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Abstract

Previous research demonstrated that Pseudomonas chlororaphis subsp. aureofaciens
strain M71, a plant growth promoting bacteria (PGPB), exerts beneficial effects on plant
metabolism and primes defense mechanisms against biotic stresses in tomatoes. We
designed an experiment to assess whether root colonization with P. chlororaphis is also
able to improve tolerance to water stress in tomatoes. Our results show that inoculation
with P. chlororaphis stimulates the antioxidant activity of well-watered tomatoes while
maintaining a steady-state level of reactive oxygen species (ROS), increases the
expression of genes encoding for the biosynthesis of leaf terpenes, and alters the ABA/IAA
phytohormone balance, in turn affecting plant shape (number of leaves) and height (length
of internodes), without altering photosynthesis. Upon exposure to mild water stress
conditions, the priming effect induced by P. chlororaphis inoculation allowed tomatoes to
fine tune the concentration of reactive oxygen species (ROS) and modulate ABA/IAA

levels that improved water use efficiency (WUE) and biomass accumulation.

Keywords:
Water stress; Plant Growth Promoting Bacteria (PGPB); priming; water use efficiency

(WUE); phytohormones; Reactive Oxygen Species (ROS).
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Introduction

The extent of the agricultural soil affected by water stress, and progressively more
exposed to degradation and loss of fertility is predicted to increase due to climate change
(IPCC, 2014). There is an urgent need for alternative, eco-friendly strategies helping
conventional agriculture to maintain high productivity, meeting the increasing food demand
(Tilman et al. 2002). Among the most promising technologies, the development of sall
inoculants containing beneficial microbial strains (Orhan et al. 2006; Coleman-Derr and
Tringe, 2014) can contribute to reduce external chemical inputs (i.e. fertilizers and
pesticides) while maintaining adequate soil fertility and sustaining crop yields in marginal,
arid and semi-arid land (Shaharoona et al., 2008; Adesemoye and Kloepper, 2009).

A wide diversity of naturally occurring plant growth promoting bacteria (PGPB) colonizes
the root surfaces, as well as inner tissues of many plant taxa (Bashan et al. 1993; Tilak et
al. 2005), exerting beneficial effects on plant metabolism (Kloepper et al. 2004; van Loon
et al. 2007) and growth (Glick et al. 2007). Some PGPB can improve the nutritional status
of plants, e.g. promoting the uptake of phosphorus (Richardson and Simpson, 2011) and
other soil minerals (Mantelin and Touraine, 2004), and stimulating photosynthesis (Zhang
et al. 2008; Stefan et al. 2013). PGPB can influence plant production of phytohormones
(Tsavkelova et al. 2006) by inducing the synthesis of signaling molecules that modulate
the level of auxins (i.e. indole 3-acetic acid, IAA) (Spaepen et al. 2008; Ali et al. 2010),
gibberellins (GAs, Bottini et al. 2004), cytokinins (CKs, Timmusk et al. 1999), abscisic acid
(ABA, Porcel et al. 2014) and ethylene (Ping and Boland, 2004; Glick, 2005; Hardoim et al.
2008). In particular, PGPB-induced synthesis of IAA and GAs can alter plant shape and
size by promoting both cell elongation and division, hence increasing shoot and root
growth (Shimizu-Sato and Mori, 2001; Bai et al. 2003; Spaepen et al. 2007). A correct
balance among plant hormones might be required to sustain efficient PGPB colonization,

and to induce the development of a diverse shape following stimulation of belowground
2



50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

(root) biomass and shoot growth that, in turn, increases the uptake of nutrients and CO,,
thus improving plant performances (Dimkpa et al. 2009; Bettini et al. 2010; Gagné-
Bourque et al. 2015).

Physiological, transcriptional and metabolic changes stimulated by the colonization with
PGPB can also prime plants for enhanced defense ahead of any stress event (Mauch-
Mani et al. 2017). Indeed, several PGPB elicit plant mechanisms of induced systemic
tolerance (IST) and activate responses against biotic stresses via either salicylic acid or
jasmonic acid pathways (Conrath et al. 2015), also involving the production of complex
blends of volatile organic compounds (VOC) (Ryu et al. 2004). Priming effects induced by
PGPB also improve plant performances under various abiotic stress conditions (Meena et
al. 2017; Balestrini et al. 2018) through regulation of phytohormone homeostasis (Yang et
al. 2009; Timmusk et al. 2014; Rolli et al. 2015; Vuruklonda et al. 2016) and maintenance
of a reactive oxygen species (ROS) steady-state level that enable ROS signaling functions
(Gururani et al. 2013). However, more investigations are required to elucidate whether the
same changes induced by PGPB on plant metabolism are able to enhance

responsiveness to both abiotic and biotic stresses.

Pseudomonas chlororaphis is a much-used PGPB (Shen et al. 2012). Various strains of P.
chlororaphis have already been employed as efficient inoculants against phytopathogenic
organisms (Hu et al. 2014; Han et al. 2005; Kozdroj et al. 2004; Thomashow et al. 1990).
In fact, P. chlororaphis strains synthesize several antibiotics of the phenazine group,
siderophores and proteases (Raio et al. 2011, 2017; Puopolo et al. 2013), possessing
effective biocontrol activity (Chin-A-Woeng et al. 2003), and also produce VOC capable of
enhancing plants defense against pathogens (Han et al. 2006). However, the capacity of
P. chlororaphis to ameliorate the adverse effects of abiotic stresses has been

demonstrated only in Arabidopsis exposed to drought (Cho et al. 2012).
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In this study, P. chlororaphis subsp. aureofaciens strain M71 was used to colonize roots of
Lycopersicum esculentum (tomato), one of the most cultivated crop worldwide, and a plant
sensitive to water stress (Dodds et al. 1997). Although this strain of P. chlororaphis has
already demonstrated to be effective against fungal pathogens of tomato (Chin-A-Woeng
et al. 2003; Puopolo et al. 2011), its ability to prime tolerance in the same plant species
has been not yet investigated. Therefore, we aimed at evaluating whether inoculation with
P. chlororaphis primed defenses and enhanced performances of tomato plants exposed to
a mild water stress under controlled laboratory conditions, simulating an event frequent in
the field. In vivo phenotyping measurements were combined with targeted expression
analysis of genes coding for metabolites generally involved in stress responses,
guantification of the antioxidant capacity, and hormone profiles. Our objectives were to: i)
characterize the changes induced in tomato following P. chlororaphis inoculation under
optimal growth conditions, and particularly those that may prime tolerance; ii) compare the
response of P. chlororaphis-inoculated and non-inoculated tomatoes under a mild soll
water stress and, iii) identify the VOC produced by P. chlororaphis that may act as

signaling molecules in promoting the interaction with tomato plants.
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Materials and Methods

PGPB strain, plant material, growth conditions and application of soil water stress
Pseudomonas chlororaphis subsp. aureofaciens strain M71 (Raio et al. 2011), naturally
resistant to rifampicin (Rif +), was employed. P. chlororaphis was grown on PPMD agar
medium (Wood et al. 1997) amended with 100 ppm rifampicin for 48 h at 25 + 2°C. Then
the bacterial cells were scraped from the agar surface and suspended in sterile distilled
water (SDW) to obtain a 1x10’ colony forming unit (cfu) ml™* suspension.

Seeds of Lycopersicum esculentum belonging to the Italian heirloom cv. Costoluto
fiorentino were disinfected by immersion in a 0.7% NaClO solution kept on a rotary shaker
for 5 min at room temperature (RT) (Appenroth et al. 2006). To be inoculated with the
bacterial strain, seeds were washed three times with SDW and dried under a laminar hood
before being transferred to Petri dishes containing the bacterial suspension previously
prepared, and let at RT for 1h. In order to determine the final concentration of
bacteria/seed, five seeds were placed in 4.5 ml of saline solution (0.8% NacCl) and kept on
a rotary shaker for 30 minutes. The suspension was serially diluted and aliquots collected
from each dilution were spread on PPMD agar medium amended with 100 ppm rifampicin.
Plates were then incubated for 48 h at 25 + 2°C. At the end of the incubation period,
bacterial colonies were counted and the number of cfu/seed was calculated. This
procedure was replicated five times.

PGPB-inoculated seeds were then placed in a 12 x 10 x 10 cm plastic pots filled with
commercial soil (previously autoclaved two times at 121°C x 30 min). Non-inoculated
seeds were also disinfected with the same procedure used for those inoculated, washed
with SDW and placed in plastic pots containing the same commercial soil used for PGPB-
inoculated seeds. All pots, each containing one seed, were placed in a growth chamber at

23 + 2 °C under a photosynthetic photon flux density (PPFD) of 500 ymol photons m?s™
5
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during the day (14 h) cycle and watered daily with distilled water to soil water capacity. To
maintain a constant and effective concentration in the soil, P. chlororaphis was added
once again to the PGPB-inoculated plants one month after seeding. The soil around each
plant stem was drenched with 5 ml of a suspension containing 1x10’ cfu ml*, whereas 5
ml of SDW were added to the non-inoculated plants.

Two months after emergence, 30 plants (15 inoculated and 15 non-inoculated) were
water-stressed by withholding water, while other 30 plants (15 inoculated and 15 non-
inoculated) were well-watered during the whole experiment. The intensity of water
deprivation was evaluated daily by monitoring the soil water content (SWC %) with a soll
water sensor (WET-1, Eijkelkamp Agrisearch Equipment BV Giesbeek, the Netherlands).
A constant and gradual rate of soil water deprivation (SWC decreasing daily by about 10%
compared to the value measured the previous day) was ensured by adding water to the
pots drying more rapidly. The water stress lasted 9 days and ended when SWC reached ~
50% of its initial value, producing a water stress that can be defined of mild intensity, as
also assessed by plant relative water content (RWC) (Ximenéz et al. 2015; Su et al. 2016)
(Table 1). The four treatments will be referred as: well-watered non-inoculated (CTRL),
well-watered inoculated (B), water-stressed non-inoculated (WS) and water-stressed
inoculated (B + WS).

