the main pathway for tryptophan-

dependent IAA biosynthesis. This gene is present in A.

brasilense Sp245 genome (that produces moderate levels of

IAA) whereas it is absent from Azospirillum sp. B510 and

A. lipoferum 4B genomes which produce respectively no

and low IAA level (Table 2; Wisniewski-Dyé et al. 2012).

The three Azospirillum strains produced IAA in absence of

exogenous tryptophan, a property already shown for A.

brasilense Sp245 (Ona et al. 2005), indicating that they can

probably use a tryptophan-independent IAA biosynthesis

pathway (Spaepen et al. 2007). Indole lactic acid and

indole carboxylic acid have been detected in six and nine

strains grown in the medium supplimented with trypto-

phan respectively, Among all the Azospirillum strains

A. lipoferum Sp59b was found producing the highest

quantity of indole lactic acid (Table 2). Finally, synthesis

of indole pyruvic acid was observed only for A. lipoferum

TVV3 but at a low level (data not shown).

Altogether, the panel of selected PGPR strains displays

contrasted features (colonization behaviour, nitrogenase

activity, phytohormone production) relevant for plant

growth promotion. Moreover, among Azospirillum strains,

none of these traits appeared to be correlated with species

or to the host plant.

Choice of genes for qRT-PCR analysis

Differential gene expression had been reported in roots of

two rice cultivars (Cigalon and Nipponbare) 7 days post-

inoculation with two Azospirillum strains isolated from rice

(A. lipoferum 4B isolated from Cigalon and Azospirillum

sp. B510 isolated from Nipponbare) (Drogue et al. 2014).

A strain-specific response of rice, with 83% of the differ-

entially expressed genes being specific to the cultivar-strain

combination, was reported. Only a small set of genes (i.e.

34) showed a common induction in the four differ-

ent combinations and had been defined as ‘‘plant marker

genes’’ for the Azospirillum-rice interaction. In order to

characterize the transcriptional changes of these potential

marker genes in response to a larger set of PGPR, we first

selected genes following these criteria: (1) genes showed a

strong regulation in the previous transcriptomic
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study (Drogue et al. 2014); (2) when possible, genes

involved in signaling pathways linked to plant response to

biotic interactions. Then, up to four qRT-PCR primer

pairs were designed for each gene, targeting all known

splicing variants for one gene. Out of the 34 genes initially

identified, functional primer pairs have been finally

obtained for ten potential marker genes of the Azospiril-

lum-rice association (Drogue et al. 2014; Table S1).

The expression profiles of these genes were analysed

after 48 h, 72 h, 7 days and 10 days of inoculation with A.

lipoferum 4B to observe the transcriptional changes. The

strongest transcriptional changes have been observed

7 days post-inoculation (data not shown), which was in

agreement of previous studies (Drogue et al. 2014; Valette

et al. 2020). However, one of the 10 selected genes showed

no transcriptional changes following bacterial inoculation,

a result contrasting to previous data (Drogue et al.

2014), so this gene (Os03g0237100) was further omitted

from the study. Among the remaining nine genes

(Table 3), three code for proteins involved in secondary

metabolism: the product of OsDXS3 (Os07g0190000)

was involved in the first step of the Methyl-Erythitol

Phosphate pathway (Okada et al. 2007) whereas the prod-

ucts encoded by OsCyc1 (Os04g0178300) and OsDTC2

(Os11g0474800) were involved in the biosynthesis of

diterpenoid phytoalexins, especially Oryzalexin S (Toy-

omasu et al. 2008) (Table 3). This group also contains

OsFAD2-3 (Os07g0416900), involved in lipid metabolism

(Zaplin et al. 2013). Two genes, OsD305 (Os09g0358000)

and OsWAK74 (Os08g0501500), encode proteins contain-

ing kinase domain that might be involved in signalling

pathways. A defense-related gene, OsPR10b

(Os12g0555200) encoding a ribonuclease from the patho-

genesis-related protein family (Mcgee et al. 2001) was also

selected. Finally, two genes Os02g0579800 (also named

OsFWL2) and Os02g0582900 encode uncharacterized

products for which a strong up-regulation in Nipponbare

roots in response to both Azospirillum strains was ob-

served (Drogue et al. 2014) (Table 3).

