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Changes of enzyme activities related to oxidative stress
in rice plants inoculated with random mutants
of a Pseudomonas fluorescens strain able to improve
plant fitness upon biotic and abiotic conditions
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Abstract. The Pseudomonas fluorescens strain used in this work (Aur 6) has demonstrated its ability to improve
fitness of different plant species upon biotic and abiotic stress conditions. Random mutants of this strain were
constructed with the Tn5 transposon technology, and biological tests to evaluate loss of salt protection were conducted
with all the mutants (104 mutants) on rice seedlings. Mutant 33 showed an evident reduction in its ability to protect

5 plants upon salt stress challenge, whereas mutant 19 was more effective than the wild type. Enzymes related with
oxidative stress were studied in both mutants and wild type. Enzyme activities were decreased with mutant 33 with
regard to wild type, whereas mutant 19 did not produce important changes suggesting involvement of redox balance
associated to the observed modifications in these antioxidant enzymes as one of the probable mechanisms used by these
strains. Data of malondialdehyde (MDA) were consistent with this fact. Mutants also affected accumulation of proline,

10 the most common osmolyte in plants. A second experiment to evaluate the ability of both mutants and wild type to
stimulate growth on tomato plants was conducted, as this feature was previously demonstrated by wild type. Similar
results were obtained in growth of both species, suggesting that mutations of both mutants are related with the
capacities of the wild type to stimulate growth. To reveal mutated genes, both mutants were mapped. Three mutated
genes were found in mutant 33. A gene related with a general secretion pathway protein D, a gene related with a

15 putative two-component system sensor kinase (ColS), and a gene related with flagellar motor switch protein (FliG).
In mutant 19, two mutated genes were found. One gene related with heavy metal efflux pump Czca family, and other
gene of 16s rRNA.
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Introduction

Due to their sessile nature, plants are continually exposed to
stress situations – both biotic and abiotic. As a consequence, the
survival of plants depends on their ability to rapidly adjust their

5 physiology, development and growth to escape or mitigate the
impacts of stress. All plants are able to perceive and respond to
stress signals such as drought, heat, salinity, herbivory, and
pathogens (Hirt 2009; de Zelicourt et al. 2013). Some responses
are common to various stresses, including production of certain

10 proteins and adjustment of primary metabolism (de Zelicourt
et al. 2013).

Soil salinity is one of the major abiotic stresses. Salt stress
affects plant growth and productivity altering their physiology

mainly reducing nutrient uptake (Singh et al. 2011). Salt stress
is also linked to an oxidative stress as a consequence of the
generation of reactive oxygen species (ROS), such as superoxide
ion, hydrogen peroxide and hydroxyl radicals, which are

5detrimental to plant survival. Salt-stressed plants display a
complex enzyme oxidative defence strategy involved in
scavenging of these ROS in response to oxidative stress
(Kohler et al. 2009).

Plants interact during their growth with microorganisms that
10live in the soil, some of them beneficial micro-organisms called

‘plant growth promoting rhizobacteria’ (PGPR) (Lugtenberg
and Kamilova 2009) or ‘plant health promoting rhizobacteria’
(PHPR) (Hayat et al. 2010). These terms include bacteria able
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to enhance plant growth, either by indirect mechanisms
such as improving plant nutrition solubilising and mineralising
nutrients (de Freitas et al. 1997; Richardson et al. 2009; Friesen
et al. 2011), or by direct mechanisms such as producing

5 plant growth regulators (Gutiérrez Mañero et al. 2001; Lucas
García et al. 2003; Lucas García et al. 2004b), producing the
enzyme 1-aminocyclopropane-1-carboxylate (ACC) deaminase
to reduce the level of ethylene in the root, increasing root length
and growth (Penrose and Glick 2003), preventing successful

10 invasion of pathogenic microorganisms triggering plant’s
defensive metabolism (Cattelan et al. 1999; Pal et al. 2001;
Ramos-Solano et al. 2010b; Zhang et al. 2004), or enhancing
resistance to drought (Alvarez et al. 1996), salinity, waterlogging
(Saleem et al. 2007) and oxidative stress (Štajner et al. 1995,

15 1997), among others. PGPR belong to several different bacterial
genera, including Rhizobium, Bacillus, Pseudomonas and
Burkholderia among others.

