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Abstract: Climate change consequences for agriculture involve an increase of saline soils which
results in lower crop yields due to increased oxidative stress in plants. The present study reports the
use of Plant Growth Promoting Bacteria (PGPB) as a tool to modulate plant innate mechanisms of
adaptation to water stress (salinity and drought) in one year-old olive plantlets var. Arbosana and
Arbequina. Integration of external changes in plants involve changes in Reactive Oxygen Species
(ROS) that behave as signals to trigger plant adaptative mechanisms; however, they become toxic
in high concentrations. For this reason, plants are endowed with antioxidant systems to keep ROS
under control. So, the working hypothesis is that specific beneficial strains will induce a systemic
response able to modulate oxidative stress and improve plant adaptation to water stress. Ten
strains were assayed, evaluating changes in photosynthesis, pigments, ROS scavenging enzymes and
antioxidant molecules, osmolytes and malondialdehyde, as oxidative stress marker. Photosynthesis
and photosynthetic pigments were the most affected variables. Despite the specific response of each
variety, the favorite targets of PGPBs to improve plant fitness were photosynthetic pigments and the
antioxidant pools of glutathione and ascorbate. Our results show the potential of PGPBs to improve
plant fitness modulating oxidative stress.

Keywords: PGPB; adaptation; salinity; abiotic stress; photosynthesis; hydric stress; oxidative stress;
ROS scavenging; antioxidant; induced systemic tolerance (IST)

1. Introduction

The global increase of temperature and CO; seen in the last decades has dramatically
affected rainfall and therefore, water availability for crops. This limitation is not only
due to lower water input through rainfall but also to the increase in salt concentration
which has turned fertile soils into arid or saline soils, therefore limiting productive soils.
In 2050, 50%reduction in productivity is expected due to drought, reaching up to 90% in
2100. Consequently, an increase in food prices, a decrease of world agronomic status and
loss of world PIP around 0.3% is foreseen [1]. In view of this, the great challenge for the
upcoming decades is to increase agronomic yields under water limiting conditions to feed
the increasing world population.

Plants have survived to water stress due to salinity or lack of water along the years
thanks to a series of mechanisms that allow a healthy energetic flux. Among these mecha-
nisms are buffering ROS (reactive oxygen species) bursts with ROS-scavenging enzymes
and antioxidant molecules, activating signaling cascades for ROS dependent regulatory
genes, reversible regulation of proteins with disulfide bridges or phosphoproteins [2-6]. On
the other hand, upon stress, ROS are able to activate nuclear gene transcription [7] or trigger
systemic signals [8]. Therefore, as keeping ROS levels within a healthy concentration level
is key for plant survival, activity of ROS scavenging systems appear as good markers of
ROS homeostasis in cells.
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Among the innate mechanisms to regulate water homeostasis in plants are (i) to
increase internal solute concentration and (ii) to prevent water loss by transpiration. Os-
molytes (i.e., proline), epidermal ion carriers in roots as well as ion carriers through xylem,
phloem and leaf vacuoles are involved in the first approach, being all of them regulated
by activating gene transcription. On the other hand, prevention of water loss affects plant
hormonal balance, involving ethylene and abscisic acid levels which results in growth ar-
rest. Either approach involve changes in ROS [9] that need to be brought back to low levels
in order to be able to perform as second messengers in future stress events, controlling
plant development and adaptation [10,11]. The main mechanisms to control ROS levels are
antioxidant systems, both enzymatic and non-enzymatic. The enzymatic system consists
of superoxide dismutase (SOD) and of those enzymes in the ascorbate-glutathione cycle
(Ascorbate peroxidase (APX), Dehydroascorbate reductase (DHAR), Glutathione reduc-
tase (GR)) key to remove ROS and regulate H,O, levels [12]. These enzymes are further
supported by antioxidant molecules among which are ascorbate, glutathione, phenols and
flavonols [13].

Interestingly, a certain overlap in adaptation to biotic and abiotic stress mechanisms
has been described, sharing the ROS burst that triggers the systemic signal transduction
leading to adaptation [14-16]. Therefore, similarly to the improvement of plant protection to
biotic stress described for PGPB (Plant Growth Promoting Bacteria) and known as Induced
Systemic Resistance (ISR), abiotic stress protection may also be enhanced by PGPB in a
process known as Induced Systemic Tolerance (IST). Far from being alternative processes,
specific PGPB may trigger simultaneously several plant mechanisms that result in a better
adaptation [17]. Among many mechanisms by which PGPB increase IST are water and
nutrient exchange, osmolyte accumulation, photosynthesis optimization, regulation of
plant hormonal balance and stimulation of antioxidant mechanisms [18,19].

The aim of this study was to evaluate the ability of 10 putative PGPB to improve
one-year old Olea europaea plantlets adaptation to saline stress, in two varieties, Arbosana
(AS) and Arbequina (AQ), after 6 doses of PGPB along 6 months. To achieve our goal,
the following parameters were evaluated: (i) changes in photosynthesis as physiological
marker; (ii) changes in metabolic markers (photosynthetic pigments, proline, soluble sugars,
antioxidant molecules and enzymes); and (iii) malondialdehyde (MDA) as oxidative stress
marker, in order to identify the different adaptative mechanisms to salt stress induced
by PGPB.

2. Results

This study reports effects of 10 putative PGPB on one year old olive plantlets of
Arbosana (AS) and Arbequina (AQ), growing in high saline stress due to soil conditions
(6.7 ds m~!) and low rainfall, in a 6 month experiment open air in the Guadalquivir
Marshes (Spain).