The previous transcriptomic study also allowed the

identification of genes regulated specifically in response to

the endophytic strain Azospirillum sp. B510 in both culti-

vars (Drogue et al. 2014). Among them, a selection had

been done following the same criteria as above and func-

tional primers were obtained for three genes that corre-

sponded to: (1) OsCYCLOPS (Os06g0115600) involved in

the common symbiotic pathway and required for arbuscu-

lar mycorrhization in rice roots (Gutjahr et al. 2008; Yano

et al. 2008); (2) OsRR9 (Os11g0143300) a type-A response

regulator controlling the expression of cytokinin-respon-

sive genes (Ito and Kurata 2006); and (3) a NBS-LRR gene

(Os01g0269800) its product contains a Nucleotide-Binding

Site and a Leucine-Rich Repeat domain, and belong to a

protein family involved in the detection of diverse plant

pathogens (Marone et al. 2013).

The three additional genes related to immunity inclu-

ded in our analysis were not previously defined as marker

genes. First, the choice was put on OsWRKY62

(Os09g0417800), a gene coding for a transcription factor

involved in rice immune response and induced by JA (Peng

et al. 2008), and shown to be up-regulated in Nipponbare

roots in response to A. lipoferum 4B (Drogue et al. 2014).

Second, OsPAL1 (Os02g0627100) encoding Phenylalanine

Ammonia-Lyase, an enzyme that catalyses the first step of

the phenylpropanoid pathway by converting phenylalanine

into trans-cinnamic acid (PAL, EC4.3.1.5) (MacDonald

and D’Cunha 2007), has been chosen because PGPR strains

belonging to Azospirillum genus can significantly affect

secondary metabolites content in Nipponbare roots and

particularly flavonoids and hydroxycinnamic acid deriva-

tives that are outcome of the phenylpropanoid pathway

(Chamam et al. 2013; Valette et al. 2020). Finally, OsPR1b

(Os01g0382000) encoding a pathogenesis-related protein

that responds positively to fungal and bacterial pathogens

in Nipponbare leaves was selected (Mitsuhara et al. 2008;

Table 3).

Expression of rice genes previously qualified

as potential markers of the Azospirillum-rice

association

Expression of the selected genes was analysed in Nip-

ponbare roots inoculated with the selected strains

(Table 1). The relative expression (expressed in log2 Fold

Change) of the nine potential marker genes of the

Azospirillum-rice association was determined by qRT-

PCR and compared with to non-inoculated controls,

the values displayed by 95% confidence interval of the

mean (Fig. 1). Two genes related to secondary metabolism,

OsDXS3 and OsDTC2, showed significant up-regulation

upon inoculation of all the tested PGPRs except A. zeae N7

(Fig. 1a). The expression of OsCyc1 was significantly

induced with six PGPR strains (4B, B510, B518, Sp59b,

Br17 and PsJN) (Fig. 1a). OsFAD2-3, a gene involved in

lipid metabolism, appeared to be significantly up-regulated

in rice roots in response to a few PGPR strains however

the expression level was low (Fig. 1b). For all these

metabolism-related genes, higher fold changes were

observed with Azospirillum sp. B510 and A. lipoferum

B518 inoculation. Regarding the two signaling-related

genes, OsD305 and OsWAK74, up-regulation was observed

for several PGPR strains (4B, B510, B518, Sp59b, Br17

and PsJN), albeit with low fold-changes (Fig. 1c). The

defense-related gene OsPR10b was shown to be signifi-

cantly induced by at least twofold (log2FC[ 1) by only

three PGPR strains (B510, B518 and Sp59b); an up-
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regulation was also observed with PsJN and Br17, although

at lower levels (Fig. 1c).

Among the nine potential marker genes for the

Azospirillum-rice association selected, six have been

reported to be induced in Nipponbare roots in response to

the rice fungal pathogenMagnaporthe oryzae (Marcel et al.