Some PGPR can trigger the plant’s defensive metabolism
systemically, a phenomenon called induced systemic resistance

20 (ISR) (van Loon et al. 1998). This systemic induction of the
plant defences keeps it on alert for any situation of stress. This
physiological status of the plant has been termed ‘priming’
(Conrath 2011). Frequently, this status produces redirection of
carbon sources to defensive metabolism which may compromise

25 plant growth (van Hulten et al. 2006). Primed plants show
faster and/or stronger activation of defence responses when
subsequently challenged by microbes, insects, or abiotic stress
(as salt stress), and this is frequently linked to development of
local and systemic immunity and stress tolerance (Conrath et al.

30 2006). The ISR is a plant-mediated mechanism associated to
priming, and it is widely accepted that transduction signals
generated in response to different stress situations are common.

The strain used in this work (Pseudomonas fluorescens
denoted as Aur 6) has demonstrated capacity to induce changes

35 in the physiological status of different plants, being able to
increase growth and provoke priming, improving resistance
against biotic and abiotic stress in rice and tomato among other
plant species (see ‘Materials and methods’). The objective of
this work was to unravel the mechanisms involved in protection

40 against salt stress and to stimulate plant growth in the chosen
strain.Toachieve this objective, randommutantswereconstructed,
and biological tests to determine the loss of capacity to protect
against salt stress challenge were carried out with all mutants in
rice. To try to determine the mechanisms involved, activities of

45 enzymes related with oxidative stress, oxidative stress level and
proline accumulation were studied under the influence of the two
mutants affected; these were also assayed in tomato to evaluate
effects on growth. Subsequently, themutated genesweremapped
to attempt to relate thesegeneswith the lossof themutant ability to

50 alter the physiological status of the plant against stress.

Materials and methods
Strain used

The strain used was Aur 6. This strain was isolated from
the rhizosphere of Lupinus hispanicus (Gutiérrez Mañero et al.

55 2003). It was identified by 16sDNA sequencing asPseudomonas
fluorescens (GenBank accession number HM486749) and was
deposited in the Spanish Culture Type Bank (CECT 5398). Aur 6

is able to produce auxin-like compounds (1.48mg mL–1 IAA-
like), is also able to solubilise phosphate and degrade
1-aminocyclo- propane-1 carboxylic acid (ACC) (Gutiérrez
Mañero et al. 2003). It has shown a growth promoting effect

5on Lupinus sp. (Lucas García et al. 2003), tomato and pepper
(Cezón et al. 2003), pine and holm-oak tree (Lucas García et al.
2004) and has shown ability to induce systemic resistance against
Pseudomonas syringae DC3000 in Arabidopsis thaliana (L.)
Heynh. (Ramos Solano et al. 2008), and against salt stress

10(Barriuso et al. 2008). In addition, it has also demonstrated
biocontrol ability against Xanthomonas campestris in tomato,
alone and in combination with other bacterial strains (Domenech
et al. 2006), and in rice against Pyricularia oryzae (Lucas et al.
2009). This strain is sensitive to kanamycin and resistant to

15nitrofurantoin.

Bacterial strains, plasmid, transposon and mutagenesis

Aur 6 strain described above was used as recipient. Escherichia
coli S17–1 pir carrying pUTmini-Tn5 Km2 transposon
(Biomedal) was used as conjugal transposon donors. E. coli

20S17–1 pir was grown in LB medium and incubated overnight
at 32�C. Aur 6 was cultured in nutrient broth overnight at
28�C. Cultures were incubated in an orbital shaker at 300 rpm
24 h. Both donor and recipient cultures were centrifuged at
9000g for 5min and then washed twice with magnesium sulfate

2510mM. The pellets were suspended in 100mL of magnesium
sulfate 10mM, and mixed at a ratio of 1 : 1. Drops of 20mL were
placed on Petri dishes containing Nutritive agar and were
incubated overnight at 30�C. After incubation, the colonies
from each drop were transferred to a microfuge tube with

30200mL magnesium sulfate 10mM and were suspended by
vortexing. The appropriate dilutions were made and inoculated
onto nutritive agar containing kanamycin (50mgmL–1) and
nitrofurantoin (50mgmL–1). After 2 days, 104 mutants were
picked onto new plates of the same composition. Mutants were

35kept in nutrient broth amendedwith 15%glycerol tubes at�80�C
for further studies.

Inoculum preparation
To produce the inoculum, each mutant and the wild type were
grown in 100mL nutritive broth (DIFCO) in a 250mL

40Erlenmeyer flask on a shaker (125 rpm) at 28�C for 24 h. The
culture was centrifuged (350g for 10min), washed with sterile
water and pellets were suspended in sterile MgSO4 10mM to
achieve 108 colony forming units (cfu) mL–1. The enumeration
and calculations were conducted following the ‘drop method’

45(Hoben and Somasegran 1982).