Since the recorded data was abundant, a multivariate analysis was performed initially
in order to identify the most relevant factors in our experiment (variety, bacterial strain,
marker). Data from all parametres measured on the two varieties treated with the 10 PGPB
and controls were analyzed with a principal component analysis (PCA) and results are
presented in Figure 1, where axis I absorbs 95.3% of the varianze while axis II absorbs
2.5%. Ordination of samples in the PCA revealed that the genetic variety was the most
important factor, as AS samples group towards the positive values of axis I, separating
from AQ samples which group towards the negative values of axis I. The factors that
determine separation towards the positive values were osmolites (proline and soluble
sugars), two photosynthetic parametres (the effective PSII quantum yield, PSR, and the
maximal PSII quantum yield, Fv/Fm) and the gluthation pool, while non-enzymatic
antioxidants (phenols and flavonols) were responsible for ordination towards the negative
values of axis I. Separation along axis II was determined by ascorbic acid pull towards
the positive values and photosynthetic pigments (chlorophyll a, b and carotenes) to the
opposite end.
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Figure 1. Principal component analysis (PCA) performed with data from physiological, metabolic and
oxidative stress markers from AS and AQ inoculated with the 10 PGPB (G7, H47, K8, L.24, .36, L44,
L56, L62, L79, L81), and non-inoculated controls (CTL). Chl a, Chlorophyll a; Chl b, Chlorophyll b, a/b,
ratio Chla/Chlb; CAROTENO, Carotenoids; azucares, Soluble sugars; prolina, proline; FENOLES:
Phenols; FLAVONOL: flavonols; SOD, Superoxide Dismutase; APX, Ascorbate Peroxidase; GSH,
reduced Glutathione; GSSG, oxidized Glutathione; AsA, reduced Ascorbic; dAsA, oxidized ascorbic
acid; Fy, minimum fluorescence; Fv/Fm, maximal PSII quantum yield; Fv, maximal Fluorescence;
NPQ, non-photochemical quenching; PSR: the effective PSII quantum yield. Varianze absorbed by
each axis is represented on the figure.

In view of the differences of the two varieties, a comparation between them was
carried out (Table 1). In short, AS had a higher photosynthetic capacity, with higher
chlorophyll b content, higher SOD activity, higher antioxidant molecules content (ascorbate-
glutathione cycle) and more osmolytes (proline and soluble sugars) associated to a higher
oxidative stress based on MDA (malondialdehyde) values; interestingly, phenolics were in
lower concentrations.

Photosynthetic parameters of both varieties inoculated with the 10 strains and the non-
inoculated controls appear in Table 2. In AS, only Fy and NPQ are affected by inoculation;
only 4 strains increase Fy (L79, L62, G7, K8) and one (L44) decreases it, while NPQ was
increased by all strains. In AQ, all parameters are affected: Fy decreases under the influence
of 5 strains (L56, L.24, 144, K8, H47), up to 10%, while all strains increased Fv/Fm and
decreased photosynthetic quantum yield (PSR); finally, only G7 increased NPQ while all
other strains decreased it.

While chlorophyll a and b concentration was similar in both varieties, carotene concen-
tration was higher in AQ (Table 1). In AS, (Figure 2a) only K8 increases chlorophyll a level,
while all other strains decrease it, being significant only with L79; in AQ (Figure 2b) values
increase with L62 and G7, and decrease with L79 and 124, being significant with L79 only.
As regards to chlorophyll b (Figure 2c¢), strains L56, L24, L62 and L36 significantly decrease
values; in AQ (Figure 2d), L79 significantly decreases it, while L62, G7 and K8 increase
chlorophyll b content. Finally, carotenoids significantly increased (Figure 2e) with K8 in AS
while in AQ (Figure 2f) 5 the trend was to decrease them except for G7 which increased.
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Table 1. Physiological and metabolic characterization of AS and AQ and differences between

both expressed as % of variation (increase or decrease) of AS compared to AQ. Values are the

average + SE (n = 3). Fy, minimum fluorescence; Fv, Maximal Fluorescence; Fv/Fm, maximal PSII

quantum yield; NPQ, non-photochemical quenching; PSR: the effective PSII quantum yield; Chl
a, Chlorophyll a; Chl b, Chlorophyll b; Carotenes; SOD, Superoxide Dismutase; APX, Ascorbate
Peroxidase; GSSG, oxidized Glutathione; GSH, reduced Glutathione; AsA, reduced Ascorbic acid;
dAsA, oxidized Ascorbic acid; phenols; flavonols; proline; soluble sugars.