2010; Table 3), this suggests the common regulation

mechanisms for perception of phytobeneficial and patho-

genic microorganisms. This interested us to investigate

how the inoculation of another rice bacterial pathogen,

Burkholderia glumae AU6208, would affect the expres-

sion of these genes in Nipponbare roots. The expression

level of two metabolism-related genes (OsDXS3 and

OsFAD2-3) appeared to be also induced in response to B.

glumae infection, especially for OsFAD2-3 (log2FC 2.94)

(Fig. 1). The two genes involved in the diterpenoid phy-

toalexins biosynthesis (OsCyc1 and OsDTC2) were found

to be upregulated though it was not statistically significant

due to the high variability between the replicates. Inter-

estingly, whereas PGPR strains triggered a weak induction

of the two signalling-related genes (OsD305 and

OsWAK74), B. glumae significantly repressed both genes

(OsD305 and OsWAK74) compared to the non-inoculated

condition (Fig. 1c). For the defense-related gene OsPR10b,

a weak induction was observed in response to the bacterial

pathogen (Fig. 1d). One of the gene encoding an unchar-

acterized product (Os02g0582900) found to be strongly

repressed by B. glumae (log2FC - 3.92) whereas PGPR

mostly led to an up-regulation (Fig. 1e).

Altogether, these results demonstrated that genes pre-

viously considered as potential markers of the Azospiril-

lum-rice interaction were significantly induced by most of

the PGPR strains, albeit at different levels. Based on the

number of PGPR strains triggering the expression (9 out of

10) and on the values of fold-change, three genes

(OsDXS3, OsDTC2 and Os02g0582900) could be consid-

ered as markers of a PGPR-rice interaction. Interestingly,

two of these genes also responded to pathogens, OsDXS3

was up-regulated by B. glumae and M. oryzae, while

Os02g0582900 was inversely regulated in response to the

pathogens (Marcel et al. 2010).

Expression patterns of other selected rice genes

It was shown previously that expression of a set of genes

was specifically affected by the endophytic strain

Azospirillum sp. B510, with many genes being down-reg-

ulated (Drogue et al. 2014). Given the different behaviours

of the PGPR strains used in our study, we analysed the

transcriptional response of three genes OsCYCLOPS,

OsRR9 and NBS-LRR that might be relevant for plant-

bacteria interaction. OsRR9 indeed found to be slightly

(log2FC B 1) down-regulated following the inoculations

of nearly all the PGPRs except the two strains A. brasi-

lense Sp245 and A. zeae N7, and the pathogenic strain

(Fig. 2a). OsCYCLOPS was found significantly up-regu-

lated by 9 strains out of 10 PGPRs and down-regulated by

B. glumae (log2FC of - 1.34). Surprisingly, by using the

same threshold value of |log2FC| C 1 (Drogue et al. 2014),

none of these three genes appeared to be differentially

regulated upon inoculation with all the 10 PGPR strains,

irrespective of their colonization behaviour (Drogue et al.

2014) (Fig. 2a).

The last three genes were selected on the basis of their

involvment in plant-defense mechanisms; expression of

OsPAL1 was attenuated in response to all strains tested

including B. glumae, however, at a value lower than two-

fold and with a high variability between replicates. The

expression of OsWRKY62 was barely affected by PGPR,

and this gene unveiled to be strongly induced in response to

the bacterial pathogen (log2FC of 3.99) (Fig. 2b). Finally,

only OsPR1b was found significantly and strongly down-

regulated in response to all PGPR except H. seropedicae

SmR1, with log2FC values ranging from - 2.27 (A. lipo-

ferum TVV3) to - 3.79 (Azospirillum sp. B510) (Fig. 2b).

Interestingly, infection by B. glumae led to a similar

response for this gene (log2FC of - 3.79).

Thus, OsPR1b, encoding a pathogenesis-related protein,

could be considered as a marker of rice-bacteria

interactions.