At the end of the water stress, the concentration of P. chlororaphis on tomato roots was
determined through dilution plating method on PPMD agar medium amended with 100
ppm of rifampicin and 200 ppm of cycloheximide. In particular, the concentration of P.
chlororaphis was determined as the average number of cfu gr™ of roots of three replicated
samples per treatment and accounted for 4.1x10° g™ of roots in well-watered plants, and

3.9x10% g* of roots of water-stressed plants.

Plant biometrics, gas exchange and chlorophyll fluorescence measurements
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Before applying water stress, 10 inoculated and 10 non-inoculated tomato plants were
harvested to measure the main biometrical parameters: number of leaves and internodes
per plant, length of internodes (cm), leaf relative water content (RWC %), plant dry weight
(gr) and partitioning between above- and below-ground dry weight (%).

Before and after water stress application, gas exchange was measured in fully expanded
mature leaves with a portable system equipped with a fluorimeter (LI-COR 6400, LI-COR
Biosciences Inc., NE, USA). Leaves were clamped in the 2 cm? LI-COR cuvette and
exposed to PPFD of 500 pymol photons m™ s*, temperature of 25°C, [CO,] of 400 ppm
(achieved by fully scrubbing CO, from ambient air with soda lime and replacing it with the
LI-COR 6400 CO; injector system) and relative humidity (RH) ranging between 40 - 50%.
Instantaneous photosynthesis (A), stomatal conductance (gs), intercellular CO;
concentration (Ci) and transpiration (Tr) were measured 10-15 min after reaching steady-
state conditions, as shown by von Caemmerer and Farquhar (1981). Water Use Efficiency
(WUE) was calculated as WUE = A / Tr. Photosynthetic response to Ci, and the rate of
CO,-saturated photosynthesis (Asa), were measured by increasing CO, concentration
step-wise from 0 to 1200 ppm with the LI-COR 6400 controller (Sharkey et al. 2007).

Leaf fluorescence was also measured in dark-adapted leaves to calculate the ratio
between variable and maximal fluorescence (Fv/IFm) which represents the maximum

guantum yield of photosynthesis.

RNA extraction, cDNA synthesis and Real-Time RT-PCR

At the end of the experiment, mature leaf samples were collected, immediately frozen in
liquid nitrogen and stored at -80°C for molecular analysis. RNA was extracted according to
Chang et al. (1993). Genomic DNA was removed using the Turbo DNA-free™ reagent
(Ambion, Austin, TX, USA) following the manufacturer’s instructions. Absence of genomic

DNA was verified by one-step reverse-transcription PCR (RT-PCR) with primers specific
7
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for the tomato elongation factor (Table S1). cDNA synthesis was performed using the
SuperScript [I® Reverse Transcriptase and 800 ng of total RNA, following the supplier's
protocol (Invitrogen Ltd, Paisley, UK). At the end of the reaction, cDNA was diluted 1:10 for
guantitative gene expression analysis (RT-gPCR). Oligonucleotide sequences are listed in
Table S1. RT-gPCR was performed with the Rotor-Gene Q (Qiagen) apparatus. The
reactions were carried out in a final volume of 15 pl with 7.5 pl of Rotor-Gene™ SYBR®
Green Master Mix, 5.5 pl of a mix of forward and reverse primers (diluiting 16 pl of each
primer at 10 uM stock concentration in 168 ul of water) and 2 ul of cDNA (diluted 1:10).
RT-gPCR cycling program consisted of 10 min/95 °C holding step followed by 40 cycles of
two steps (15 s/95 °C and 1 min/60 °C). Expression of target transcripts was quantified
after normalization to the geometric mean of the endogenous control genes, tomato
elongation factor and ubiquitin (LeEF and LeUBI). Gene expression was calculated as
expression ratios (relative quantity) with respect to controls. All reactions were performed

with three biological and two technical replicates.

Determination of proline, hydrogen peroxide (H.0;), malondialdehyde (MDA) content and
antioxidant (superoxide dismutase and catalase) activity

Extraction and determination of proline were performed on the same leaf samples
collected for molecular analysis, according to Bates et al. (1973) with some modifications.
Briefly, leaf samples (20 mg) were extracted with ethanol:water (70:30, v/v). Extracts were
held for 20 min at 95° C, with 1 ml of ninhydrin reagent: 1 % ninhydrin (w/v) in glacial
acetic acid 60 % (v/v), ethanol 20 % (v/v). Proline content was measured with a
spectrophotometer (Perkin Elmer, MA, USA) at 520 nm and calculated against a proline
standard curve (5-2-1-0.5-0.2 mM of proline in 40:60 ethanol:water, 40:60 v/v). Data were

expressed as pmol g™ fresh weight (FW).
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Endogenous H,0, content was determined according to the method of Velikova et al.
(2000), modified for a micro-plate reader. Frozen leaf powder (0.25 g) was homogenized in
an ice bath with 1 ml 0.1 % (w:v) TCA. The homogenate was centrifuged at 12 000 x g for
15 min at 4 °C. Aliquots of 100 ul from each tube were placed in 96-well plates and 50 ul
of 10 mM potassium phosphate buffer (pH 7.0) and 100 ul of 1 M KI were added to each
well. The plate was briefly vortexed, incubated at RT for 30 min and the absorbance
readings were taken at 390 nm. The relative absorbance (calculated as the sample
absorbance subtracted from the absorbance of the same supernatant aliquot without KI)
was used to determine the content against a H,O, standard curve, prepared by dilution of
reagent grade, 30% H,O, (Sigma-Aldrich, Milano, Italy). Previously, the concentration of
H,O, in the standard solutions was calibrated using absorbance at 240 nm and an
extinction coefficient of 43.6 M cm™. Data were expressed as pmol g* FW.

As for the quantification of lipid peroxidation in tomato leaves, the thiobarbituric acid (TBA)
test, which determines malondialdehyde (MDA) as an end-product of lipid peroxidation,
was used. Frozen leaf powder (0.25 g) was homogenized in 1 ml 0.1 % (w:v) TCA
solution. The homogenate was centrifuged at 12000 x g for 15 min and 0.5 ml of
supernatant was added to 1 ml 0.5 % (w:v) TBA in 20 % TCA. The mixture was incubated
at 95° C for 30 min, and the reaction stopped by placing the reaction tubes in an ice bath.
Tubes were briefly centrifuged at 10000 x g for 10 min, then 200 ul aliquots from each tube
were placed in 96-well plates, and the absorbance of supernatant was read at 532 nm in a
micro-plate reader. The absorbance at 600 and 440 nm of the same aliquot of leaf sample
without TBA was subtracted to avoid overestimation of MDA. The amount of MDA-TBA
complex (red pigment) was calculated using an extinction coefficient of 155 mM cm™, and
expressed as nmol MDA g™ FW.

Enzymes were extracted from 50 mg of leaves after homogenization in 100 pl of extraction

buffer [cold 50 mM K-phosphate buffer (pH 7) containing 1 mM ethylenediamine tetra
9
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acetic acid (EDTA), 1% (w/v) polyvinyl-pyrrolidone (PVP) and 0.1% (v/v) Triton X- 100] and
centrifuged at 4°C for 15 min at 15000 x g. Protein concentration in the extract was
determined according to Bradford (1976). Bovine serum albumin was used to generate a
standard curve. After protein assay, samples were stored at -20°C until use.

Superoxide dismutase (SOD, EC 1.15.1.1) activity was assayed by monitoring the
inhibition of photochemical reduction of nitro blue tetrazolium (NBT) as described by
Giannopolitis and Ries (1977). The reaction mixture (3 ml) contained 50 mM potassium
phosphate buffer (pH 7.8), 13 mM methionine, 75 uM NBT, 2 uM riboflavin, 0.1 mM EDTA
and 0.1 ml of enzyme extract. The reaction took place in a chamber under illumination of a
30 W fluorescent lamp at 25°C for 15 min before switching off the light. The control
reaction mixture had no enzyme extract. The blank solution had the same complete
reaction mixture, but was kept in the dark. One unit of SOD activity was defined as the
amount of enzyme required to cause 50% inhibition of the reduction of NBT in 1 min. Data
were expressed as U g* FW.

Catalase (E.C.1.11.1.6) activity was evaluated by monitoring the disappearance of H,O, at
240 nm (extinction coefficient of 0.036 mMcm™!) (Aebi 1984) in a reaction mixture
containing 50 mM phosphate buffer (pH 7.0), 15 mM H>0, and 20 ul sample supernatant.
One unit of activity decomposed 1 umol of H,O, at pH 7.0 at 25°C in 1 min. Data were

expressed as U g™ FW.