Parameters Control AS Control AQ % AS vs. AQ
Fo 157.67 + 8.76 216.78 4+ 16.84 —27%
Fv/Fm 0.85 £ 0.003 0.77 £ 0.05 10%
PSR 0.77 £ 0.02 0.74 £ 0.02 4%
NPQ 0.10 £ 0.03 0.24 £+ 0.02 —59%
Chla(ugg™ ) 125.54 £+ 19.67 137.02 £ 13.65 —8%
Chlb (ugg™) 60.25 £+ 5.39 52.29 +5.15 15%
Carotenes (ug g~ 1) 92.93 + 16.35 134.3 + 7.91 —19%
SOD (% inhibition g ! protein) 102.2 + 3.86 90.65 £+ 0.9 13%
APX (umol gfl protein) 0.03 £ 0.00 0.04 = 0.01 —17%
GSSG (mg g~ ! FW) 2.24 £+ 0.087 2.55 + 0.087 —12%
GSH (mg g~ FW) 6.82 £1.05 1.82 £ 0.26 275%
AsA (mg g~ ! FW) 61.56 £ 0.15 16.64 £+ 1.39 270%
dAsA (mg g~ FW) 92.08 + 3.82 33.38 +£0.82 176%
MDA 3.16 £ 048 2.06 £ 0.32 53%
Phenols (meq gallic acid per 100 g FW) 739.94 + 70.42 1031.81 £ 89.63 —28%
Flavonols (meq catechin per 100 g FW) 6.73 + 0.21 12.02 + 1.45 —44%
Proline (nmol gfl FW) 0.45 £ 0.02 0.39 = 0.02 15%
Soluble sugars (mg g~ ! FW) 4.93 + 0.60 4.62 +0.74 7%

Table 2. Photosynthetic parameters of plants from AS and AQ, inoculated with the 10 strains and

the non-inoculated controls. Minimum florescence (Fp). Maximum photosynthetic potential of PSII

(Fv/Fm). Photosynthetic quantum yield (PSR) and non-photochemical quenching (NPQ). Values are

the average + SE (n = 3). Asterisks indicate significant differences according to t-Student test p < 0.05.

ARBOSANA ARBEQUINA
Fo Fv/Fm PSR NPQ Fo Fv/Fm PSR NPQ
Control 157.67 £ 8.76 0.85 £ 0.003 0.77 £ 0.02 0.10 £ 0.03 216.78 - 16.84 0.77 £ 0.05 0.74 £ 0.02 0.24 £ 0.02
L79 195.22 +17.96 0.83 £0.01 0.77 £ 0.03 0.15 £ 0.02 211.33 £ 8.97 0.84 +£0.01 0.7 £ 0.02 0.23 4+ 0.02
L81 150.67 £+ 14.71 0.85 £ 0.01 0.8 +0.02 0.18 +0.03 213.67 + 8.24 0.82 £ 0.01 0.7 +0.02 0.18 £ 0.01
L56 163 £ 0.01 0.85 £ 0.01 082+0 0.61 £ 0.01 185 £ 7.62 0.84 £ 0.01 0.75 £ 0.02 0.15+0.01 *
L24 166.67 = 0.27 0.87 £ 0.01 0.78 £ 0.02 0.12 4+ 0.02 190.33 £+ 4.48 0.85+0.01 0.72 £+ 0.02 0.17 £ 0.01
Lé62 179.33 £ 5.46 0.85 £0.01 0.8 £0.01 0.1 £0.01 206.67 + 8.45 0.83 £0.01 0.72 £0.01 0.23 £ 0.03
L36 170.67 £ 8.02 0.84 +0.01 0.74 £+ 0.02 0.15 4+ 0.02 219 £ 8.26 0.8 £0.02 0.67 £ 0.03 0.22 +0.03
G7 174 +9.81 0.87 £0.01 0.78 = 0.02 0.13 £0.01 212.78 +13.39 0.82 £ 0.02 0.69 £ 0.02 0.25 £ 0.03
L44 133 £18.12 0.85 £ 0.01 0.77 £ 0.02 0.13 +0.03 160.67 £ 10.39 0.84 +0.02 0.82 £ 0.05 0.2+ 0.04
K8 179.67 + 11.47 0.85 £ 0.01 0.77 £ 0.01 0.15 £ 0.02 192.33 £9.82 0.82 £ 0.01 0.7 +0.04 0.21 £0.01
H47 148 £ 21.92 0.86 £ 0.01 0.8 +£0.01 0.16 + 0.05 195.75 £ 7.54 0.83 £0.01 0.75 £ 0.02 0.16 & 0.02
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Figure 2. Photosynthetic pigments (ug g_l FW) (a) chlorophyll a AS, (b) chlorophyll a AQ
(c) chlorophyll b AS, (d) chlorophyll b AQ, (e) carotenoids AS and (f) carotenoids AQ in leaves
of plants inoculated with the 10 strains and non-inoculated controls. Values are the average + SE
(n = 3). Asterisks (*) indicate significant differences with the controls according to T student (p < 0.05).
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Effects of PGPB on osmolytes (proline and soluble sugars) was evaluated. Proline was
not affected by any treatment in any of the two varieties (Figure S1) but soluble sugars did
(Figure 3). In AS (Figure 3a), L79, L62 and L36 increased, values being significant only with
L79, while L56 decreased them. In AQ, (Figure 3b) L62 significantly increased and H47
significantly decreased them.

SOLUBLE SUGARS AS 10 4 SOLUBLE SUGARS AQ

*
10 4

mg g FW
mg g FW

& ¥ ¢ B

(a) (b)

Figure 3. Soluble sugars (mg g*1 FW) in (a) var. AS and (b) var. AQ olive leaves. Values are the
average *+ SE (n = 3). Asterisks (*) indicate significant differences with the controls according to T
student (p < 0.05).

As far as modification of antioxidant enzymes activity by bacterial strains, in AS no
variation was detected in SOD (Figure 4), while in AQ it was significantly increased by 124,

L62, L36 and G7.
SOD AS SODAQ
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Figure 4. Superoxide dismutase activity (% inhibition mg~! protein) in olive leaves (a) var. AS and
(b) var. AQ, inoculated with the 10 PBPB and non-inoculated controls. Values are the average + SE
(n = 3). Asterisks (*) indicate significant differences with the controls according to t student (p < 0.05).

