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Abstract

This study evaluated the co-inoculation effect of the endophytic selenobacteria Bacillus sp., Klebsiella sp. or
Acinetobacter sp. and the arbuscular mycorrhizal (AM) fungus Rhizophagus intraradices on lettuce plants
grown under drought conditions. Plants inoculated with both microorganisms were able to enhance the Se
content in their shoots (1 to 6 pg plant™) and promote macro-and micronutrient uptake. Moreover, the inoculated
plants showed significant tolerance to drought stress, as determined by their adaptation to physiological
parameters (relative water content and stomatal conductance),increase in photosynthetic pigments (chlorophyll
and carotenoids) and improvement inantioxidant enzyme levels (catalase, ascorbate peroxidase and glutathione
reductase). The selenobacteria increased the Se content in lettuce plants and enhanced the effect of AM fungus
in controlling the antioxidant systems that play a role as elicitors of plant drought responses and improving the
nutritional quality and physiological and biochemical processes involved in plant drought tolerance.

Keywords: Antioxidant enzymes, microbial inoculants, nutrient uptake, photosynthetic pigments

Introduction

Lettuce (Lactuca sativa) is one of the most widely
consumed vegetables due to its high mineral content,
enhanced cholesterol metabolism and antioxidant
properties (Nicolle et al. 2004). Drought stress is
a significant obstacle to current crop productivity.
Water limitation in plants tends to decrease CO,

influx through stomatal closure (SC), which prevents

water loss with a consequent increase of relative water
content (RWC).Although photosynthesis provides
the organic compounds for plant development,
drought affects the photosynthetic rate through
stomatal conductance (Meloni et al. 2003) and other
physiological changes, including direct damage

to the photosynthetic apparatus. Chlorophylls and

211


mailto:paola.duran@ufrontera.cl
mailto:paola.duran@ufrontera.cl

212  Durdn et al.

carotenoids are important components of energy
metabolism for almost all green plant systems,
and the content of these components decreases as a
consequence of drought stress (Kumar et al. 2011).
Electrolyte leakage (EL) also indicates the status
of cellular membranesen during stress conditions
(Agami, 2014); plants with high EL suffer from
marked drought stress (Zakery-Asl et al. 2014), and
the disruption of physiological parameters caused by
biotic or abiotic stress leads to the production of toxic
reactive species (ROS) that can damage vital plant
molecules (Mittler er al. 2004). Therefore, the level
of plant drought tolerance can reflect a cascade of
complex physiological and biochemical mechanisms.
Soil microorganisms known as plant growth-
(PGPB) and

mycorrhizal (AM) fungi increase nutrient acquisition

promoting  bacteria arbuscular
and plant biomass production. In addition, both
can improve antioxidant systems (Durdn er al.
2013) and consequently stimulate plant tolerance to
abiotic stresses such as drought (Kohler ez al. 2009).
Several studies have reported that co-inoculation
with both microorganisms is particularly effective
in increasing the physiological and biochemical
values of plants undergoing stress (Armada et al.
2014). The photosynthetic performance of PGPB
inoculated plants increased, thus indicating the
microbial influence on photosynthetic machinery
(Gururani et al. 2013). In addition, microorganisms
with PGPB capacity have been recently used for
selenium (Se) biofortification with certain bacteria
called selenobacteria that can reduce inorganic Se
to elemental Se nanospheres (NanoSe) and other
important organic Se forms (Acufia et a/. 2013; Duran
et al. 2013; Duran et al. 2014; Duran et al. 2015).
Selenium is an important micronutrient involved in the
prevention of oxidative damage (Mora et al. 2008), as
it is an essential component in the enzyme glutathione

peroxidase and other selenoproteins (Gladyshev et al.

1998). Several studies have reported on the ability
of Se to diminish the incidence of different types of
cancer formation and progression (Rayman, 2007).

Based on these previous reports, this study
hypothesizes that endophytic PGP selenobacteria,
interacting with AM fungi, can enhance the Se content
in lettuce plants, thus improving drought tolerance and
increasing plant growth and the nutritional content of

this important agricultural plant species.

2. Material and Methods

2.1 Soil plant bioassay, inoculum preparation and
experimental design

The chemical soil parameters are shown in Table 1. The
soil was sieved (2 mm) and sterilized for 3 consecutive
days by means of steam flux. It was then mixed with
vermiculite and sand (1:2:2 v:v:v) that was previously
autoclaved. Lettuce seeds were disinfected with a
sodium hypochlorite solution (1% w: v) for 5 min,
thoroughly washed with distilled water and sown in
pots (500 g) containing 0.5 kg of substrate.
Klebsiella sp E.2, Bacillus sp. ES and Acinetobacter
sp. E6.2 were isolated from biofortified wheat selenium
plants (Duran et al. 2014). Endophytic bacteria were
grown in Luria Bertani media (LB) with and without
(control) sodium selenite for 24 h at 30 °C with
continuous shaking (150 rpm). Bacterial cells were
collected according to Duran et al. (2013) and used as
selenobacteria inocula. Pots were inoculated twice, at
14 and 30 days after sowing. In addition, 5 grams of
soil containing roots colonized with 70% Rhizophagus
intraradices having 30 spores g were inoculated into
each pot in the mycorrhizal treatments, and 5 grams of
sterilized soil were included into the non-mycorrhizal
control treatments.