Discussion

Several studies demonstrated that PGPR inoculation leads

to large plant transcriptional reprogramming associ-

ated with the activation of the plant immune system

(Spaepen et al. 2014, Rekha et al. 2018; van de Mortel

et al. 2012). The majority of documented transcriptional

plant responses to PGPR appeared to be specific to the

bacterial strain, with for instance the inoculation of A.

lipoferum 4B induced more than 1600 genes in roots. On

the contrary, the inoculation of the endophyte Azospirillum

sp. B510 inhibited more than 1600 other genes, mainly

related to plant defense, in the same rice cultivar Nippon-

bare (Drogue et al. 2014). Only a small part of the root

transcriptional changes has been found to be commonly

regulated in two rice cultivars in response to two different

Azospirillum strains (Drogue et al. 2014). The transcrip-

tional changes of 15 rice genes measured in Nipponbare

roots inoculated with ten various PGPR strains and re-

vealed significant activation of three genes (OsDXS3,

OsDTC2 and Os02g0582900) while a defense-related

gene OsPR1b was inhibited. Thus, these four genes could

be considered as markers of a PGPR-rice interaction.
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Phytoalexins are plant defense molecules usually accu-

mulated during plant-microorganism interactions (Paxton

1981). Interestingly, the expression of two phytoalexin

biosynthetic genes OsDXS3 and OsDTC2 (also OsCyc1 to a

lesser extent) were induced by most of the PGPR strains.

The enzyme encoded by OsDXS3 was involved in the first

step of the methyl-erythritol phosphate pathway which

acted upstream of both products of OsCyc1 and OsDTC2

genes involved in the diterpenoid phytoalexins biosynthe-

sis, especially the oryzalexin S (Table 3, right panel).

Attempts were failed to detect oryzalexin S by mass-

spectrometry either in roots extracts or in extracts recov-

ered from the gelified medium surrounding roots (data not

shown). However, the accumulation of oryzalexin S might

not be that easy to observe since previous attempts at

detecting this phytoalexin in experimental conditions

where the expression of biosynthetic genes was induced

have also been unsuccessful (Liang et al. 2017).

OsDXS3 expression also revealed to be induced upon M.

oryzae or B. glumae infections while none of the two

bFig. 1 Relative expression of potential ‘‘Azospirillum-rice interaction
marker genes’’ in Nipponbare roots. Expression values (from three

independent experiments) were normalised by the non-inoculated

condition and error bars represent 95% confidence interval of the

mean. The color code is as follows: blue, for strains originally isolated

from rice rhizosphere or tissues; green, for strains isolated from

wheat; orange, for strains isolated from maize; purple, for strains

isolated from other plants (Table 1). An asterisk indicates that the

corresponding gene was also induced following infection with the

fungal pathogen Magnaporthe Oryzae (Marcel et al. 2010; Table 3).

A sharp sign (#) indicates that the gene was induced by a jasmonate

treatment in rice roots (TENOR database). Dashed lines represent

log2FC of -1 and 1 cut off (color figure online)

Fig. 2 Relative expression of the potential endophyte-regulated

markers and of defense-related genes in Nipponbare roots. Expression

values (from three independent experiments) were normalised by the

non-inoculated condition and error bars represent 95% confidence

interval of the mean. The color code is as follows: blue, for strains

originally isolated from rice rhizosphere or tissues; green, for strains

isolated from wheat; orange, for strains isolated from maize; purple,

for strains isolated from other plants (Table 1). The sharp sign (#) and

the delta sign (d) indicate that the corresponding gene was described

as being respectively induced or repressed by a jasmonate treatment

in rice roots (TENOR database) (color figure online)
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phytoalexin biosynthetic genes appeared to be regulated by

these two pathogens. Some bacterial phytopathogens alter

specific host components in order to facilitate bacterial

colonisation through the injection of effectors into plant

cells by the type III secretion system. Although this

secretion system is known to be required for virulence of B.

glumae (Kang et al. 2008), no bacterial effector has been

characterized so far; it is likely that one of the B. glumae

effectors secreted into rice root cells could block the acti-

vation of the diterpenoid phytoalexins biosynthetic path-

way. Regarding the fungal pathogen, M. oryzae is able to

affect the rice immune system by suppressing JA-signaling

(Zhang et al. 2018). Rice diterpenoid phytoalexins are not

only known to accumulate in response to biotic or abiotic

stresses but also to jasmonate (Yamane 2013), it is possible

that M. Oryzae prevents the activation of the diterpenoid

phytoalexins biosynthesis to promote its colonisation by

suppressing the JA-signaling pathway in rice roots. An

antifungal activity has been reported for oryzalexins A, B,

C, and D against M. oryzae (Akatsuka et al. 1985; Sekido

and Akatsuka 1987) while no antibacterial property has

been reported so far. Whether PGPR growth is impacted by

oryzalexins remains an open question. Altogether, these

results suggest that the activation of phytoalexins biosyn-

thesis is part of the common rice root in responses to

various PGPRs. Besides, by being induced by both bene-

ficial and pathogenic microorganisms, OsDXS3 might be

considered as a common marker of biotic interactions.