Screening bioassay on rice: plant growth and protection
against salt stress

To verify the loss of the capacity to protect plants against salt
stress of the different mutants with regard to wild type and

50effects on growth, biological assays were done. These assays
were done in 24 well trays, using six wells per treatment.
Treatments were the 104 mutants plus four comparative
treatments (Table 1): plants non-inoculated and not stressed
with salt (control: C) plants non-inoculated and stressed with

55salt (control-salt: CS), plants inoculated with wild type and not

B Functional Plant Biology J. A. Lucas et al.
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stressed (wild type-control: WTC), plants inoculated with wild
type and stressed with salt (wild type-salt: WTS). In total 648
wells (27 trays) were used in the experiment.

Wells were filled with 50mL of agar-agar (0.6%) containing
5 Hoagland plant nutrient solution (Sigma) in the concentration

designed by manufacturer (0.16%). Seeds ofOryza sativa L. var.
Thaibonnet were surface sterilised with ethanol 70% during
2min. Afterwards, seeds were shaken in a 5% hypoclorite
solution containing Tween 20 at 0.6% for 20min. Seeds

10 were pre-germinated in agar-agar plates (1.2%). Three days
after germination, two seedlings were sown in each well.
Trays were maintained in a culture chamber Sanyo MLR350H
with a light-dark cycle of 15–19 h, temperature of 33�28�C.

Inoculum was prepared as described above. Each mutant
15 was inoculated in six wells (replicates). Seedlings were grown

as described above for 4 days. Strains were inoculated on the
agar of each well in a volume to reach 108 cfu mL–1 of substrate.
Four days after inoculation, a non-destructive measurement of
shoot length (mm) from the substrate to the tip of the plant

20 was taken (L0). After that, salt stress challenge was delivered
watering all salt treatments (plants inoculated with each mutant
and the comparative treatmentsWTSandCS)with a concentrated
NaCl solution to reach 60mM in the substrate. One week after,
shoot length was measured again (L1). Also, in this time FW

25 (mg) was measured in all plants of each treatment, and the
number of curled and discoloured leaves were counted.

First, the difference in length (L1-L0) between the wild
type-control (WTC) and the non-inoculated control (C) was
calculated to check bacterial ability as PGPR. Then, each

30 mutant was compared with the WTS, calculating the relative
change in length induced by the mutant, being the WTS 100%;
data is expressed as a percentage (Table 2). Next, the ability of
the wild-type strain to protect against salt stress was checked
by comparing the number of curled and discoloured leaves in

35 the salt stressed control (CS) to WTS, and then, effects of
each mutant was compared with WTS and expressed as an
increment (+) or a decrease (–). Statistical significance of data
was calculated as described below. These experiments were
conducted twice with similar results.

40 Bioassay with mutants on rice

A new experiment was conducted on rice to determine the
mechanism of action involved in growth and protection against
salt stress. The experimental set up was the one described for
the screening bioassay on rice. Treatments were mutant 33

45 (which lost the greatest protection capacity with regard to
wild-type strain) with salt, plants inoculated with mutant 19
(which exhibited an improved protection capacity with regard
towild type strain) with salt, and the four comparative treatments:

plants non-inoculated andnot stressedwith salt (control:C) plants
non-inoculated and stressed with salt (control-salt: CS), plants
inoculated with wild type and not stressed (wild type-control:
WTC), plants inoculated with wild type and stressed with salt

5(wild type-salt: WTS.
Plants from each replicate were harvested and pooled and

powdered in liquid nitrogen, and the powder obtained was used
for all analyses: enzyme activities related to oxidative stress,
malondialdehyde (MDA) determination and proline determination.

10Enzyme activities related to oxidative stress
Soluble proteins were extracted by resuspending 5–10mg of
powder in 1mL of potassium phosphate buffer 0.1M pH 7
containing 2mM PMSF. Samples were sonicated 10min and
then centrifuged for 10min at 21 000g. The supernatant was

15divided into aliquots, frozen in liquid nitrogen and stored
at �80�C for further analysis. All above operations were
conducted at 0�4�C.

To measure the amount of total protein from plant extract,
250mL of Bradford reagent and 50mL of sample and BSA

20dilutions were inoculated in ELISA 96 well plates and incubated
for 5–45min at room temperature and measured using a plate
reader at absorbance of 595 nm. A calibration curve was
constructed from commercial BSA dilutions expressed in
milligrams. The units of protein were expressed as mg mL–1.