As regards to Ascorbate peroxidase activity (APX), in AS (Figure 5a) a significant
decrease with L24 and a significant increase with L44 were registered. In AQ, a non-
significant increase with L79 was registered.
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Figure 5. Ascorbate peroxidase activity (umol mg pro’cein_1 min~1) in (a) AS and (b) AQ leaves in
plants inoculated with the 10 PGPB and non-inoculated controls. Values are the average + SE (n = 3).
Asterisks (*) indicate significant differences with the controls according to t student (p < 0.05).

Antioxidants concentration was affected by inoculation of PGPBs in both varieties
(Figures 6-8), both in total amounts and in the oxidized /reduced ratio for AsA and glu-
tathione. For the ascorbate pool (AsA/dAsA) is 30% lower in AQ tan in AS (Table 1).
The trend in AS was to significantly reduce the total amount of ascorbate, reflected in
both species except for L62, that caused a significant increase in both (Figure 6a). In AQ
(Figure 6b), all strains except L62, induced a significant decrease in AsA, except K8 and L44
that also decreased dAsA.

AQ
AS
B 200
+ 150
=
— ~ 100
o0
u = B B B %b 50 — _
— - - _ - -
ar + + - —
4 ar
I B B B & B Oi-‘*-*—*-—*i—*—*i*i*i
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> \,@ \',’7@ & &v & Q\b{\ Oé& N A N % N v Y Y
S
HAsA © dAsA HAsA © dAsA
(a) (b)

Figure 6. Ascorbate concentration (mg g~! FW) in the oxidized (dAsA) and reduced (AsA) forms in
leaves of (a) AS and (b) AQ, in plants inoculated with the 10 PGPB and the non-inoculated controls.
Values are the average + SE (n = 3). Asterisks (*) or (+) indicate significant differences with the
controls according to f student (p < 0.05) for AsA, and dAsA, respectively.

Glutathione (Figure 7) is less abundant in AQ than AS, mainly due to the lower
concentration of reduced glutathione (GSH) in AQ (Table 1). In AS, the general trend was
to significantly increase glutathione, mainly in the oxidized pool, being especially effective
L62, G7 and L44; conversely, some strains (L79, L56, L24, L36, H47) significantly decreased
GSH. In AQ (Figure 7b), the glutathione pool is significantly increased by L79, L24, L36 and
K8, due to increases in GSH, except for L36 that increases both GSH and GSSG; however,
strains L81 and G7 modified the balance GSH/GSSG, significantly decreasing GSH.
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inoculated controls. Values are the average + SE (n = 3). Asterisks (*) and (+) indicate significant
differences with the controls according to ¢ student (p < 0.05) for GSSG and GSH, respectively.
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Figure 8. Flavonol concentration (meq catechin/100 g fresh weight) in (a) AS and (b) AQ leaves of
plants inoculated with the 10 PGPB and non-inoculated controls. Values are the average £ SE (n = 3).
Asterisks (*) indicate significant differences with the controls according to t student (p < 0.05).

As regards to the antioxidant molecules phenols and flavonols, phenols were not
affected by either treatment in AS or AQ (Figure S2) but flavonols did (Figure 8). Flavonols
were almost two-fold higher in AQ than AS (Table 1). While in AS only two strains
(L79, L56) triggered flavonoid metabolism, significantly lowering values (Figure 8a),
in AQ L24, 162, L44 and H47 followed the same trend while G7 and K8 increased
flavonol concentration.

Finally, concentration of MDA was analyzed being higher in AS than in AQ (Table 1).
In AS, all treatments except L62, followed the same trend, tending to lower MDA, although
only significant with L.24 and L36 (Figure 9a). Interestingly in AQ, this parameter was not
affected by any treatment (Figure 9b).

Ordination of samples in the PCA revealed that the genetic variety was the most
important factor, so individual multivariate analyses were conducted (Figure 10), using only
those parameters that were affected by bacterial treatments in both varieties: photosynthetic
pigments, NPQ, Superoxide-dismutase, Ascorbate peroxidase, glutathione (oxidized and
reduced), asocorbate (AsA/dAsa). In AS (Figure 10a), separation on axis I is driven by
pigments towards the negative end and AsA/dAsA towards the positive end; in this figure,
axis I accounts for 72.1% of the varianze while axis II accounts for 12%. In AQ (Figure 10b),
separation along axis I is driven by pigments towards the positive end and APX and GSH
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towards the opposite end; in this analysis, axis I accounts for 81.1 % of the varianze and
axis 1I, 10.1%.

MDA AS MDA AQ

pmol g 'F
o = N w
%
Y
T
%
'7\1‘ _—| *
<
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i
%
I
%
I
umol g ' FW
o = N
o ——

(a) (b)

Figure 9. Malondialdehyde concentration (pmol g_1 FW), in (a) AS and (b) AQ leaves of plants
inoculated with the 10 PGPB and non-inoculated controls. Values are the average + SE (n = 3).
Asterisks (*) indicate significant differences with the controls according to t student (p < 0.05).
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Figure 10. Principal component analysis (PCA) performed with data from physiological, metabolic
and oxidative stress markers from (a) AS and (b) AQ inoculated with the 10 PGPB (G7, H47, K8, 1.24,
L36, L44, L56, L62, L79, L81), and non-inoculated controls (CONTROL). Chl a, Chlorophyll a; Chl b,
Chlorophyll b; Carotenoids; SOD, Superoxide Dismutase; APX, Ascorbate Peroxidase; GSH, reduced
Glutathione; GSSG, oxidized Glutathione; AsA, reduced Ascorbic; dAsA, oxidized ascorbic acid;
NPQ, non- photochemical quenching. Varianze absorbed by each axis is represented on the figure.