Determination of the Indol-3-Acetic Acid (IAA) and Abscisic Acid (ABA) levels

The level of the free forms of both IAA and ABA were analysed on the same leaf samples
collected for molecular analysis and antioxidant enzyme activity according to Ludwig-
Muller et al. (2008). Approximately 0.02 g DW of lyophilized leaf material were extracted
with 1 ml isopropanol:acetic acid (95:5, v/v), to which 100 ng each of *3C¢-IAA and *He-

ABA (OIChemIm Ltd., Olomouc, Czech Republic) were added as internal standards for
10
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guantitative mass-spectral analysis. After overnight isotope equilibration at 4°C, the
samples were centrifuged for 10 min at 10000 x g, the supernatants were collected and,
after a double re-extraction of the pellet with 500 ul extraction solution, were evaporated to
dryness with a rotary evaporator. The residues were taken up with 300 pl methanol and
methylated using diazomethane, then dried under a gentle N, gas stream (Baraldi et al.
1988; Biondi et al. 1997). The samples were finally resuspended in 30 ul ethyl acetate and
2ul were injected into a GC-MS system (7890A-5975C, Agilent Technologies, US) in
splittess mode onto a HP1 capillary column (length 60 m, inner diameter 0.25 mm; film
thickness 0.25 um, Agilent Technologies, US). Helium was employed as a carrier gas and
provided at a flow rate of 1 ml min?, GC injector was set at 280°C and the oven
temperature was increased from 90 to 200°C at a rate of 20°C min™, then at a rate of 8°C
min™* until 280°C, followed by 4 min isotermically at 280°C. The source temperature was
set at 230°C and ionizing voltage was 70 eV. lons monitored were: m/z 130, 136 for the
base peak (quinolinium ion) and m/z 189, 195 for the molecular ion of the methyl-IAA and
the methyl-13Ce-IAA, respectively; m/z 190, 194 for the base peak and m/z 162, 166 for the
molecular ion of the methyl-ABA and methyl-°Hg-ABA, respectively. For absolute
guantification, the endogenous hormone levels were estimated from the corresponding
peak area by calculating the ratios between m/z 130/136 and m/z 189/195 for IAA, and
m/z 190/194 and 162/166 for ABA, according to the principles of isotope dilution (Cohen et
al. 1986). The amounts of free IAA and ABA were calculated from three replicated

measurements.

Analysis of VOC emitted by Pseudomonas chlororaphis subsp. aureofaciens strain M71
P. chlororaphis subsp. aureofaciens strain M71 was initially revitalized by streaking it onto
Luria Broth (LB) agar medium, and then incubated at 25 + 2°C for 48 h. The fresh bacterial

culture was used to prepare a 1x10° cfu mI™* suspension, part of which (500 pl) was added
11
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to different 500 ml flasks each containing 50 ml of LB. Flasks were incubated at 25 + 2°C
and production of VOC from P. chlororaphis was analysed in vivo by sampling the
headspace of the flasks 24 h and 48 h after beginning the incubation period. A Proton
Transfer Reaction - Mass Spectrometer (PTR-MS) (lonicon, Innsbruck, Austria), which
enables real-time detection of VOC with very low fragmentation and high sensitivity, was
used. In PTR-MS analysis, VOC are detected through chemical ionization between
molecules of H30" produced at high density within an ion source and the VOC present
into the air samples, according to their proton affinity. Constant conditions of pressure (=
2.2 mbar), temperature (= 50°C) and electrical field (600 v cm™) were used, resulting in an
ionization energy E/N = 130 Td (Lindinger et al. 1998). PTR-MS was operating in ‘Scan’
mode to screen for all the protonated ions related to VOC (i.e. VOC-H") spanning over a
range of 200 molecular weight (from m/z 20 to 220). At least four cycles were completed
for each measurement, while replacing the sampled air in the flask containing P.
chlororaphis at a rate of 100 ml min™ with the same amount of VOC-filtered air. The
background of VOC in the headspace of flasks containing LB without bacteria were also
measured, and then subtracted to the measurements taken from flasks containing the P.
chlororaphis strain. All the four cycles recorded within one measurement were added
together and each measurement was replicated three times. Measurement uncertainty
was calculated as percentage of standard error on the averaged values of the

measurements taken 24h and 48h after P. chlororaphis incubation.

Statistics
Data were subjected to statistical analysis by applying a one-way ANOVA. The Tukey’s
post-hoc test was used to compare means when ANOVA results were statistically

significant (P < 0.5) (Systat software Inc. USA). Consistently with previous investigations

12
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299 et al. 2015) all data were collected from one independent experiment of water stress.
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Results

Characterization of well-watered tomato plants following colonization with P. chlororaphis
Treatment of tomato seeds with P. chlororaphis did not affect the percentage of
germination which was similar in both inoculated and non-inoculated seeds (~ 79 and ~ 73
%, respectively). Biometric characterization of well-watered tomatoes showed that
inoculation with P. chlororaphis slightly increased biomass accumulation (dry weight) and
led to significantly higher number of leaves and longer internodes than in non-inoculated
plants (Table 1). However, root colonization by P. chlororaphis did not alter photosynthesis
(Fig. 1a), stomata opening (Fig. 1b) and sub-stomatal CO, concentration (Ci) (Fig. 1c),
resulting in similar values of water use efficiency (WUE) (Fig. 1d) as in well-watered non-
inoculated tomato leaves. The rate of saturated photosynthesis (Asa) and the response of
photosynthesis to Ci were also similar in inoculated and non-inoculated well-watered
tomato plants (Fig. 2a; Table 2), suggesting an unaltered activity of ribulose-1,5-
bisphosphate carboxylase/oxygenase (RUBISCO). Steady efficiency of light use was
confirmed by measurements of chlorophyll fluorescence in dark-adapted leaves (Fv/Fm) of
inoculated and non-inoculated tomato plants (Table 2).

Root colonization by P. chlororaphis induced large modifications of plant hormones (Fig.
3a, b). The leaf content of both IAA and ABA was enhanced, and the ABA/IAA ratio was
higher (although not significantly) in inoculated than in non-inoculated plants (Table 3).
Despite leaf transcript levels of the ABA-biosynthetic gene LeNCED1 did not show
significant differences in inoculated and non-inoculated plants (Fig. 3c), P. chlororaphis
affected the  methyl-D-erythritol  4-phosphate/1-deoxy-D-xylulose  5-phosphate
(MEP/DOXP) pathway by up-regulating three different monoterpene synthases genes
previously reported to be expressed in fully expanded leaves (Falara et al. 2011): TPS5

(LeMTS1), TPS12 (LeTPS12) and TPS20 (LePHS1) (Fig. 4a, b, c¢). The germacrene C
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synthase gene (LeGCS), which encodes a protein involved in the biosynthesis of
sesquiterpenes (de Kraker et al. 1998), was also significantly up-regulated in leaves of
inoculated tomatoes compared to non-inoculated plants thus highlighting enhanced
activation of the mevalonate-farnesyl diphosphate-germacradiene (MEV) pathway by P.
chlororaphis (Fig. 4d).

Activation of defense responses in tomato plants following inoculation with P. chlororaphis
was further investigated at molecular level. Among the genes typically involved in plant
defense, two genes encoding lipoxygenase enzymes (LeLOXC and LeLOXD) expressed
in response to cell membrane damage were considered. LeLOXC was up-regulated (Fig.
5a) and LeLOXD was significantly down-regulated in leaves of P. chlororaphis-inoculated
tomatoes compared to non-inoculated plants (Fig. 5b). On the other hand, the expression
of the hydroperoxide lyase gene (LeHPL), also induced by the mechanical damage of cell
membranes, and of a gene encoding for a phenylalanine ammonia lyase (LePALS5), which
is putatively involved in SA synthesis, was not affected by the colonization with P.
chlororaphis (Fig. 5c, d). Moreover, the expression of a gene coding for the 1-
amynocyclopropane-1-carboxylic acid oxidase (LeACO4) involved in ethylene biosynthesis
and of a gene (LeTAS14) encoding for a dehydrin (DHN) were both unaffected by
inoculation with P. chlororaphis (Fig. 5e, f).

Root colonization by P. chlororaphis led to a simultaneous increase in the activity of SOD
(Fig. 6a) and CAT (Fig. 6b), and to proline accumulation in tomato leaves (Fig. 6c).
Nevertheless, both the content of H,O,, (Fig. 6d) and that of MDA (Fig. 6d, e) did not vary
in P. chlororaphis-inoculated with respect to non-inoculated well-watered tomato plants.

In a separate experiment, the blend of VOC emitted from P. chlororaphis subsp.
aureofaciens M71 strain that might have a role during the interaction with the roots of

tomato plants was investigated. After a 24 h incubation, P. chlororaphis emitted a mixture
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of VOC mainly composed of methanethiol (~ 83%) and hydrogen cyanide (~ 7%) and, after

48 h, P. chlororaphis started to release also dimethyl sulfide (~ 5.4%) (Table S2).

Performances of P. chlororaphis-inoculated and non-inoculated tomato plants under water
stress

The water stress applied in our experiment was mild as SWC was reduced to ~ 50% of its
initial value (Ximenéz et al. 2015; Su et al. 2016). However, our cultivar of tomato was
highly sensitive to water stress. The leaf relative water content (RWC) decreased by ~
25% (Table 1) and the stomatal conductance was largely reduced (Fig. 1b) both in non-
inoculated and inoculated plants, compared to well-watered ones. Low stomatal
conductance decreased the intercellular CO, concentration (Fig. 1c), consequently limiting
photosynthesis (Fig. 1a) and improving WUE (Fig. 1d) in both water stressed inoculated
and non-inoculated tomato plants, compared to well-watered ones. Nevertheless, neither
biochemical nor photochemical impairments were found in P. chlororaphis inoculated and
non-inoculated water stressed tomato leaves. In fact, similar maximum quantum yield of
chlorophyll fluorescence in dark-adapted leaves, and CO,-saturated photosynthetic rate
(Table 2), and similar response to increasing CO, concentration (Fig. 2) were measured in
water-stressed and well-watered leaves. Interestingly, WUE increased more in P.
chlororaphis-inoculated than in non-inoculated water-stressed plants (Fig. 1d). A higher
biomass accumulation (more leaves and longer internodes) was found in P. chlororaphis-
inoculated than in non-inoculated plants during the water stress period (Table 1).