25Enzyme activities related to oxidative stress in plant extracts
weremeasuredwith an spectrophotometer: superoxide dismutase
(SOD, EC 1.15.1.1), catalase (CAT, EC 1.11.1.6), ascorbate
peroxidase (APX, EC 1.11.1.11), guaiacol peroxidase (GPX,
EC 1.11.1.7), monodehydroascorbate reductase (MDHAR; EC

301.6.5.4), dehydroascorbate reductase (DHAR; EC 1.8.5.1) and
glutathione reductase (GR,EC1.6.4.2). Except for SOD,units are
expressed as mmol mg protein–1 min–1.

SOD activity was determined following the specifications
of the SOD activity detection kit (SOD Assay Kit-WST,

35Sigma-Aldrich). With this method, the rate of the reduction
with O2 is linearly related to the xanthine oxidase (XO)
activity, and inhibited by SOD. Inhibition activity of SOD can
be determined by colourimetric method. The unit used for this
activity was: % inhibition mg protein–1.

40CAT was measured by the method by García-Limones et al.
(2002). The reaction mixture consisted of 50mM potassium
phosphate buffer, pH 7.0, 20mM H2O2 and 120mL of enzyme
extract in a final volume of 1.2mL. The reaction was started
by adding H2O2 and the decrease in A240 produced by H2O2

45breakdown was recorded. Extinction coefficient of 36mM�1

cm�1 was used to calculate activity.
APX was measured by the method by García-Limones et al.

(2002). The reaction mixture consisted of 50mM potassium
phosphate buffer, pH 7.0, 0.25mM sodium ascorbate, 5mM

50H2O2 and 100mL of enzyme extract in a final volume of
1.2mL. Adding H2O2 started the reaction and the oxidation of
ascorbate was determined by the decrease in A290. Extinction
coefficient of 2.8mM�1 cm�1 was used to calculate activity.

GPX was measured by the method by García-Limones et al.
55(2002). The reaction mixture consisted of 100mM potassium

phosphate buffer, pH 6.5, 15mM guaiacol, 0.05% (v/v) H2O2

and 120mL enzyme extract in a final volume of 1.2mL. Adding

Table 1. Abbreviations for comparative treatments used to compare
the effects of the mutants

Comparative treatments Abbreviation

Plants non-inoculated and non-stressed with salt C
Plants non-inoculated and stressed with salt CS
Plants inoculated with wild type Aur 6 WTC
Plants inoculated with wild type, Aur 6 and stressed with salt WTS

Oxidative stress in rice inoculated with PGPR Functional Plant Biology C
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H2O2 started the reaction and the oxidation of guaiacol was
determined by the increase in A470. Extinction coefficient of
26.6mM�1 cm�1 was used to calculate activity.

MDHAR activity was measured by the method by Xu et al.
5 (2008). The reaction mixture consisted of 50mM potassium

phosphate buffer (pH 7.6), 0.2mM NADH, 2.5mM AsA,
1 unit of ascorbate oxidase and 100mL enzyme extract in a
final volume of 1.2mL Adding enzyme extract started the
reaction and the reduction of monodehrydro ascorbate was

10 determined by the decrease in A340 Extinction coefficient of
6.22mM�1 cm�1 was used to calculate activity.

DHAR activity was measured as described by Xu et al.
(2008) at 265 nm. The reaction mixture consisted of potassium
phosphate buffer 50mM (pH 7.0), 2.5mM reduced glutathione,

15 0.2mM Dehydroascorbate, 0.1mM EDTA and 100mL enzyme
extract in a final volume of 1.2mL. Adding enzyme extract
started the reaction and the reduction of dehrydro ascorbate
was determined by the decrease in A265. Extinction coefficient
of 14mM�1 cm�1 was used to calculate activity.

20 GR was measured using the method by García-Limones
et al. (2002). The assay mixture consisted of 50mM potassium
phosphate buffer, pH 7.5, 3.5mM MgCl2, 0.15mM NADPH,
0.5mM oxidised glutathione and 180mL of enzyme extract in a
final volume of 1.2mL. Adding NADPH started the reaction

25 and oxidation of this compound was determined by the increase
in A340. Extinction coefficient of 6.2mM�1 cm�1 was used to
calculate activity.

In all assays the blank consisted of the components of the
reaction mixture except for the enzyme extract, which was

30 replaced by an equal volume of the assay buffer. In the case of
the GR assay, an additional blank without oxidised glutathione
was included in order to account for the presence in the extracts
of other enzyme activities able to oxidise NADPH.