3. Discussion

The present study shows that photosynthesis and its associated metabolic marker,
photosynthetic pigments, are the most affected parameters by PGPB in one-year old olive
plantlets. Secondly, ROS regulation mechanisms, both enzymatic and non-enzymatic,
are the priority targets, and modification is not necessarily associated to increase their
activity or concentration [20]. On the other hand, osmolytes are barely affected suggesting



Plants 2022, 11, 2748

10 of 17

that modification of osmolyte concentration is not a priority mechanism to maintain cell
homeostasis at this point of development, despite being priority at later stages [21].

The physiological differences between the two olive varieties were evidenced by the
multivariate analysis in which all parameters under study were considered, as samples
from each variety grouped together (Figure 1). Photosynthetic performance was different
in AS and AQ (Table 1). AS was more efficient under stress conditions as revealed by higher
values of maximal potential (Fv/Fm) and real (PSR) photosynthetic efficiency while AQ
dissipated more energy (NPQ), confirming that AQ was more sensitive to stress [22,23].
Furthermore, adaptation to oxidative stress relies in different mechanisms in each variety:
AS is genetically endowed with stronger SOD activity, a high concentration of ascorbate
and glutathione as antioxidant molecules, and high proline content, consistent with its high
photosynthetic activity; on the other hand, AQ s endowment of antioxidant molecules is
higher in phenols and flavonols. According to this statement, the potential targets of PGPB
to improve adaptation to osmotic stress should be different for each variety [17].

Photosynthetic parameters have been used as indicators of plant responses to biotic
stress. More precisely, increases in basal photosynthesis (Fy) have been reported to indicate
an efficient inoculation [24,25], while decreases in F after inoculation have been interpreted
as plant reprogramming for a more relaxed status, that suggests strains protecting the
photosynthetic apparatus [26]. Accordingly, fifty percent of strains decreased Fy values,
while all strains brought up the maximal potential photosynthetic energy (Fv/Fm) to
regular healthy values (0.82-0.85), also increasing energy dissipation (NPQ) to release the
excess of absorbed energy [22,26-28].

Modifications in the photosynthetic process involve photosynthetic pigments. As
the role of chlorophylls is to absorb energy, an increase in pigments associated to growth
increase upon PGPB treatment could be expected [29]. However, the effect was rather
the opposite. Decreases in chlorophyll concentration induced by PGPB has been inter-
preted as a way to limit energy absorption, resulting in lower oxidative stress [30], a very
frequent effect as reported here. As regards to carotenoids (Figure 2), they play several
roles either as direct antioxidants [31,32], or directly involved in photosynthesis. In the
latter process they play a dual role, either absorbing energy in antennas or dissipating part
of the absorbed energy through the xanthophyll cycle [12]; the energy dissipation upon
violaxanthin-zeaxanthin conversion is a photoprotective mechanism of PSII, as xantho-
phylls react with excited chlorophylls preventing 'O, formation [33] and releasing energy as
heat [9,27]. As antioxidants, carotenoids quench lipid peroxidation products hence stopping
oxidative cascade [34,35]. Connecting with the effects of PGPB, the increase in carotenoids
could contribute (i) only to energy dissipation, or (ii) to adjust the energy flow increasing
absorption in non-stressed conditions while increasing dissipation upon stress, in line to
the plant needs to adjust to changing conditions. In summary, the general effect of PGPB
in photosynthetic pigments are to decrease chlorophylls while maintaining carotenoid
concentration, that is, lowering energy absorption rather than increasing dissipation, in
order to slow down the system [30]. Interestingly, only two strains show a different pattern
and still, it is true for the two varieties: K8 increases carotenoids supporting the dual role
of carotenoids for this case, and L79 that lowers both chlorophylls (56%) and carotenes so,
as the energy entrance is decreased, carotenoids do not need to dissipate energy. Finally, an
interesting behavior is detected in AQ only, with strains G7 and L62, which increase chloro-
phyll concentration and therefore, energy absorption but also increase energy dissipation,
allowing a higher energy flow through the system with a more relaxed status, preventing
ROS formation [35].

Despite all efforts to prevent ROS formation due to their toxicity, non-toxic concen-
trations are still necessary [12] as they play a role as second messengers in growth and
development [36,37], in adaptation to environmental changes [38], activating gene tran-
scription in the nucleus [7], or triggering systemic processes [8]. Based on the different
genetic endowment of each variety to keep oxidative stress under control, our data confirms
the strong influence on the plant-bacteria interaction [21,26,39], as well as ROS involvement
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on the response to biotic stress. Each PGPB finds different targets to alter ROS levels,
suggesting the existence of different isoenzymes for an optimal adaptation [40]. In AS,
PGPBs modify the antioxidant profile targeting APX and ascorbate and glutathione pools
as the main antioxidant molecules. Conversely, in AQ PGPBs modify the antioxidant
pool targeting SOD, the glutathione and ascorbate pools as well as phenols and flavonols;
interestingly, increases in flavonols represent an additional antioxidant mechanism as
they reflect UV irradiation [25] and affect lipid peroxidation by increasing phospholipid
packaging to prevent ROS diffusion [41]. Increases in SOD, together with decreases in
APX and in AsA will result in keeping H,O, levels high, as it is the systemic signal to
activate IST in the plant, improving adaptation to stress [10]. Beyond the signaling effect,
protection of the photosynthetic apparatus to oxidative stress by PGPB is partly achieved
by modifying the redox status of AsA and GSH [4]. Modification of antioxidant profiles
described above confirm the different strategies of each PGPB to ameliorate oxidative stress
due to salinity [42,43], resulting in a better physiological status of the plant due to improved
adaptative capacity [44].