Reduced stomatal conductance of water-stressed tomato leaves was associated to a
slightly, not significantly higher concentration of ABA compared to well-watered leaves in
both inoculated and non-inoculated plants (Fig. 3b). The ABA/IAA ratio was also higher in
water-stressed than in well-watered tomatoes, and this ratio significantly increased in

plants that were also inoculated (Table 3).
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The transcriptional level of LeNCED1, involved in the biosynthesis of (the non-volatile
isoprenoid-) ABA, increased in water-stressed leaves, although this trend resulted
statistically significant only in leaves not inoculated with P. chlororaphis (Fig. 3c). The
expression levels of genes involved in volatile terpenes biosynthesis (LeMTS1, LeTPS12,
LePHS1 and LeGCS) were generally lower in water-stressed than in well-watered tomato
leaves, especially in non-inoculated ones (Fig. 4). In addition, the most evident response
to water stress was the increase of the transcriptional levels of LeTAS14 (a tomato
dehydrin encoding gene). The increase of LeTAS14 was significantly higher in non-
inoculated than in P. chlororaphis-inoculated water-stressed plants (Fig. 5f). The
transcription of the other investigated genes involved in the activation of defense
mechanisms was either unchanged or down-regulated as a consequence of water stress
(Fig. 5).

Upon water stress, the concentration of the osmolyte proline increased significantly in non-
inoculated leaves, and even more in P. chlororaphis-inoculated ones (Fig. 6¢). Moreover,
both the concentration of H,O, (Fig. 6d) and MDA (Fig. 6e) increased following water
stress, resulting higher in non-inoculated than in P. chlororaphis-inoculated plants. As
already observed in well-watered plants, inoculation with P. chlororaphis further enhanced
the activity of both SOD and CAT as compared to non-inoculated, water-stressed tomato

leaves (Fig. 6a, b).

17



396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

Discussion

Pseudomonas chlororaphis strain M71 is a particularly effective biocontrol agent against
biotic stresses (Weller, 2007), especially pathogenic fungi in plants (Raio et al. 2011, 2017,
Puopolo et al. 2013), including tomatoes (Puopolo et al. 2011; Chin-A-Woeng et al. 2000).
In the present study, we tested whether the physiological, molecular and metabolic
changes induced by root colonization with P. chlororaphis are able to prime tomato plants
for enhanced tolerance to water stress of a mild intensity, a condition that recurrently
occurs during the growing season.

Our results highlights that P. chlororaphis produces a large impact on the secondary
metabolism of well-watered tomato plants. In particular, inoculation with P. chlororaphis
induced changes in the hormonal balance between an inhibitor (ABA) and a promoter
(IAA) of growth. Past research has already shown that both IAA (Marulanda et al. 2009;
Contesto et al. 2010; Spaepen et al. 2008) and ABA (Cohen et al. 2009; Porcel et al.
2014) contents increase in plants inoculated with PGPB. Alteration of either IAA content or
ABAJ/IAA ratio might also affect meristematic activity and cell division rate (Noda et al.
2000; Mwange et al. 2005), thus contributing to the observed development of more leaves
and longer internodes in P. chlororaphis-inoculated than non-inoculated tomato plants.
Despite ABA content was enhanced in tomato leaves by P. chlororaphis inoculation, the
expression of LeNCED1, a gene involved in ABA biosynthesis (Burbidge et al. 1999),
remained as low as in non-inoculated plants. However, regulation of ABA in plants
depends on biosynthesis, catabolism, transport, and compartmentalization in multiple
pools both in shoot and roots (Hirayama et al. 2007; McAdam et al. 2016). Moreover, the
foliar ABA pool is likely formed from the MEP/DOXP pathway that also originates volatile
terpenes (Barta and Loreto 2006). A higher expression of the genes involved in

monoterpene biosynthesis suggests that the entire MEP/DOXP pathway (also producing
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ABA) is activated as a consequence of P. chlororaphis inoculation. In fact, P. chlororaphis
induced in tomato the expression of genes coding for both MEP/DOXP and MEV
pathways, and most likely enhanced the biosynthesis of constitutive volatile leaf mono-
and sesqui-terpenes (Degenhart et al. 2009; Vranova et al. 2013) that are involved in
defense mechanisms against abiotic and biotic stresses (Loreto and Schnitzler 2010).
Consistently with results obtained using other plant-PGPB combinations (Sandhya et al.
2010; Kaushal and Wani, 2016), root colonization of tomato plants with P. chlororaphis
also boosted the synthesis of osmolytes, such as proline in leaves (Theocharis et al.
2012), and enhanced the activity of the main leaf antioxidant enzymes (SOD and CAT)
without inducing a concurrent increase of proxies for oxidative stress occurrence (H2O-)
and membrane denaturation (MDA). This indicates that, in well-watered plants, P.
chlororaphis primes the ROS-scavenging capacity of tomatoes, as raising antioxidant
capacity helps both to maintain low ROS levels for signaling purposes, and to rapidly
respond the need to detoxify the excess of ROS produced under stress conditions (Pastor
et al. 2013).

We did not find a specific improvement in photosynthesis efficiency in mature leaves
attributable to inoculation with P. chlororaphis (Xu et al. 2010; Dai, 2013). Indeed, none of
the indicators of photosynthetic performances changed in P. chlororaphis-inoculated
tomatoes, as photosynthesis in RUBISCO-limited (low CO;) or ETR-limited (high COy)
conditions was similar to that of non-inoculated plants. Other studies reported a stimulation
of photosynthesis in PGPB-inoculated plants (Peng et al. 2002; Zhang et al. 2008; Rolli et
al. 2015). However, these studies used different plant species and PGPB strains than
those employed in our experiment (Jones et al. 2009). Moreover, our measurements were
carried out only on leaves at a mature stage, and we cannot exclude the possibility that the
photosynthetic process was temporarily stimulated by P. chlororaphis, for example only in

young leaves during early growth stage (Stefan et al. 2013). Past research highlighted an
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improvement of plant productivity following PGPB inoculation. These reports were based
on destructive measurements that spanned an extended growth period and integrated
photosynthesis at different growth stages (Mayak et al. 2004; Sandhya et al. 2010; Rubin
et al. 2017). Thus, our instantaneous measurements of photosynthesis may have not
captured the integrated benefit of plant-PGPB interaction.

Overall, all the metabolic changes induced by colonization with P. chlororaphis did not
involve any fitness cost for the well-watered plants (van Hulten et al. 2006), and they can
be considered as part of the ‘priming phase’ that prepare tomato plants for enhanced

tolerance upon further occurrence of a stress (Mauch-Mani et al. 2017).

Indeed, our results showed that primed P. chlororaphis-inoculated tomatoes displayed a
higher growth and resulted more tolerant to a mild water stress than non-inoculated plants.
Consistently with a recent meta-analysis (Rubin et al. 2017), our biometric parameters
showed a statistically significant increase in biomass accumulation of P. chlororaphis-
inoculated tomato plants compared to non-inoculated plants under water stress conditions
(Table 1). Despite the high sensitivity of tomato plants to water stress, it should be noted
that the mild conditions applied in our experiment did not affect photosynthesis per se (Fig.
2). In fact, the observed large reduction of photosynthetic CO, assimilation rates (Fig. 1)
were only caused by increasing diffusive limitations (and thus probably fully reversible) at
stomatal and leaf mesophyll scale (Flexas et al. 2004), as no changes both in the light use
efficiency and in the CO,-saturated photosynthetic rate occurred (Table 2).

The increase of ABA/IAA ratio induced by P. chlororaphis inoculation was more effective in
water stressed than in well-watered tomatoes (Table 3). Unfortunately, we were not able to
disentangle whether such ABA/IAA increase in inoculated tomatoes was influenced by a
direct contribution of ABA and IAA made by P. chlororaphis. The ability of IAA to

antagonize ABA-induced stomatal closure has already been recognized (Snaith and
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Mansfield, 1982; Dodd, 2003). The highest ABA/IAA ratio induced by P. chlororaphis can
explain why stomata closed to a higher extent in water-stressed inoculated than in non-
inoculated leaves. Indeed, the increased level of ABA following inoculation with P.
chlororaphis allowed stomata to be more responsive to water stress and this improved the
WUE, confirming previous results (Mayak et al. 2004; Timmusk et al. 2014; Cohen et al.
2015). Nevertheless, the large drop in stomatal conductance measured in both P.
chlororaphis-inoculated and non-inoculated tomatoes following a ~ 50% decrease in soll
water content underlined the ‘water spending’ strategy of tomato (Levitt 1980) which, like
other herbaceous plant species, is unable to gradually adjust stomata aperture as water
decreases in soil (Brilli et al. 2011). Therefore, an enhanced WUE induced by P.
chlororaphis inoculation represents, especially in tomatoes, an important ecological
advantage (Chaves et al. 2002; Flexas et al. 2004) allowing tolerance to water stress
(Dimka et al. 2009). At molecular level, the expression of LeNCED1, involved in ABA
biosynthesis (Burbidge et al. 1999), was up-regulated in both P. chlororaphis-inoculated
and non-inoculated leaves under water stress. This was in agreement with the fact that an
increase of ABA, although non-significant, was observed in both inoculated and non-
inoculated leaves of water-stressed tomatoes (Fig. 3).