Malondialdehyde (MDA) determination

35 The MDA content was determined using the method by Hu
et al. (2016) with modifications. Briefly, 0.25 g of powder was
mixed with 2mL of reaction solution containing 0.5% (v/v)
thiobarbituric acid (TBA) and 20% (v/v) trichloroacetic acid
(TCA). The mixture was heated at 95�C for 30min, then quickly

40 cooled down to room temperature, treated to eliminate air
bubbles, and centrifuged at 12 000g for 20min. Then, absorbance
of the supernatant was determined by a spectrophotometer at 532
and 600nm. The MDA content was calculated using the formula:
MDA (nmol g FW–1) = ((OD532 – OD600))/(e�FW), where e

45 the extinction coefficient (155mM–1 cm–1).

Proline determination

Proline determination was measured following the procedure
proposed by Carillo et al. (2008) with modifications. Plant
powder (0.25 g) was added to 1mL of 1% (w/v) solution of

50 ninhydrin in 60% (v/v) of acetic acid. After homogenisation
the mix was heated at 95�C for 20min. After cooling and
centrifuging, the formed chromogen was extracted with 3mL
of toluene. After separation of the two phases, the absorbance
was read at 520 nm. A calibration curve was constructed from

55 commercial proline dilutions to calculate the concentration in
plant tissue (mmol g FW–1).

Bioassay with mutants on tomato seedlings
In order to confirm whether these mutants had actually lost
(mutant 33) or improved (mutant 19) their capacity to promote
growth in other plants different to rice, a growth promotion

5experiment without any kind of stress was conducted in
tomato plants, as this effect had been previously determined
(Domenech et al. 2006) and because it is phylogenetically
very distant from rice. Five hundred tomato seeds (var.
Razymo) were pre-germinated and 200 homogeneous seedlings

10were transplanted to pots (300mL) filled with peat (Projar PS
Seed Pro 5050) and placed under controlled conditions (14 h/10 h
light/dark, 30�C/20�C). Plants were separated into four lots with
25 seedlings in each. Three lots were inoculated with the
corresponding strains (wild type Aur 6, mutant 33 and mutant

1519) delivered at 108 cfu mL–1, and the last one served as non-
inoculated control. Two weeks after inoculation length, DW of
shoot and roots were measured.

Mutant mapping by inverse PCR
To map the two selected mutants, mutant 33 and mutant 19, the

20protocol described byWashio et al. (2010)was followed. Briefly,
chromosomal DNA of each mutant was digested with PstI and
a subsequent self-ligation was performed by standard methods
(Sambrook and Rusell 2001). The self-ligated DNA was used
as template for inverse PCR in combination with two primers

25complementary to the internal sequence of mini-Tn5 (mTn5f 50-
AAGGTGATCCCGGTGGATGAC-30; mTn5r 50-CAATCGG
CTGCTCTGATGCCGC-30). PCR products were gel-purified
using the QIAquick Gel Extraction Kit as described in the
manufacturer’s protocol (Qiagen). Each PCR product was

30ligated into the pCR 4-TOPO vector (Invitrogen). Escherichia
coli strain DH5a (Invitrogen) was then transformed with the
ligation products. Four colonies per PCR product were randomly
picked and suspended in tubes containing 6mL LB and grown
for 24 h. Plasmid DNA extraction was performed with the

35QIAprep Spin Miniprep kit (Qiagen) and fragment inserts
were sequenced on an ABI PRISM 377 DNA Sequencer
(Applied Biosystems). Sequence editing was performed using
the software Clone Manager Professional Suite ver. 6.0.
Sequences were analysed by BLASTN 2.2.6 in the National

40Centre for Biotechnology Information (NCBI: http://www.
ncbi.nlm.nih.gov/, accessed 10 July 2017) database. This
process was done with forty clones of each mutant.

Statistical analysis

One-way ANOVA with replicates was used to check the
45statistical differences in length increases and in the number of

curled leaves induced by the mutants as compared with WTS.
A different analysis was conducted to compare WTC and C to
confirm that Aur 6 was acting as PGPR. When significant
differences appeared (P < 0.05) a Fisher test was used (Sokal

50and Rohlf 1980). Also one-way ANOVA was used to check
statistical differences in enzyme activities, MDA and proline
and in the bioassay on tomato.

Pearson correlation coefficient was used to check the
correlation between length and fresh weight.

55Principal component analysis (PCA) was conducted out
with CANOCO ver. 4.5 software (TerBraak and Šmilauer

Oxidative stress in rice inoculated with PGPR Functional Plant Biology E
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1998), with length percentage differences (data from Table 1),
FW, curled and discoloured leaves data.