Diterpenoid phytoalexins biosynthesis activated by

PGPR may illustrate a moderate defense reaction. JA is an

important component of the plant immune system during

biotic interactions (Yang et al. 2013). Interestingly, we

noticed that among the genes induced by most of the

PGPR, many of them are also strongly induced by a JA

treatment on rice roots (based on the TENOR: Transcrip-

tome ENcyclopedia Of Rice database: https://tenor.dna.

affrc.go.jp) including OsDXS3, OsCyc1, OsDTC2,

OsPR10b, OsWAK74, and OsWRKY62. In addition, the

expression of both genes OsRR9 and OsPR1b were found

to be significantly down-regulated (although at a low level

for OsRR9) in response to all PGPR inoculations and they

both are repressed by the JA treatment in rice roots

(TENOR). These observations suggest that PGPR inocu-

lations lead to an activation of the JA signalling pathway

which could be associated with an enhanced JA level.

However, several attempts to quantify JA levels failed so

far. Interestingly, a recent study performed on rice inocu-

lated with two beneficial Burkholderia strains exhibiting

contrasted colonizing patterns revealed a co-expression JA

network with opposite regulation in response to each strain

(King et al. 2019); a temporal shift in the JA systemic

response was also observed throughout the establishment

of the interaction, indicating the complexity of the plant

response. Further confirmation of the interference with JA

to the strains used in this study would be interesting to

investigate if ISR can be triggered by these strains, since

JA and ethylene signalling have been shown to play crucial

roles in ISR in crops including rice (Laborda et al. 2020;

Pieterse et al. 2014).

Os02g0582900 encodes an uncharacterized small pro-

tein of 12 kDa containing a putative N-terminal trans-

membrane domain. Interestingly, this gene displays the

strongest expression changes and the most contrasted

expression patterns, being strongly induced by all PGPR

inoculation and by M. Oryzae infection (Marcel et al.

2010), and strongly inhibited in response to B. glumae

infection. This protein may play a key role in rice roots

during biotic interactions. The availability of two mutant

accessions affecting this gene in French and Chinese rice

mutant banks, can open a new opportunity for further

functional analysis.

Even though most of the ‘‘potential markers’’ display

commonly induced expressions, variation in intensity

between strains were observed and these variations nei-

ther correlated to bacterial colonization rates nor to their

ability to colonize inner roots. Indeed, strain A. zeae N7

induced the weakest transcriptional responses even though

it colonised Nipponbare roots to the same extent as strain

Azospirillum sp. B510 that triggered the strongest tran-

scriptional changes. Moreover, strains P. phytofirmans

PsJN and H. seropedicae SmR1 did not induce exarcebated

transcriptional changes even though they strongly colo-

nised Nipponbare roots (Valette et al. 2020). A. zeae N7

may be able to escape recognition by rice. Bacteria, like

Azospirillum, can undergo frequent phenotypic changes

through the adaptive process of phase variation, resulting in

differentially expressed surface molecules (Vial et al.

2006). Whether A. zeae N7 could generate variants and

minimize the activation of the plant immune system is not

known. P. phytofirmans PsJN was recently shown to gen-

erate in vitro a variant form displaying reduced expression

of several MAMP including flagellin, and consequently

failing to induce common plant defense markers in

grapevine (Rondeau et al. 2019).

Variations in plant gene expression cannot either be

attributed to specific features of PGPR, and especially to

phytohormone production, the main trait by which PGPR

can stimulate plant growth and development and that is

intimately linked to plant defense (Yang et al. 2020).

Indeed, the two more potent IAA producers, A. lipoferum

Br17 and A. brasilense Sp245, and the more potent indole

lactic acid producer, H. seropedicae SmR1, did not trigger

the more intense transcriptional response of selected genes.