As water stress led to a significantly lower accumulation of H,O, and MDA in inoculated
than in non-inoculated tomatoes, it is suggested that priming of P. chlororaphis enabled a
fine tuning of intercellular ROS concentration (Mittler, 2002; Baxter et al. 2017). Indeed,
during water stress, P. chlororaphis further stimulated a higher synthesis of proline than in
non-inoculated tomatoes, and further enhanced the antioxidant enzymes (i.e. SOD and
CAT) that prevented ROS accumulation (Balmer et al. 2015). Maintenance of low ROS
levels avoids the initiation of programmed cell death (PCD) and, on the other hand, allows
ROS to exert signaling functions and activate other stress responses (Knight et al. 2001),

which can effectively improve tolerance of P. chlororaphis-inoculated tomatoes to more
21



500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

severe water stress. At molecular level, inoculation of with P. chlororaphis determined in
water stressed tomatoes a significant down-regulation of LeTAS14, a gene encoding for
DHN proteins that are usually up-regulated by drought conditions (Supranova et al. 2004).
This further confirms that P. chlororaphis-inoculated tomatoes experienced a less intense

water stress than non-inoculated ones.

Finally, we confirmed that P. chlororaphis actively produce a complex blend of VOC (Kai et
al. 2009; Farag et al. 2013) that can act as chemical stimuli to prime plants defenses (Ryu
et al. 2004; Han et al. 2006). In particular, a previous study has demonstrated that P.
chlororaphis can induce systemic tolerance to drought in Arabidopsis thaliana through the
production of 2R,3R-butanediol (Cho et al. 2008). Our analysis showed that P.
chlororaphis can emit a changing blend of VOC mainly consisting of methanethiol, while
only a very small percentage of 2R,3R-butanediol was found (Table S2). However, since
VOC emission from bacteria is strongly influenced by the growing media, inoculum
guantity and species (Blom et al. 2011), the blend of VOC produced by P. chlororaphis
grown in pure culture may be different than that released during plant-bacterium
interaction (Kanchiswamy et al. 2015; Kai et al. 2016). Whether a specific bacterial VOC
has a role in priming or eliciting defensive pathways in plants should be tested with more
dedicated experiments. Nevertheless, our results highlighted the capacity of P.
chlororaphis to emit a wide range of VOC that might facilitate colonization of different host

plant species under various environmental conditions.

Conclusions
We demonstrated that P. chlororaphis provides tomato plants a broad-spectrum defense
response also effective against water stress. Our results showed that root colonization with

P. chlororaphis induce a priming phase in tomatoes mainly characterized by: a) a systemic
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alteration of the ABA/IAA phytohormonal balance that strongly affect plant shape and size;
b) an activation of genes involved in both the MEV- and MEP-pathways; c) regulation of
ROS homeostasis through stimulation of the antioxidant enzymes activity. Moreover, we
highlighted that tomatoes primed with P. chlororaphis were able to modulate ROS
signaling and to improve WUE, enhancing biomass accumulation during a mild water
stress. Future research should be designed to test the effectiveness of both single strain
and mixtures of PGPB, also in combination with other beneficial microorganisms naturally
present in soil (e.g. mychorrizal fungi), to induce protection in plants exposed to multiple

(abiotic and biotic) stressors in field conditions.

Acknowledgement

This research was sponsored by the Project ‘Premiale’ 2012 CNR-Aqua, founded by the
Italian Ministry of Education and Research (MIUR). The authors would like to extend their
sincere thanks to Jad Novi for his help in collecting data. We also thank lvan Baccelli, for

the insightful scientific discussions and suggestions.

Author contribution statement
BEM and AR conceived and designed the research. FB, SP, AR, RB, LN, PB, AP, BEM
conducted experiments and analysed the data. FB, FL and RB wrote the manuscript. All

the authors read and approved the manuscript.

23



546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

References

Adesemoye AO, Kloepper, JW (2009) Plant—microbes interactions in enhanced fertilizer-

use efficiency. Appl Microbiol Biotechnol 85: 1-12.

Aebi H (1984) Isolation, purification, characterization, and assay of antioxygenic enzymes:

catalase in vitro. Meth Enzymol 105: 121-126.

Ali B, Sabri AN, Hasnain S (2010) Rhizobacterial potential to alter auxin content and

growth of Vigna radiate (L.). World J Microbiol Biotechnol, 26: 1379-1384

Appenroth KJ, Lenk G, Goldau L, Sharma R (2006) Tomato seed germination: regulation
of different response modes by phytochrome B2 and phytochrome A. Plant Cell Environ

29: 701-709.

Bai Y, Zhous X, Smith DL (2003) Enhanced Soybean Plant Growth Resulting from

Coinoculation of Bacillus Strains with Bradyrhizobium japonicum. Crop Sci 43: 1774-1781.

Balestrini R, Chitarra W, Antoniou C. et al. (2018) Improvement of plant performance
under water deficit with the employment of biological and chemical priming agents. J Agr

Sci doi.org/10.1017/S0021859618000126

Barta C, Loreto F (2006) The Relationship between the methyl-erythritol phosphate
pathway leading to emission of volatile isoprenoids and abscisic acid content in leaves.

Plant Physiol 141: 1676-1683.

24



572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

Baraldi R, Chen KH, Cohen JD (1988) Microscale isolation technique for quantitative gas
chromatography-mass spectrometry analysis of indole-3-acetic acid from cherry (Prunus

cerasus L.). J Chromatogr A 442: 301-306.

Balmer A, Pastor V, Gamin J et al. (2015) The ‘prime-ome’: towards a holistic approach to

priming. Trends Plant Sci 20:443-452.

Bashan Y, Holguin G, Lifshitz R (1993) Isolation and characterization of plant growth-
promoting rhizobacteria. In: Glick, B.R., Thompson, J.E. (ed) Methods in Plant Molecular

Biology and Biotechnology, CRC Press, Inc, US, pp. 331-345.

Bates LE, Waldren RP, Teare ID (1973) Rapid determination of free proline for water

stress studies. Plant Soil 39: 205-207.

Baxter A, Mittler R, Suzuki N (2014) ROS as key players in plant stress signaling. J Exp

Bot 5: 1229-1240.

Bettini P, Baraldi R, Rapparini F et al (2010) The insertion of the Agrobacterium

rhizogenes rolC gene in tomato (Solanum lycopersicum L.) affects plant architecture and

endogenous auxin and abscisic acid levels. Sci Hortic 123: 323-328.

Biondi S, Lenzi C, Baraldi R et al (1997) Hormonal effects on growth and morphology of

normal and hairy roots of Hyoscyamus muticus. J Plant Growth Regul 16: 159-167.

25



596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

Blom D, Fabbri E, Connor EC et al. (2011) Production of plant growth modulating volatiles
is widespread among rhizosphere bacteria and strongly depends on culture conditions.

Environ Microbiol 13: 3047-3058.

Bottini R, Cassan F, Piccoli P (2004) Gibberellin production by bacteria and its
involvement in plant growth promotion and yield increase. Appl Microbiol Biotechnol 65:

497-503.

Bradford MM (1976). A rapid and sensitive for the quantitation of microgram quantities of

protein utilizing the principle of protein-dye binding. Anal Biochem 72: 248-254.

Bresson J, Vasseur F, Dauzat M et al (2014) Interact to survive: Phyllobacterium
brassicacearum improves Arabidopsis tolerance to severe water deficit and growth

recovery. PLoS ONE. doi.org/10.1371/journal.pone.0107607.

Brilli F, Hortnagl L, Hammerle A et al (2011) Leaf and ecosystem response to soil water

availability in mountain grasslands. Agr For Metereol 151: 1731-1740.

Burbidge A, Grieve TM, Jackson A et al (1999) Characterization of the ABA-deficient

tomato mutant notabilis and its relationship with maize Vpl14. Plant J 17: 427-431.

Chang S, Puryear J, Cairney J (1993) A simple and efficient method for isolating RNA from

pine trees. Plant Mol Biol Rep 11: 113-116.

Chaves MM, Pereira JS, Maroco J et al (2002) How plants cope with water stress in the

field: photosynthesis and growth. Ann Bot 89: 907-916.
26



622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

Chin-A-Woeng TFC, Bloemberg GV, Mulders IHM et al. (2000) Root colonization by
phenazine-1-carboxamide-producing bacterium Pseudomonas chlororaphis PCL1391 is

essential for biocontrol of tomato foot and root rot. MPMI 13, 1340-1345.

Chin-A-Woeng TFC, Bloemberg GV, Lugtenberg BJJ (2003) Phenazines and their role in

biocontrol by Pseudomonas bacteria. New Phytol 157: 503-523.

Cho SM, Kang BR, Han SH et al (2008) 2R,3R-Butanediol, a bacterial volatile produced by
Pseudomonas chlororaphis O6, is involved in induction of systemic tolerance to drought in

Arabidopsis thaliana. Mol Plant Microbe Interact 21: 1067-1075.

Cho SM, Kang BR, Kim JJ et al (2012) Induced systemic drought and salt tolerance by
Pseudomonas chlororaphis O6 root colonization is mediated by ABA-independent

stomatal closure. Plant Pathol J 28: 202-206.

Cohen JD, Baldi BG, Slovin JP (1986) 13C6-(benzene ring)-indole-3-acetic acid. Plant

Physiol 80: 14-9.

Cohen AC, Travaglia CN, Bottini R et al (2009) Participation of abscisic acid and
gibberellins produced by endophytic Azospirillum in the alleviation of drought effects in

maize. Botany 87: 455-462.

Cohen A, Bottini R, Pontin M et al (2015) Azospirillum brasiliense ameliorates the resp.
onse of Arabidopsis thaliana to drought mainly via enhancement of ABA levels. Physiol

Plant 153: 79-80.
27



648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

Coleman-Derr D, Tringe SG (2014) Building the crops of tomorrow: advantages of
symbiont-based approaches to improving abiotic stress tolerance. Front Microbiol.

doi.org/10.3389/fmich.2014.00283.