Results

Once the 104 mutants were obtained, the bioassay to screen for
5 affected mutants in rice was carried out. In all experiments,

the ability to enhance growth by the wild type was confirmed
by comparing the WT to C for growth (83.46� 3.04 vs
62.12� 2.45 for length and 12.22� 0.45 vs 9.09� 0.36 for
FW), being differences significant. Also, the capacity of Aur 6

10 to protect against salt was checked by comparing WTS to
CS, resulting in significant differences for length (51.33�
1.85 vs 35.82� 1.), and for fresh weight (10.23� 0.32 vs
6.16� 0.09). The percentages of increase or decrease in
length of the plants inoculated with the mutants compared

15 with WTS are shown in Table 2. Asterisks indicate the
mutants that showed significant differences with respect to
WTS. Twenty-four out of the 104 mutants analysed presented
a significant lost in its protection capacity, with decreases in
plant length ranging between –5.74 and –20.10%. We noted

20 that five mutants improved the protection capacity of the wild
strain by 10.99 and 12.80%. Among them, mutant 19 was the

best, decreasing the number of curled and discoloured leaves
and increasing fresh weight (data not shown). In addition,
among the 24 mutants indicated above, four of them (32, 33,
34 and 40) worsened significantly the value obtained by the

5CS (plants non-inoculated and stressed with salt), indicating
that these mutants, besides losing their ability to protect, had
a negative effect on plants. Mutant 33 caused the greatest
decrease in seedling length, and induced the greatest withering
symptoms, therefore, lost the protection ability more markedly.

10No statistical differences between WTS and mutants fresh
weight appeared in any case. On the other hand, the correlation
analysis revealed a statistically significant positive correlation
between length and fresh weight (r= 0.96; P< 0.01).

Ordination provided by the principal component analysis
15(PCA) performed with data from Table 2 appears in Fig. 1.

Axis I and II absorbed 65.4% and 26.8% of the variance
respectively. Mutants 9, 10, 17, 18 and 19 grouped towards
the negative values of axis I, sharing the common feature of an
improved protection capacity compared with the wild type.

20Length variation (increase or decrease) and plant FW are the
variables that determine separation of these groups along axis I,
which accounts for the greatest variance absorption, and
therefore, is more relevant on this ordination. Mutants 31, 32,
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33, 34, 35 and 40 presented a significant loss in their protection
capacity and grouped together towards the positive values of axis
II. The two clusters mentioned above were marked on the
multivariate analysis. The number of curled and discoloured

5 leaves drove the separation along axis II, which is not as
relevant since this axis absorbs less variance. However, these
criteria were considered for mutant selection among those
included in the two groups, and mutants 19 and 33 were
selected for their ordination by the weight factors ‘curled’

10 leaves and ‘discoloured leaves’.
Based on the results presented above, mutant 33 showed the

most important loss in its protection capacity, and mutant 19 was
the one with the highest increase in its protection capacity.
Therefore, these mutants were selected for the rest of the

15 experiments.
In order to determine the mechanisms involved in rice

plant defence against salt stress used by the wild type and
the mutants, a second experiment on rice seedlings was carried
out and the enzyme activities related with scavenging of ROS

20 were determined. Mutant 33, which lost its ability to protect
plants rice upon salt stress, induced significant decreases in
all enzyme activities with respect to the wild type, except for
catalase and DHAR (Fig. 2). Mutant 19 did not induce
important changes in these enzyme activities with regard to

25 wild type, it just significantly decreased SOD and increased
DHAR (Fig. 2).

Malondialdehyde (MDA), used as marker of oxidative stress,
showed significantly higher values in plants inoculated with
mutant 33 with regard to plants inoculated with mutant 19 and

30 wild type, with very similar values of the control salt plants CS
(Fig. 3a). Proline, one of the main osmoprotectants during stress
salinity responses, showed significantly lower values in plants
inoculated with mutant 33 than those obtained in plants
inoculated with mutant 19 and wild type, with very similar

35 values to CS (Fig. 3b).
Bioassays were performed on tomato plants to verify the

effects of mutants 33 and 19. Data shown in Fig. 4, is length
(Fig. 4a),DWof roots (Fig. 4b),DWof the aerial part (Fig. 4c) and
total weight (Fig. 4d). In all cases mutant 33 presented

40 significantly lower values than the wild strain, and mutant 19
achieved significantly higher values, demonstrating that
mutations were related to their effects on plants.