In summary, PGPB use 3 general strategies to improve plant adaptation to salt stress:
(i) Lowering energy absorption by decreasing photosynthetic pigments, which results in a
lower oxidative stress and a concomitant decrease of non-enzymatic antioxidants, being
this the most frequent option; (ii) Optimizing the energy absorption/dissipation system by
increasing chlorophylls and carotenes, without modifying ROS scavenging mechanisms
since carotenes are able to play a dual role to absorb and dissipate; unique option for K8 in
AQ;. (iii) Optimizing the energy absorption/dissipation system by increasing chlorophylls
and carotenes, which results in a higher oxidative stress to be controlled by enhancing
antioxidant systems; only two strains in AQ (G7, L62) and K8 in AS. Among all the studied
parameters, photosynthetic pigments appear as the most direct marker to detect PGPB
effects. Despite the specific response of each variety, the favorite targets of PGPBs to
improve plant fitness were the antioxidant pools of glutathione and ascorbate. Our results
show the potential of PGPBs to improve plant fitness modulating oxidative stress.

4. Materials and Methods
4.1. Plant Material

Two olive varieties were selected Arbosana (AS) and Arbequina (AQ). One-year old
plants were bought from a local provider Planta Continental (Rivero de Posada, Cérdoba).
Plants were transplanted to 5L pots filled with soil from Guadalquivir marshes and
peat (3:1).

4.2. Bacterial Strains and Inoculum Preparation

The 10 beneficial strains (L79, L81, L56, L24, L62, L36, G7, L44, K8, and H47) assayed
in this study were isolated from the rhizosphere of Pinus pinea and P. pinaster [45]. They
were able to produce siderophores (L79, L81, G7, H47), auxins (L56, L24, L44), auxins
and siderophores (L62, L36) or auxins and degrade 1-amincyclopropane-1-carboxylate
(ACC) (K8). Except for L62, a Gram-positive non-sporulated rod, all other strains are
Gram-positive sporulated bacilli [21].

Bacterial strains are kept at —80 °C in nutrient broth amended with 20% glycerol. To
prepare inocula, strains were plated (PCA) and incubated for 24 h at 28 °C. Then, they were
inoculated on liquid broth (Nutrient Broth (NB) for L62 and Luria Broth (LB) for all other)
and incubated 24 h at 28 °C, under shaking. Cultures were diluted to 1 x 108 cfu (Colony
forming units) mL ! for inoculation.

4.3. Experimental Set Up

Seventy plants from each variety were transplanted to pots and placed on open air
at the Guadalquivir marshes (37°11'25.9” N 6°13'59.3” W). Ten treatments plus a control
were defined for each variety, with 6 plants per treatment. A total of eight inoculations
were delivered in October, November, March and April, twice a month, by soil drench,
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with 400 mL of a bacterial solution (1 x 108 cfu mL~!) per plant. Soil moisture was
maintained with saline water (electric conductivity 8'2 ds m~!), reaching a soil conductivity
of 607 ds m~!. In april 2018, photosynthesis was measured, and leaves were sampled and
brought to the laboratory at 4 °C. Leaves from two plants were pulled and constituted an
analytical replicate; leaves were powdered with liquid nitrogen to carry on the following
determinations: the antioxidant enzymes superoxide dismutase (SOD) and ascorbate
peroxidase (APX); the antioxidant molecules phenols, flavonols, Glutathione (oxidized and
reduced) and ascorbate (oxidized and reduced); the osmoprotectants proline and soluble
sugars; the photosynthetic pigments Chlorophyll a, Chlorophyll b and carotenoids; and
malondialdehyde concentration, as oxidative stress marker.

4.4. Photosynthesis (Chlorophyll Fluorescence)

Photosynthetic efficiency was determined through the chlorophyll fluorescence emit-
ted by photosystem II. A pulse amplitude modulated (PAM) fluorometer (Hansatech FM2,
Hansatech, Inc., UK) was used to measure chlorophyll fluorescence. After dark-adaptation
of leaves, a weak modulated irradiation (1 pmol m~2 s~ 1) was applied to measure the
minimal fluorescence (Fy; dark-adapted minimum fluorescence). Maximum fluorescence
(Fm) was determined from the dark-adapted state delivering a 700 ms saturating flash
(9000 umol m~2 s~1). The variable fluorescence (Fv) was calculated as the difference be-
tween the maximum fluorescence (Fm) and the minimum fluorescence (Fj). The maximum
photosynthetic efficiency of photosystem II (maximal PSII quantum yield) was calculated
as Fv/Fm. Immediately, the leaf was continuously irradiated with red-blue actinic beams
(80 umol m—2 s~1) and after equilibrating for 15 s, Fs was recorded (steady-state fluores-
cence signal). Then, another saturation flash (9000 pmol m~2 s~ 1) was applied to determine
Fm’ (maximum fluorescence under light-adapted conditions). Other fluorescent parameters
were calculated as follows: the effective PSII quantum yield PSR = (Fm’ — Fs)/Fm’ [46,47];
and the non-photochemical quenching coefficient NPQ = (Fm — Fm’)/Fm’. All measure-
ments were carried out in the 6 plants of each treatment.