However, it is noteworthy that strain A. zeae N7 appeared,

in the tested conditions and for the hormones that could be

quantified, the poorest phytohormone producer. Moreover,
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phytohormone production might be different when bacteria

interact with plants compared to in vitro. It was recently

suggested that IAA production in H. seropedicae SmR1

might be induced by the plant (Pankievicz et al. 2016);

such a feature could explain why despite harbouring the

genetic determinants of the four IAA biosynthetic path-

ways (Pedrosa et al. 2011), only a low level of IAA was

detected in vitro. Tryptophan accumulation was shown to

be reduced in Nipponbare root extracts in response to

inoculation of PGPR (Valette et al. 2020), thus PGPR

might use plant-derived tryptophan as a substrate for IAA

biosynthesis. Assessing phytohormone production and

nitrogenase activity on bacteria associated with plant roots

would constitute an interesting perspective in order to attest

how the plant influence such phytobeneficial features.

Previously, some rice genes have been found to be

regulated only by the endophytic strain Azospirillum sp.

B510 in two rice cultivars (Nipponbare and Cigalon) and

some of these genes have consequently been proposed as

potential ‘‘endophyte-responsive marker genes’’ (Drogue

et al. 2014). To explore this possibility, we analyzed the

expression of three of these ‘‘markers’’ with strains dif-

fering in their endophytic potential, including Azospirillum

sp. B510 and A. zeae N7 that are able to colonise internal

Nipponbare root tissues (Table 1). None of these genes (i.e.

OsCYCLOPS, OsRR9 and NBS-LRR) displayed a specific

regulation in response to the putative Nipponbare endo-

phytes (B510 and N7) nor to any other strains. All PGPR

triggered a significant but weak induction of OsCYCLOPS

and NBS-LRR expression and a reduction of OsRR9

expression. OsCYCLOPS belongs to the common symbi-

otic pathway and its product is required for establishment

of rice mycorrhizal symbiosis (Chen et al. 2008). A pre-

vious study revealed that OsCYCLOPS expression in rice

roots was not affected by the inoculation of the endophytic

PGPR strain Azoarcus sp. BHGN3.1 (Chen et al. 2015).

However, it is possible that OsCYCLOPS expression is

triggered only in a few root cells.

The experimental design of this work allowed the

detection of statistically significant transcriptional changes.

Nevertheless, several significant transcriptional changes

appeared to be relatively low (|log2FC B 1|), thus inevi-

tably questioning whether these significant but weak gene

expression changes were biologically relevant. As the root

system contains a high proportion of differentiated cell

layers, sampling of the whole root system may dilute the

signal of transcripts displaying a strong but localized

expression pattern (Cartieaux et al. 2003). This was indeed

supported experimentally: by using a transcriptional fusion,

the AtTLP1 gene of A. thaliana was shown to be specifi-

cally induced in the root vascular bundle in response to

colonization of a non-pathogenic Pseudomonas fluorescens

strain (Léon-Kloosterziel et al. 2005) while no differential

expression was detected when total root RNA was used for

microarray analysis (Verhagen et al. 2004). Thus, explor-

ing gene expression patterns in situ could be relevant to

visualise the localized expression pattern of some specific

genes, like OsCYCLOPS.
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Szurek B, Meynard D, Portefaix M, Cunnac S, Guiderdoni E,

Boch J, Koebnik R (2017) Targeted promoter editing for rice

resistance to Xanthomonas oryzae pv. oryzae reveals differential
activities for SWEET14-inducing TAL effectors. Plant Biotech-

nol J 15:306–317

Breitler J, Campa C, Georget F, Bertrand B, Etienne H (2016) A

single-step method for RNA isolation from tropical crops in the

field. Sci Rep 6:38368

Buscaill P, Rivas S (2014) Transcriptional control of plant defence

responses. Curr Opin Plant Biol 20:35–46

Cartieaux F, Thibaud MC, Zimmerli L, Lessard P, Sarrobert C, David

P, Gerbaud A, Robaglia C, Somerville S, Nussaume L (2003)

Transcriptome analysis of Arabidopsis colonized by a plant-

growth promoting rhizobacterium reveals a general effect on

disease resistance. Plant J 36:177–188

Chamam A, Sanguin H, Bellvert F, Meiffren G, Comte G,
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