To identify genes affected in eachmutant, 40 colonies (clones)
of each mutant were mapped. In all cases the pattern of bands

45 on the gel was the same indicating that the transposon insertion
was affecting genes indicated below. Some bands that did not
appear in all the colonies were also cloned, proving that did
not correspond to sequences of genes of the bacteria but to
unspecific PCR products.

50 Three mutated genes were identified in mutant 33. One of
them was a gene from a general secretion pathway, protein
D. Another was a gene from a putative two-component
system, a sensor kinase (ColS), that it is part of the two-
component regulatory system named ColR/ColS. The last one

55 was a gene from flagellar motor switch protein FliG, a protein
related with the flagelar rotor (Paul et al. 2011).

Two mutated genes were identified in mutant 19. One
corresponding with gene 16s rRNA and another from heavy
metal efflux pump, from the czca family. This protein is part

of a chemiosmotic antiporter involved in the efflux of cadmium
(Silver and Phung 2005).

Discussion

The ability of some rhizobacteria to improve plant fitnessmaking
5them more resilient in stressful situations has been known for a

long time (Gupta et al. 2015). The aimof this studywas to unravel
some of the mechanisms involved in the effect of bacteria on the
plant by comparing loss of effects in mutants. To achieve this
goal, random mutagenesis with transposon Tn5 was used on an

10effective PGPR, followed by subsequent screening of mutants
looking for those which had lost the ability to increase growth
and to protect against salt stress in rice. Other authors with
similar objectives have used these techniques successfully
(Llamas et al. 2000; Ito et al. 2010; Washio et al. 2010;

15Djavaheri et al. 2012; Maldonado-González et al. 2015). The
effectiveness of these mutants was tested also in tomato, as
the strain had previously demonstrated growth enhancement in
tomato; hence, if this ability was also lost, involvement of
mutated genes on biological effect would find greater support.

20Finally, genes involved inmutations were identified bymapping.
Salinity stress can provoke an excessive generation of

reactive oxygen species (ROS) (Tsai et al. 2004; Hong et al.
2009), producing lipids’ oxidation, damage in, for example,
proteins, DNA, and chlorophyll. Therefore, plant’s antioxidant

25systems are very important in this stress condition (Han and
Lee 2005; Kim et al. 2005) and induction of antioxidant enzyme
activities by PGPR has been related to an increased tolerance of
plants growing under salt stress conditions (Kohler et al. 2009).
In our work, mutant 33 significantly decreased activities of

30five out of seven enzymes studied with regard to wild-type-salt
treatment (WTS; Fig. 2) and this loss may be involved in the
loss of plant protection against salt stress. However, mutant 19
did not modify as many enzyme activities, causing only a
significant decrease in SOD and a significant increase in

35DHAR (Fig. 2). These data were consistent with values of
MDA (Fig. 3a) which is used as a marker of oxidative stress
(AbdElgawad et al. 2016); similar values are found in control
(C), and in treatments that protect plants, wild type with salt
(WTS), andmutant 19,which are significantly lower than those in

40stressed controls (CS) and mutant 33, which does not protect
plants. Probably, other non-antioxidative enzymes responses as
tocopherols or polyphenols synthesis are being stimulated (del
Río 2015), improving oxidative stress balance found in these
treatments, especially in plants inoculated with mutant 19.

45Furthermore, the improved protection induced by this mutant
could be related with a slight non-significant increase of auxin-
like compounds (1.48 vs 1.53mg mL–1) since the rest of putative
PGPR traits (phosphate solubilisation and ACC degradation)
were not affected in the mutants (data not shown).

50Proline content in plants upon salt stress is normally used as a
marker of resistance capacity of the plants (Bojórquez-Quintal
et al. 2014), because is the most common compatible osmolyte
in plants. Our results indicated that the ability of mutant 33 to
induce proline accumulation was impaired as compared with the

55wild type-salt treatment (WTS) and to mutant 19 (Fig. 3b). All
results discussed until now suggest that the mutations induced in
mutant 33 are relatedwith its loss of capacity to protect rice plants

Oxidative stress in rice inoculated with PGPR Functional Plant Biology G
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upon salt stress. Likewise, it appears that mutations induced in
mutant 19 do improve plant fitness.