4.5. Photosynthetic Pigments: Chlorophyll a, Chlorophyll b and Carotenoids

Extraction was done according to [48], keeping tubes in dark throughout the process.
One hundred mg of leaves powdered in liquid nitrogen was dissolved in 1 mL of acetone
80% (v/v), incubated overnight at 4 °C and then centrifuged 5 min at 10,000x g rpm in a
Hermle Z233 M-2 centrifuge. One mL of acetone 80% was added to the supernantant and
vortexed. Immediately, absorbance at 647, 663, and 470 nm was measured on a Biomate
5 spectrophotometer to calculate chlorophyll a, chlorophyll b, and carotenoids (xantho-
phylls + carotenes) using the formulas indicated below [47,48]

Chla(ugg FW™1) = [ (12.25 x Abs g43) — (2.55 X Absgsy) ] x V(mL)/(g).

Chlb (g g FW 1) = [ (20.31 x Abs ¢47) — (4.91 x Absees) | x V(mL)/(g).

Carotenoids (g g FW~1) = [ (1000 x Abs 40) — (1.82 x Chla) — (85.02 x Chlb))/198] x
V(mL)/(g).

4.6. Osmoprotectants: Proline and Soluble Sugars

An ethanolic extract was prepared diluting 0.25 g of powder in 5 mL of 70% ethanol
(v/v) incubated at 100 °C for 20 min. The extract was kept at 4 °C until analysis of proline
and soluble sugars.

For proline determination 1 mL of ninhydrin reagent freshly prepared (1 g of ninhydrin
dissolved in 60 mL of glacial acetic acid, 20 mL of ethanol and 20 mL of water) was mixed
with 0.5 mL of the plant ethanol extract and heated at 95 °C for 20 min. Finally, absorbance
at 520 nm was measured. Results are expressed as pmol g*1 [49].

Soluble sugars were determined according to Yemm and Willis [50]. Briefly, the
following reaction was prepared: 3 mL of the reactive (200 mg of antrone + 100 mL of 72%
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sulfuric acid) and 0.1 mL of the plant ethanol extract. The reaction was incubated in a bath
at 100 °C for 10 min. Once it was cold, absorbance was measured at 620 nm. To calculate
soluble sugar concentration the following equation was used.

ug g~ ! = [(Abs620 — 0.016)/0.02]/(g)/1000

4.7. Enzymatic Antioxidants: Superoxide Dismutase (SOD) and Ascorbate Peroxidase (APX)

Prior to assessment of enzymatic activities, soluble proteins were extracted. One
hundred mg of powder were suspended in 1 mL of 0.1 M potassium phosphate buffer, pH
7.0, containing 2 mM phenylmethylsulfonyl fluoride (PMSF). After sonication for 10 min
followed by centrifugation for 10 min at 14,000x g rpm, the supernatant was aliquoted,
frozen in liquid nitrogen and stored at —80 °C for further analysis of APX, SOD, and
proteins. All the above operations were carried out at 04 °C.

To determine the amount of total protein in plant extracts, 250 pL of Bradford reagent,
5 pL samples and BSA (Bovine Serum Albumin) dilutions were inoculated in ELISA
96 well plates and incubated for 30 min at room temperature and then measured using a
plate reader at 595 nm. Commercial BSA was used for a calibration curve. Total protein
was expressed as mg pL 1.

APX was measured as described in [51]. The reaction mixture consisted of 50 mM
potassium phosphate buffer, pH 7.0, 0.25 mM sodium ascorbate, 5 mM H202 and 100 uL
of enzyme extract in a final volume of 1.2 mL. H202 was used to start the reaction and
ascorbate oxidation was determined by the decrease in A290. The extinction coefficient
of 2.8 mM—1 cm—1 was used to calculate activity. One unit of APX activity is defined
as the amount of enzyme that oxidizes 1 mmol min—1 of ascorbate under the above
assay conditions.

SOD activity was determined as described in the detection kit (SOD Assay Kit-WST,
Sigma-Aldrich, Darmstadt, Germany). With this method, xanthine is converted to superox-
ide radical ions, uric acid, and hydrogen peroxide by xanthine oxidase (XO). Superoxide
reacts with WST1 to generate a product that absorbs at around 440 nm. SOD prevents the
reduction of WST1 to WST-1formazan, thus reducing the absorption at 440 nm, which is
proportional to SOD activity; the rate of the reduction of WST1 with O2 is linearly related
to the xanthine oxidase (XO) activity. The unit used for this activity was: % inhibition of
WST reduction per mg protein.

4.8. Non-Enzymatic Antioxidants: Ascorbate, Glutathione, Phenols and Flavonols

Ascorbate and glutathione were determined according to [52]. An extract was prepared
by suspending 1 g leaf powder in 10 mL of 5% metaphosphoric acid and centrifuging for
15 min at 22,000x g at 4 °C.