Contesto C, Milesi S, Mantelin S et al (2010) The auxin-signaling pathway is required for

the lateral root response of Arabidopsis to the rhizobacterium Phyllobacterium

brassicacearum. Planta 232: 1455-1470.

Conrath U, Beckers GJM, Langenbach CJG, Jaskiewicz (2015) Priming for enhanced

defense. Ann Rev Phytopathol 53: 97-119.

Dai A (2013) Increasing drought under global warming in observations and models. Nat

Clim Change 3: 52-58.

Dimka C, Weinand T, Asch F (2009) Plant—rhizobacteria interactions alleviate abiotic

stress conditions. Plant Cell Environ 32: 1682-1694.

Dodd IC (2003) Hormonal interactions and stomatal responses. Plant Growth Regul 22:

32-46.

Dodds GT, Trenholm L, Rajabipour A et al (1997) Yield and quality of tomato fruit under

water table management. J Amer Soc Hort Sci 122: 491-498.

28



672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

Degenhardt J, Kollner TG, Gershenzon J (2009) Monoterpene and sesquiterpene
synthases and the origin of terpene skeletal diversity in plants. Phytochemistry 70: 1621-

1637.

Falara V, Akhtar TA, Nguyen TT et al (2011) The tomato terpene synthase gene family.

Plant Physiol 157: 770-789.

Farag A, Zhang H, Rye CM (2013) Dynamic chemical communication between plants and
bacteria through airborne signals: induced resistance by bacterial volatiles. J Chem Ecol

39: 1007-1018.

Flexas J, Bota J, Loreto F, Cornic G, Sharkey TD (2004) Diffusive and metabolic

limitations to photosynthesis under drought and salinity in C3 plants. Plant Biol 6: 269-279.

Gagné-Bourque F, Mayer BF, Charron J-B et al. (2015) Accelerated growth rate and
increased drought stress resilience of the model grass Brachypodium distachyon
colonized by  Bacillus  subtilis B26. PLoS ONE 10(6): e0130456.

doi:10.1371/journal.pone.0130456.

Giannopolitis CN, Ries SK (1977) Superoxide dismutases: I. Occurrence in higher plants.

Plant Physiol 59: 309-14.

Glick BR, Cheng Z, Czarny J et al (2007) Promotion of plant growth by ACC deaminase-

producing soil bacteria. Eur J Plant Pathol 119: 329-339.

29



697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

Glick BR (2005) Modulation of plant ethylene levels by the bacterial enzyme ACC

deaminase. FEMS Microbiol Lett 251: 1-7.

Gururani MA, Upadhyaya CP, Venkidasamy B et al (2013) Plant growth-promoting
rhizobacteria enhance abiotic stress tolerance in Solanum tuberosum through inducing
changes in the expression of ROS-scavenging enzymes and improved photosynthetic

performance. J Plant Growth Regul 32: 245-258.

Han SH, Lee SJ, Moon JH et al (2006) GacS-dependent production of 2R, 3R-Butanediol
by Pseudomonas chlororaphis O6 is a major determinant for eliciting systemic resistance
against Erwinia carotovora but not against Pseudomonas syringae pv. Tabaci in tobacco.

Mol. Plant Microbe Interact 19: 924-930.

Hardoim PR, van Overbeek LS, van Elsas JD (2008) Properties of bacterial endophytes

and their proposed role in plant growth. Trends Microbiol 16: 463-471.

Hirayama T, Shinozaki K (2007) Perception and transduction of abscisic acid signals: keys

to the function of the versatile plant hormone ABA. Trends Plant Sci 12: 343-351.

Hu W, Gao Q, Hamada S et al (2014) Potential of Pseudomonas chlororaphis subsp
aurantiaca strain Pchol0 as biocontrol agent against Fusarium graminearum.

Phytopathology 104: 1289-1297.

IPCC (2014) Future Climate Changes, Risks and Impacts. In: Pachauri RK, Meyer LA (ed)

Climate Change 2014: Synthesis Report. Contribution of Working Groups I, Il and 1l to the

30



722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

745

746

747

Fifth Assessment Report of the Intergovernmental Panel on Climate Change, Geneva,

pp.1-151.

Jones DL, Nguyen C, Finlay RD (2009) Carbon flow in the rhizosphere: carbon trading at

the soil-root interface. Plant Soil 321, 5-33.

Kai M, Haustein M, Molina F et al (2009) Bacterial volatiles and their action potential. Appl

Microbiol Biotechnol 81:1001-1012.

Kai M, Effmert U, Piechulla B (2016) Bacterial-Plant-Interactions: Approaches to Unravel
the Biological Function of Bacterial Volatiles in the Rhizosphere. Front Microbiol.

doi.org/10.3389/fmicb.2016.00108.

Kanchiswamy CN, Malnoy M, Maffei ME (2015) Chemical diversity of microbial volatiles
and their potential for plant growth and productivity. Front Plant Sci.

doi.org/10.3389/fpls.2015.00151.

Kaushal M, Wani SP (2016) Rhizobacterial-plant interactions: Strategies ensuring plant

growth promotion under drought and salinity stress. Agric Ecosyst Environ 231: 68-78.

Khan K, Agarwal P, Shanware A et al (2015) Heterologous expression of two Jatropha
aquaporins imparts drought and salt tolerance and improves seed viability in transgenic

Arabidopsis thaliana. PLoS One 10(6):e0128866. doi:10.1371/journal.pone.0128866.

Kloepper JW, Choong-Min R, Zhang S (2004) Induced Systemic Resistance and

Promotion of Plant Growth by Bacillus spp. Phytopathology 94: 1259-1266.
31



748

749

750

751

752

753

754

755

756

757

758

759

760

761

762

763

764

765

766

767

768

769

770

771

772

773

Knight H, Knight MR (2001) Abiotic stress signaling pathways: specificity and cross-talk.

Trends Plant Sci 6: 262-267.

Kozdroj J, Trevors T, van Elsas JD (2004) Influence of introduced potential biocontrol
agents on maize seedling growth and bacterial community structure in the rhizosphere.

Soil Biol Biochem 36: 1775-1784.

de Kraker JW, Franssen MC, de Groot A et al (1998) The committed step in the

biosynthesis of bitter sesquiterpene lactones in chicory. Plant Physiol 117: 1381-1392.

Levitt J (1980) Responses of Plants to Environmental Stresses. Academic Press, New

York.

Lindinger W, Hansel A, Jordan A (1998) On-line monitoring of volatile organic compounds
at pptv levels by means of proton-transfer-reaction mass spectrometry (PTR-MS) medical
applications, food control and environmental research. Int J Mass Spectrom lon Process

173: 191-241.

Loreto F, Schnitzler JP (2010). Abiotic stress and induced BVOCs. Trends Plant Sci 15:

154-166.

Ludwig-Mdiller J, Georgiev M, Bley T (2008) Metabolite and hormonal status of hairy root
cultures of Devil's claw (Harpagophytum procumbens) in flasks and in a bubble column

bioreactor. Process Biochem 43; 15-23.

32



774

775

776

777

778

779

780

781

782

783

784

785

786

787

788

789

790

791

792

793

794

795

796

797

798

799

Mantelin S, Touraine B (2004) Plant growth-promoting bacteria and nitrate availability:

impacts on root development and nitrate uptake. J Exp Bot 55: 27-34.

Marulanda A, Barea JM, Az¢on R (2009) Stimulation of plant growth and drought tolerance
by native microorganisms (AM Fungi and Bacteria) from dry environments: Mechanisms

related to bacterial effectiveness. J. Plant Growth Regul 28: 115-124.

Mauch-Mani B, Baccelli I, Luna E et al (2017) Defense priming: an adaptive part of

induced resistance. Ann Rev Plant Biol 68:485-512.

Mayak S, Tirosh T, Glick BR (2004) Plant growth-promoting bacteria that confer resistance

to water stress in tomatoes and peppers. Plant Sci 166: 525:530.

McAdam SAM, Brodribb TJ, Ross JJ (2016) Shoot-derived abscisic acid promotes root

growth. Plant Cell Environ 39: 652-659.

Meena KK, Sorty AM, Bitla UM et al. (2017) Abiotic stress responses and microbe-
mediated mitigation in plants: the omics strategies. Front Plant Sci.

doi.org/10.3389/fpls.2017.00172.

Mwange KN, Hou HW, Wang YQ et al (2005) Opposite patterns in the annual distribution
and timecourse of endogenous abscisic acid and indole-3-acetic acid in relation to the

periodicity of cambial activity in Eucommia ulmoides Oliv. J Exp Bot 56: 1017-1028.

Noda K, Okuda H, lwagaki |1 (2000) Indole acetic acid and abscisic acid levels in new

shoots and fibrous roots of citrus scion-rootstock combinations. Sci Hortic 84: 245-254.
33



800

801

802

803

804

805

806

807

808

809

810

811

812

813

814

815

816

817

818

819

820

821

822

823

824

825

Orhan E, Esitken A, Ercisli S et al (2006) Effects of plant growth promoting rhizobacteria
(PGPR) on yield, growth and nutrient contents in organically growing raspberry. Sci Hortic

111: 38-43.

Pastor V, Luna E, Ton J et al (2013) Fine tuning of reactive oxygen species homeostasis
regulated primed immune response in Arabidopsis. Mol. Plant-Microbe Interact. 26:1334-

1344.

Peng S, Biswas JC, Ladha JK et al (2002) Influence of rhizobial inoculation on

photosynthesis and grain yield of rice. Agron J 94: 925-929.