A completely randomized experimental design was

used where 1 mL of bacterial inocula containing 10°
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CFU mL! was injected into the lettuce rhizosphere
of each pot. The treatments consisted of (1) a
non-inoculated control, (2) Klebsiella sp. E2, (3)
Klebsiella sp. E2 grown in selenite, (4) Bacillus
sp. ES, (5) Bacillus sp. E5 grown in selenite, (6)
Acinetobacter sp. (6) E6.2 and (7) Acinetobacter sp.
E6.2 grown in selenite. All treatments were applied
to both mycorrhizal and non-mycorrhizal plants.

Five replicates per treatment were used.

Table 1. Chemical parameters of the soil used in the

bioassay
Variable Value
pH {water 1:5, wiv) 82
Organic matter (%) 1.8
N (gke) 2.5
P (NaHCO; extractable, g kg™ 6.2
K(gkeh 13.2

2.2. Mycorrhizal colonization determination

Mycorrhizal colonization was measured after the
clearing of washed roots in 10% KOH for 48 hrs,
acidification in 1% HCI for 24 hrs and staining
with 0.05% Trypan blue in lactic acid (v/v) for
24 hrs, according to Phillips and Hayman (1970).
Quantification of the root colonization was
performed according to the grid-line intersect method
(Giovannetti and Mosse, 1980) using a magnification

of 100-400X.

2.3. Plant growth conditions

Plants were grown in a greenhouse for 4 months under
a day/night cycle of 16/8 h, 21/15°C and 50% relative
humidity. The range of photosynthetic photon flux
density (PPFD) was 1100-500 umol m? s'. Water
loss was compensated by watering every day to
reach 50% of water-holding capacity (WHC). Thus,
the soil moisture in the pots was measured every 24
h and water was added to reach a maximum of 50%
WHC. However, during the 24-h period between each
re-watering, the soil water content was progressively
decreased to a minimum value 0f40% WHC according
to Ortiz et al. (2015). Soil moisture was measured
with an ML2 X ThetaProbe (AT Delta-T Devices
Ltd, Cambridge, UK), which measured volumetric
soil moisture content by responding to changes in the
apparent dielectric constant of moist soil (Allen and
Allen et al. 1986).

2.4. Physiological parameters measurements

At harvest, plants were separated by shoot and root,
and the fresh biomass and water content (in an
aliquot) were determined. In addition, a portion of
the shoot tissue was separated in 0.5 g aliquots and
frozen in liquid nitrogen for further determination of

antioxidant enzymatic activities.

2.4.1. Leaf relative water content

The leaf relative water content (RWC) was calculated
in the plants as follows (Aroca et al. 2003):
Fw-DwW
e

where FW= fresh weight, DW= dry weight, and TW=
turgid weight.
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2.4.2 . Stomatal conductance

Stomatal conductance (SC) was measured using a
porometer system (Porometer AP4, Delta-T Devices
Ltd, Cambridge, UK).

measurements were taken in the second fully

Stomatal conductance
developed young leaf of each plant at midday the
day before harvest. Plants were watered early in the
morning to restore 50% WHC, and SC measurements

were performed at midday.
2.4.3. Electrolyte leakage

Leaf samples were thoroughly washed with deionized
water to remove surface-adhered electrolytes and
were placed in closed vials containing 10 mL of
deionized water and incubated at 25 °C on a rotary
shaker for 24 h. The electrical conductivity of the
solution (L,) was determined using Seven Easy
conductivity (Metler Toledo AG 8603, Switzerland).
Samples were then autoclaved at 120 °C for 20 min
and the final electrical conductivity (L,) was obtained
after cooling at 25 °C. The electrolyte leakage was
defined as follows: (L -L  J/(L-L ) x 100, where

L was the conductivity of the deionized water used

‘water

water: water

to incubate the samples.

2.4.4. Leaf photosynthetic pigment contents

Photosynthetic pigments (chlorophyll a, chlorophyll
b and carotenoids) were extracted by using 100%
methanol from 2 g of fresh leaf samples. Extinction
coefficients and equations reported by Lichtenthaler
(1987) were used to

concentrations.

calculate the pigment

2.5. Antioxidant enzymatic activities (SOD, CAT,
APX, GR)

Plant shoot samples were homogenized as described
by Aroca et al. (2003). Total superoxide dismutase
activity (SOD, EC 1.15.1.1) was measured on the
basis of the ability to inhibit the reduction of nitroblue
tetrazolium (NBT) by photochemically generated
superoxide radicals (Burd et al., 2000). One unit of
SOD was defined as the amount of enzyme required
to inhibit the reduction rate of NBT by 50% at 25 "C.
Catalase activity (CAT, EC 1.11.1.6) was measured as
described by Aebi (1984) and was determined as the
consumption of H,O, (extinction coefficient of 39.6
mM'cm! at 240 nm). Ascorbate peroxidase activity
(APX, EC 1.11.1.11) was measured according to
Amako et al. (1994). Glutathione reductase activity
(GR, EC 1.20.4.2.) was estimated by measuring the
decrease of absorbance at 340 nm due to the oxidation
of NADPH (Carlberg and Mannervik, 1985). The
results were expressed in pmol NADPH oxidized mg-
Iprotein min’!, and the activity was calculated from
the initial speed of reaction and the molar extinction
coefficient of NADPH (g, = 6.22 mM' cm™).
The total soluble protein amount was determined
according to the Bradford method (Bradford, 1976)
and useding BSA as the standard.