Total ascorbate was determined by fully reducing dAsA to AsA with dithiothreitol
(DTT), and then, dAsA was estimated calculating the difference between total ascorbate
and AsA. The mixture to determine total ascorbate is as follows: 300 pL supernatant,
750 uL of 150 mM phosphate buffer (pH 7.4) with 5 mM EDTA and 150 pL DTT. After 10 min
at room temperature, 150 puL of 0.5% N-ethylmaleimide were added to remove remaining
DTT. To determine AsA, a similar mixture was used but DTT and N-ethylmaleimide were
replaced by water (300 uL). The reaction was started by adding 600 uL of 10% TCA, 600 pL
of 44%ortophosphoric acid, 600 uL of 4% «, «’-dipyridyl in 70% ethanol and 0.3% FeCl;
(w/v). The mixture was vortexed and incubated for 40 min before measuring absorbance at
525 nm. A calibration curve between 0~100 pg mL~! AsA was done.

Total, oxidized (GSSG) and reduced glutathione (GSH) were determined in the super-
natant. First, one mL of the supernatant was neutralized with 1.5 mL of 0.5M phosphate
buffer (pH 7’5) and 50 uL water to determine total glutathione. Similarly, another mL of the
supernatant was also neutralized and supplemented with 50 uL 2-vinylpyridine to mask
GSH, by gently shaking to form an emulsion; then, a 60-minute incubation followed and
GSSG was determined. GHS concentration was estimated from the difference between total
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and oxidized glutathione. Glutathione concentration was measured in a 3 mL final volu-
men reaction containing 0.2 mM NADPH, 100 mM (pH 7.5) phosphate buffer, 5 nM EDTA,
DNTB 0.6 mM and 3 units of the enzyme Glutathione Reductase; changes in absorbance at
412 nm for 1 min were recorded. Concentration was calculated from a calibration curve
from 0-50 pg mL 1.

To determine phenols and flavonols, methanolic extracts were prepared from 0.25 g of
leaves (powdered in liquid nitrogen) in 2.25 mL methanol 80%, sonicated for 10 min and
centrifuged for 5 min at 5000 rpm.

Total phenols were quantitatively determined with Folin-Ciocalteu agent (Sigma.
Aldrich, St. Louis, MO, USA) by a colorimetric method described by Xu and Chang [53],
with some modifications; gallic acid was used as standard (Sigma-Aldrich, St. Louis, MO,
USA). Twenty pL of extract were mixed with 250 uL of Folin-Ciocalteu 2 N and 750 pL of
NayCOj3 20% solution. After 30 min at room temperature, absorbance was measured at
760 nm. A gallic acid calibration curve was made (r = 0.99). Results are expressed in mg of
gallic acid equivalents per 100 g of fresh weight (FW).

Quantification of total flavonols was done as in [54], using catechin as standard (Sigma-
Aldrich, St Louis, MO, USA). One milliliter of the extract was added to a flask of 10 mL with
4 mL of distilled water. Then, 300 pL. of NaNO, 5%, and the same volume of AICl3 10%
were added after 5 min. One minute later, 2 mL of NaOH 1 M were added, and adjusted
to a total volume of 10 mL with distilled water. The solution was mixed and measured at
510 nm. A catechin calibration curve was made (r = 0.99). Results are expressed as mg of
catechin equivalents per 100 g of fresh weigh (FW).

4.9. Malondialdehyde

MDA content was determined as in [55]. One hundred mg of leaf powder as suspended
in 2 mL trichloroacetic acid 10%. After 2-3 min vortex, it was centrifuged at 20,000 g for
30 min at 4 °C. One mL of the supernatant was added to 4 mL 0.5% (v/v) thiobarbituric
acid (TBA) and 20% (v/v) trichloroacetic acid (TCA). The mixture was heated at 95 °C for
30 min, stopping the reaction on ice. After 10 min centrifugation, absorbance was deter-
mined 532 and 600 nm. The MDA content was calculated using the formula: MDA (nmol
g FW~1) = [(OD532-0OD600)]/(e x W), where FW is the fresh weight and ¢ the extinction
coefficient (155 mM~!em~1). Data were expressed as pmol g FW ! (fresh weight).

4.10. Statistics

A Principal Components Analysis (PCA) with all the parameters measured for the ten
strains was performed with CanocoTM for Windows v.4.5 software (Microcomputer power,
Ithaca, NY, USA). To evaluate treatment effects, t-Student test were carried out for each
variable (Statpgraphcis Centurion XVIII).

5. Conclusions

In view of the results presented here, it is evidenced that plant genotype is the most
relevant factor that determine plant’s response to stress. As regards to PGPB, all affected
photosynthetic pigments, modulating energy flow through the system under saline stress.
PGPB use 3 general strategies to improve plant adaptation to salt stress: (i) Lowering energy
absorption by decreasing photosynthetic pigments, which results in a lower oxidative
stress and a concomitant decrease of non-enzymatic antioxidants, (ii) Optimizing the
energy absorption/dissipation system by increasing chlorophylls and carotenes, without
modifying ROS scavenging mechanisms since carotenes are able to play a dual role to absorb
and dissipate. (iii) Optimizing the energy absorption/dissipation system by increasing
chlorophylls and carotenes, which results in a higher oxidative stress to be controlled
by enhancing antioxidant systems. Our results show the potential of PGPBs to improve
plant fitness modulating oxidative stress although further studies need to be carried out to
confirm improvement of plant growth and/or protection to other stress conditions.
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