Ping L, Boland W (2004) Signals from the underground: bacterial volatiles promote growth

in Arabidopsis. Trends Plant Sci 9: 263-266

Planchamp C, Glauser G, Mauch-Mani B (2015) Root inoculation with Pseudomonas
putida KT2440 induces transcriptional and metabolic changes and systemic resistance in

maize plants. Front Plant Sci. https://doi.org/10.3389/fpls.2014.00719.

Porcel R, Zamarreno AM, Garcia-Mina JM et al (2014) Involvement of plant endogenous

ABA in Bacillus megaterium PGPR activity in tomato plants. BMC Plant Biol 14: 14-36.

Puopolo G, Raio A, Pierson Il LS et al (2011) Selection of a new Pseudomonas
chlororaphis strain for the biological control of Fusarium oxysporum f. sp. radici-lycopersici.

Phytopathol Mediterr 50: 228-235.
34



826

827

828

829

830

831

832

833

834

835

836

837

838

839

840

841

842

843

844

845

846

847

848

849

850

851

Puopolo G, Masi M, Raio A et al (2013) Insight on the susceptibility of plant pathogenic
fungi to phenazine-1-carboxylic acid and its chemical derivative. Nat Prod Res 27: 956-

966.

Raio A, Puopolo G, Masi M et al (2011) Biocontrol of cypress canker by the phenazine
producer Pseudomonas chlororaphis subsp. aureofaciens strain M71. Biol Control 58:

133-138.

Raio A, Reveglia P, Puopolo G et al (2017) Involvement of phenazine-1-carboxylic acid in
the interaction between Pseudomonas chlororaphis subsp. Aureofaciens strain M71 and

Seiridium cardinale in vivo. Microbiol Res 199: 49-56.

Richardson AE, Simpson RJ (2001) Soil microorganisms mediating phosphorus

availability. Plant Physiol 156: 989-996.

Rolli E, Marasco R, Vigani G et al (2015) Improved plant resistance to drought is promoted
by the root-associated microbione as a water stress-dependent trait. Environ Microbiol 17:

316-331.

Ryu CM, Farag MA, Hu C et al (2004) Bacterial volatiles induce systemic resistance in

Arabidopsis. Plant Physiol 134: 1017-1026.

Rubin RL, van Groenigen KJ, Hungate BA (2017) Plant growth promoting rhizobacteria are
more effective under drought: a meta-analysis. Plant Soil. https://doi.org/10.1007/s11104-

017-3199-8.
35



852

853

854

855

856

857

858

859

860

861

862

863

864

865

866

867

868

869

870

871

872

873

874

875

876

877

Sandhya V, Ali SK, Grover M et al (2010) Effect of plant growth promoting Pseudomonas
spp. on compatible solutes, antioxidant status and plant growth of maize under drought

stress. Plant Growth Regul 62: 21-30.

Shaharoona B, Naveed M, Arshad M et al (2008) Fertilizer-dependent efficiency of
Pseudomonads for improving growth, yield, and nutrient use efficiency of wheat (Triticum

aestivum L.). Appl Microbiol Biotechnol 79: 147-155.

Sharkey T, Bernacchi KJ, Farquhar GD et al (2007) Fitting photosynthetic carbon dioxide

response curves for C3 leaves. Plant Cell Environ 30: 1035-1040.

Shen X, Chen M, Hu H et al (2012) Genome sequence of Pseudomonas chlororaphis

GP72, a root-colonizing biocontrol strain. J Bacteriol 194: 1269-70.

Shimizu-Sato S, Mori H (2001) Control of outgrowth and dormancy in axillary buds. Plant

Physiol 127: 1405-1413.

Snaith PJ, Mansfield TA (1982) Control of the CO, responses of stomata by indol-3ylacetic

acid and abscisic acid. J Exp Bot 33: 360-365.

Spaepen S, Vanderleyden J, Remans R (2007) Indole-3-acetic acid in microbial and

microorganism-plant signaling. FEMS Microbiol Rev 31: 425-448.

Spaepen S, Dobbelaere S (2008) Effects of Azospirillum brasiliense indole-3-acetic acid

production on inoculated wheat plants. Plant Soil 312: 15-23.
36



878

879

880

881

882

883

884

885

886

887

888

889

890

891

892

893

894

895

896

897

898

899

900

901

902

903

Spaepen S, Bossuyt S, Engelen K et al (2014) Phenotypical and molecular responses of
Arabidopsis thaliana roots as a result of inoculation with the auxin-producing bacterium

Azospirillum brasilense. New Phytol 201: 850-861.

Stefan M, Munteanu N, Stoleru V (2013) Seed inoculation with plant growth promoting
rhizobacteria enhances photosynthesis and yield of runner bean (Phaseolus coccineus L.).

Sci Hortic 151; 22-29.

Su WH, Wu YY, Wen XY et al (2016) Different mechanism of photosynthetic response to

drought stress in tomato and violet orychophragmus. Photosynthetica 54: 226-233.

Supranova T, Krugman T, Fahima T et al (2004) Differential expression of dehydrin genes
in wild barley, Hordeum spontaneum, associated with resistance to water deficit. Plant Cell

Environ 27: 1297-1308.

Theocharis A, Bordiec S, Fernandez O et al. (2012) Burkholderia phytofirmans PsJN
primes Vitis vinifera L. and confers a better tolerance to low nonfreezing temperatures. Mol

Plant Interact 25: 241-249.

Thomashow LS, Weller DM, Bonsall RF et al (1990) Production of the antibiotic
phenazine-1-carboxylic acid by fluorescent Pseudomonas species in the rhizosphere of

wheat. Appl Environ Microbiol 56: 908-912.

Tilak KVBR, Ranganayaki N, Pal KK et al (2005) Diversity of plant growth and soil health

supporting bacteria. Curr Sci 89: 136-150.
37



904

905

906

907

908

909

910

911

912

913

914

915

916

917

918

919

920

921

922

923

924

925

926

927

928

929

Tilmann D, Cassman KG, Matson PA et al (2002) Agricultural sustainability and intensive

production practices. Nature 418: 671-677.

Timmusk S, Nicander B, Granhall U et al (1999) Cytokinin production by Paenibacillus

polymyxa. Soil Biol Biochem 31: 1847-1852.

Timmusk S, Abd El-Daim 1A, Copolovici L et al (2014) Drought-Tolerance of Wheat
Improved by Rhizosphere Bacteria from Harsh Environments: Enhanced Biomass
Production and Reduced Emissions of Stress Volatiles. PLoS ONE.

doi.org/10.1371/journal.pone.0096086.

Tsavkelova EA, Klimova SY, Cherdyntseva TA et al (2006) Microbial producers of plant

growth stimulators and their practical use: a review. Appl Biochem Microbiol 42: 117-126.

Van Loon LC (2007) Plant responses to plant growth-promoting rhizobacteria. Eur J Plant

Pathol 119: 243-254.

van Hulten M, Pelsen M, van Loon LC et al. (2006) Costs and benefits of priming for

defences in Arabidopsis. PNAS \03: 5602-5607.

Velikova V, Yordano I, Edreva A (2000) Oxidative stress and some antioxidant systems in

acid rain-treated bean plants protective role of exogenous polyamines. Plant Sci 15: 59-66.

Von Caemmerer S, Farquhar GD (1981) Some relationships between the biochemistry of

photosynthesis and the gas exchange of leaves. Planta 153: 376-387.
38



930

931

932

933

934

935

936

937

938

939

940

941

942

943

944

945

946

947

948

949

950

951

952

953

954

Vranova E, Coman D, Gruissen W (2013) Network analysis of the MVA and MEP

pathways for isoprenoids synthesis. Annu Rev Plant Biol 64: 665-700.

Vurukonda SSKP, Vardharajula S, Shrivastava M et al (2016) Enhancement of drought
stress tolerance in crops by plant growth promoting rhizobacteria. Microbiol Res 184: 13-

24.

Weller DM (2007) Pseudomonas Biocontrol Agents of Soilborne Pathogens: Looking Back

Over 30 Years. Phytophatology 97: 250-256.

Wood DW, Gong F, Daykin MM et al (1997) N-acyl-homoserine lactone-mediated
regulation of phenazine gene expression by Pseudomonas aureofaciens 30-84 in the

wheat rhizosphere. J Bacteriol 179: 7663-7670.

Xu Z, Zhou G, Shimizu H (2010) Plant responses to drought and rewatering. Plant Signal

Behav 5, 649-654.

Yang J, Kloepper JW, Ryu CM (2009) Rhizosphere bacteria help plants tolerate abiotic

stress. Trends Plant Sci 14: 1-4.

Ximénez-Embun MG, Ortego F, Castafiera P (2015) Drought-stressed tomato plants

trigger bottom-up effects on the invasive Tetranychus evansi. PLoS ONE 11(1) e0145275.

doi:10.1371/journal.pone.0145275.

39



955 Zhang H, Xie X, Kim M et al (2008) Soil bacteria augment Arabidopsis photosynthesis by

956 decreasing glucose sensing and abscisic acid levels in planta. Plant J 56: 264-273.