In order to confirm that strain mutations were involved in
effects on plant and it was not limited to rice, mutants were

5 tested in tomato, since the strain had previously reported ability to
enhance tomato growth (Domenech et al. 2006). This experiment
confirmed that genes that were mutated by transposon insertion
should be involved in the PGPRmetabolic capabilities needed to
exert its beneficial effect, since results are consistentwith the ones

10 obtained in rice (Fig. 4).
In mutant 33, which had lost the ability to induce protection

threemutated geneswere identified.One of themwas a gene from
ageneral secretionpathway, proteinD. InGram-negative bacteria
the general secretion pathway is responsible for extracellular

15 secretion of a high number of different proteins and protein D is
involved in the second step of secretion, in the translocation
through the outer membrane (Sandkvist et al. 1999; Korotkov
et al. 2012) forming in the outer membrane a large oligomeric
ring of 12–18 subunits (Bitter et al. 1998). It seems that protein

20 D is the pore through which bacterial secreted proteins are
translocated (Kazmierczak et al. 1994; Linderoth et al. 1996).
PGPR elicitation capacity is due to metabolites released by
bacteria (De Vleesschauwer and Höfte 2009; Wiesel et al.
2014). Protein D is a member of the secretin family that

includes proteins required for type II, III and IV secretion
(Genin and Boucher 1994). The type II secretion system
appears to be typically associated with organisms that colonise
surfaces, and in most cases these organisms do not invade

5cells (Sandkvist 2001), as most of the PGPR.
Another of the genes mutated in the mutant 33 was identified

as a gene from a putative, sensor kinase (ColS). ColS it is
part of the two-component regulatory system named ColR/
ColS. This system is involved in different physiological

10processes as virulence, bacterial growth in plant, biofilm
formation, lipopolysaccharide (LPS) production, catalase
activity, and environmental stress resistance (Yan and Wang
2011). It is worth mentioning that lipopolysaccharides can
trigger physiological pathways related with plant innate

15immunity (Erbs and Newman 2012), some of which are also
related with plant resistance against abiotic stress situations.
Moreover, the involvement of ColS in competitive root tip
colonisation has been demonstrated (Dekkers et al. 1998) and
it has been suggested to be related to the slower uptake of root

20exudates components (De Weert et al. 2006). Therefore, having
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this system compromised by the mutation, the ability of the
PGPR to exert an effect on the plant, is limited since its ability
to colonise root and be competitive in this ecosystem is impaired
(Dutta and Podile 2010).

5 The last gene mutated, identified in mutant 33 was the
flagellar motor switch protein FliG. This protein together with
FliM and FliN form the flagellar motor switch complex, which
plays a central role in bacterial motility and chemotaxis (Kihara
et al. 2000; Paul et al. 2011). FliG is directly associated with the

10 motor switch ring (Francis et al. 1992), and it is the component
that interacts with the Mot proteins to develop torque (Irikura
et al. 1993; Lloyd et al. 1996). Therefore, it is clear that the
mutant 33 had its mobility greatly reduced, which undoubtedly
hinders its ability to colonise the root.

15 Mutant 19 not only didn’t lose its ability to protect plants,
but even overcame the effect of the wild strain. 16s rRNA was
one of the genes mutated identified in this mutant. This
mutation should not affect the physiological ability of the
strain to improve plant growth, since it has been shown that

20 the number of copies of this gene is high in most bacteria,
especially in Gammaproteobacteria, (V�etrovský and Baldrian
2013), as Aur 6 is. However, another mutated gene was
detected in this mutant: a heavy metal efflux pump from the
Czca family. The CzcA protein is a member of the resistance-

25 nodulation-cell division (RND) permease superfamily, and it is
part of the CzcCB2A complex, which is very important to
heavy metal resistance in many Gram-negative bacteria. This
complex works as an active cation efflux mechanism driven by
cation/proton antiport (Goldberg et al. 1999; Moraleda-Muñoz

30 et al. 2010). According to Silver and Phung (2005), Czca
proteins collect the cadmium cations of the periplasmic space,
which have been previously removed from the cytoplasm by
a P-type ATPase, and exchanged by protons. Somehow, the
malfunction of this permease enhances the ability of the strain

35 (Aur 6) to improve fitness of rice plants against abiotic stress,
and in tomato plants under normal conditions.

Conclusions

In the present work we have demonstrated the ability of
Pseudomonas fluorescens Aur 6 to protect rice plants against

40 salt stress situations, and its probable relationship with changes
in enzymatic mechanisms related to oxidative stress, while
improving the ability of the plant to accumulate compatible
osmolytes such as proline. We have identified several mutated
genes responsible for the loss of effectiveness of PGPR to

45 improve plant fitness upon abiotic stress challenge in rice and
tomato. They are genes involved in protein transport from the
cytoplasm, and associated with colonisation ability. Moreover,
and perhaps more surprisingly, we have identified a mutated gene
that increases the capacity of the PGPR to enhance thefitness of the

50 plantwith regard to thewild type under the stress conditions tested.
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