40



957

41



Table

Soil water  Leaf Relative  Dry weight Partitioning n° Length n° leaves /
content Water (gr/plant) above/below internodes internodes plant
(SWCQC) Content ground dry (cm)
mém3 (RWC) % weight (%)
CTRL 0.488 82.4+43° 1.71+0.08° 74.3/25.7 10.2+0.4° 43.4+1.6° 87.0+1.3°
+0.011°
B 0.511 87.4+32° 1.81+0.06° 75.1/24.9 10.620.4° 52.242.3°  97.1+1.1¢
+0.011°
WS 0.231 63.2+5.7% 0.87 +0.09° 75.1/24.9 8.5+0.3% 32.3+1.8% 61.3+2.3%
+0.058°
WS + B 0.188 65.9+25* 1.04+0.11* 73.2/26.8 9.60.2° 451+1.2°  73.9+2.4°
+0.005%

Table 1 — Soil water content and plant biometric data in non-inoculated and PGPB-inoculated tomato plants before (CTRL and B) and
after (WS, WS+B) the application of water stress. Values are means + standard errors; lower case letters indicate significant

differences between treatments (n=10; P < 0.05).




Fv/Fm

A/Ci fitting curve

f(x) = yo + ax/(b + Xx)

Asat

CTRL 0.763+0.020°

B 0.764+0.020°

WS 0.791+0.020°

WS + B 0.783+0.040°

Table 2 — Maximum quantum vyield of chlorophyll fluorescence in dark adapted leaves
(Fv/iFm), A/Ci fitting parameters and CO,-saturated photosynthetic rate (Asa) in non-
inoculated and PGPB-inoculated tomato plants before (CTRL and B) and after (WS,
WS+B) the application of water stress. Values are means + standard errors; lower case

Yo = -11.01+1.282
a = 27.65+1.01%
b =123.73+17.67%

Yo = -12.02+1.762
a = 29.38+1.40%
b =115.77+20.31%

Yo =-10.61+1.43%
a=26.94+1.10°
b =135.12+22.70%

Yo = -11.81+1.192
a = 29.52+0.92%
b = 127.02+15.512

14.22+0.21%

14.08+0.99%

13.07+1.03%

14.08+0.85?%

letters indicate significant differences between treatments (n=4; P < 0.05;).



ABA / IAA
CTRL 1.60 + 0.18?
B 2.30 + 0.30°
WS 2.10 + 0.16°
WS + B 3.30 £ 0.15"

Table 3 - Ratio between means values of ABA and IAA contents (pmol gFW™) measured
in well-watered non-inoculated (CTRL) and PGPB-inoculated (B), in water-stressed non-
inoculated (WS) and PGPB-inoculated (WS+B) tomato plants. Values are means +
standard errors; lower case letters indicate significant differences between treatments
(n=3; P < 0.05).



Supporting information

Table S1 - List of the oligonucleotides used for RT-qPCR analyses.

Name Primer sequence (5'-3’) Target Gene Reference
LeEF_F CTCCATTGGGTCGTTTTGCT Elongation Factor Digilio et al. 2010
LeEF R GGTCACCTTGGCACCAGTTG (EF)

LeUbi_F CTTGTTGGGGTAATCCTCAG Ubiquitin Weiss_ and Egea-
Cortines 2009

LeUBI_R ACGAGAGAACACAAAGCACA (UBI)
LeGCS_F TTGGTGAAGCCTTAACTCAGCC Germacrene C synthase Corrado et al. 2007
LeGCS_R GCAAATGGTGGTGTGCATCAT (GCs)
LeLoxC_F TTGCCTATGGTGCTGAATGGA Lipoxygenase C Corrado et al. 2007
LeLoxC_R TTGCCTATGGTGCTGAATGGA (LOXC)
LeLoxD_F TTCATGGCCGTGGTTGACA Lipoxygenase D Corrado et al. 2007
LeLoxD_R AACAATCTCTGCATCTCCGG (LOXD)
LeHPL_F CCAATCGCGGATCGATTAGAC Fatty acid hydroperoxide Corrado et al. 2007
LeHPL_R GGCACGTTCGTTCTGAAAACC ase

(HPL)
LeACO4_F TTCGCGCTCACACGGATGCT 1-Amynocyclopropane-1- Porcel et al. 2004

carboxylic acid oxidase

LeACO4_R CACCTCTAGCTGATCGCCGAGG

(ACO4)
LePAL5_F AATGGGTGCTAATGGCGAACT Phenylalanine ammonia- This work
LePAL5 R CTGCAGGGGTCATCAGCATAG ase

(PALS5)
LePHS1_F AAGGAAATCTTGGAAATGAATAGAA Terpene synthase Schilmiller et al. 2009
LePHS1_R ATAGAAGGAAAGAACAAAAGTCATAA (TPS20/PHS1)
LeTPS12_F CCCAATGGTTAAACAATGATAATC Terpene synthase Falara et al. 2011
LeTPS12_R ATCATATAGCCAGCACTTACCATC (TPS12)
LeMTS1_F TTTGGGGACATCTTCGGATGAA Terpene synthase van Schie et al. 2007
LeMTS1_R CTACTCGAGTTACTTGAGAGCGAATGCAAC (TPS5/MTS1)
LeTasl4_F CAATACGGCAATCAAGACCAAA Dehydrin TAS14 Chitarra et al. 2016
LeTas1l4_R TGTTTCTTGGACATGGTTTCCA (Solyc02g084850.2.1)
LeNCED1_F | ACCCACGAGTCCAGATTTC 9-cis-epoxycarotenoid Lopez-Raez et al.
LeNCED1_R | GGTTCAAAAAGAGGGTTAGC (NCED1) 2010




Table S2 — Percentages of single protonated ions related to VOC (or VOC fragments) out

of the total sum of protonated ions measured 24 h and 48 h after flask incubation of P.

chlororaphis subsp. aureofaciens M71 strain (x percentage uncertainty).

Time
After 24 hours After 48 hours
m/z
(likely compound)
28 6.7 (+ 18.6) 24 (1.9
(HCN)
33 0.2(x24) 0.5 (¢ 15.2)
(methanol)
43 0.2 (+27.3) 1.0 (£ 31.5)
(protonated fragments  i.e.
acetic acid)
47 0.3 (+ 30.5) 0.3 (+ 33.6)
(formic acid/ethanol)
49 82.7 (+ 22.7) 77.8 (£ 29.3)
(methanethiol)
51 3.8 (x23.1) 3.7 (£ 31.3)
(???)
57 1.1 (x29.7)
(1-butanol fragment, 2-
Methylpropan-2-ol fragment)
59 1.1(+x36.4)
(Acetone)
71 0.2 (+ 41.0)
(butanoic acid, isoamyl alchol
fragment)
74 2.3(x48.4) 0.6 (+0.4)
(??7?)
79 0.4 (+ 50.5)
(???)
83 0.5(x31.2)
(hexenals)
91 1.0 (+ 40.5) 1.5 (+ 36.9)
(diethylsulfide, thioacetic acid
methyl ester, 2,3 butanediol)
93 0.1 (x53.5)
(toluene)
95 0.4 (£ 39.5) 5.4 (£ 49.4)
(dimethyl disulfide)
97 0.5 (£ 52.3)
(2,4 — hexadienal, furfural)
Other minor VOCs-H+ 23(0.7) 2.7(x0.8)
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Captions to figures

Figure 1 — Photosynthesis (A, panel a), stomatal conductance (gs, b), intercellular CO,
concentration (Ci, ¢) and water use efficiency (WUE, d) of well-watered non-inoculated
(CTRL) and PGPB-inoculated (B) and of water-stressed non-inoculated (WS) and PGPB-
inoculated (WS+B) tomato plants. Means + standard errors are shown, and lower case
letters indicate significant differences between means (n=19 in well-watered and n=9

under water stress conditions; P < 0.05).

Figure 2 - Photosynthesis response to increasing intercellular CO, concentrations in non-
inoculated (black circles) and PGPB-inoculated (white circles) tomato plants. Best -fit
curves are shown by solid lines for non-inoculated and by dashed lines for PGPB-
inoculated well-watered (a), and water-stressed leaves (b). Means + standard errors (n=4)

are shown.

Figure 3 - IAA (a) and ABA (b) contents in well-watered non-inoculated (CTRL) and
PGPB-inoculated (B), and in water-stressed non-inoculated (WS) and PGPB-inoculated
(WS+B) tomato plants. In panel (c) the change of expression of the ABA biosynthetic gene
LeNCEDL1 is reported in the four treatments as shown above. Means + standard errors are
shown, and lower case letters indicate significant differences between means (n=3; P <
0.05).

Figure 4 - Expression of genes involved in monoterpene LeMTS1 (a), LeTPS12 (b),
LePHS1 (c), and sesquiterpenes synthase LeGCS (d), in well-watered non-inoculated
(CTRL) and PGPB-inoculated (B), and in water-stressed non-inoculated (WS) and PGPB-
inoculated (WS+B) tomato plants. Means + standard errors are shown and lower case
letters indicate significant differences between means (n=3; P < 0.05).

Figure 5 - Expression of stress-dependent genes LeLOXC (a), LeLOXD (b), LePALS5 (c),
LeHPL (d), LeACO4 (e) and LeTAS14 (f) in leaves of well-watered non-inoculated (CTRL)
and PGPB-inoculated (B), and in water-stressed non-inoculated (WS) and PGPB-
inoculated (WS+B) tomato plants. Means + standard errors are shown and lower case
letters indicate significant differences between means (n=3; P < 0.05).


http://ees.elsevier.com/jplph/download.aspx?id=270128&guid=9feb5809-94ec-4c05-a96e-cee3a4a0f822&scheme=1

Figure 6 — Activity of SOD (superoxide dismutase) (a), and CAT (catalase) (b), and
concentration of proline (c), H,O, (d) and MDA (e) in well-watered non-inoculated (CTRL)
and PGPB-inoculated (B), and in water-stressed non-inoculated (WS) and PGPB-
inoculated (WS+B) tomato plants. Means + standard errors are shown and lower case

letters indicate significant differences between means (n=3; P < 0.05).
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