340

2.6. Macro- and micronutrients and Se concentrations

Shoot macronutrient concentrations for K, Ca and
Mg were determined by flame photometry and for P
by a colorimetric procedure (Olsen and Dean, 1965).
The micronutrients were also measured by plasma
atomic emission spectrometry, and the shoots were

then placed in a forced-air oven for two days at 70 °C.
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2.7. Statistical analyses

The data were subjected to a general linear model
ANOVA (analysis of variance) by using the SPSS v.21
software package for Windows (SPSS Inc.).

The Duncan’s (Duncan, 1955) multiple-range test was
used for posthoc analysis to determine the differences
Differences considered

between means. were

significant at p< 0.05.

215

3. Results
3.1. Nutrient acquisition by inoculated lettuce plants
The lettuce plants were effectively colonized by

inoculum  (28-42%).

Acinetobactersp.showed lower values ofapproximately

the mycorrhiza However,
15% colonization. Our results generally showed a
positive effect of endophytic selenobacteria on foliar
macronutrient and micronutrient concentrations in
lettuce shoots. Moreover, these nutrient levels were
higher in plants inoculated with bacteria than in the

single-colonized mycorrhizal plants (Table 2).

Table 2. Macro- and micronutrient concentrations in shoots of Se-biofortified lettuce plants

Control Bacillus sp. Klebsiella sp. Acinetobacter sp.
Macronutrients ct cttAM ct AM Se AMSe ct AM Se AMSe ct AM Se AMSe
(kg™
Phosphorous (P) ~ 2.40° 32° 3.1° 4.1° 3.3% 44° 3.9° 3.5% 5.7 43° 4.8" 3.4° 32° 254
Potassium (K) 11.6° 12.8¢ 18.2% 13.7¢ 24.1° 17.2¢ 21.3% 24.7% 20.5° 24.3%¢ 17.9° 17.1¢ 19.5" 13.1¢
Calcium (Ca) 2504 2374 417> 2.55¢ 5.63" 3.09° 4.28° 5.01° 4.56° 3.30° 3.04% 3.37° 4.60° 3.05%
Magnesium (Mg) 12 12 0.9¢ 1.4% 1.2 23¢ 1.4 1.7 13" 9.7 2.5¢ 1.6% 48° 8.4°
Micronutrients
(mgkg")
Manganese (Mn) ~ 24.9° 226 459> 23.1¢ 565  28.8% 47.4° 24.9¢ 46.0°  28.5% 30.7+ 27.9% 484> 234
Iron (Fe) 29.8" 264" 143.5"  61.6%" 17.6*  47.7° 112.9° 89.2° 191.8°  33.6" 34.0¢ 50.5 5150 3200
Copper (Cu) 255 334" 2.60° 5.49° 2.64%  2.54° 2.84% 537" 3.00® 287" 3.17° 1.78¢ 315" 1.83¢
Zinc (Zn) 6.51% 983" 13.2° 13.0° 9.79™  6.13% 7.13%¢ 10.2° 5.61° 7.82%¢ 8.48° 6.84° 8.06%  5.28°

Abbreviations: ct: control; Bacillus sp. (ct: control, AM: Rhizophagus intraradices, Se: Se biosynthesized by
bacteria, AMSe: R. intraradices+ Se biosynthesized by bacteria) Klebsiella sp. (ct: control, AM: Rhizophagus

intraradices, Se: Se biosynthesized by bacteria,

AMSe: R. intraradices+ Se biosynthesized by bacteria)

Acinetobacter sp. (ct: control, AM: Rhizophagus intraradices, Se: Se biosynthesized by bacteria, AMSe: R.

intraradices+ Se biosynthesized by bacteria)
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3.1.2. Macronutrients (P, K, Ca, Mg)

Plants inoculated with endophytic selenobacteria
showed significant macronutrient acquisition compared
to the non-inoculated plants (Ct) and the mycorrhizal
plants without bacteria (AM) (Table 2). The mycorrhi-
zal plants showed higher P acquisition than the con-
trol plants (3.2 and 2.4 g kg'!, respectively). This effect
was significant when the plants were inoculated with
endophytic selenobacteria (Table 2). Significant corre-
lations between P and K (r=0.628, p<0.05) and Mg and
Ca (r=0.802, p<0.05) were found. As for biomass pro-
duction, no differences were found between the con-
trol and mycorrhizal plants (Figure 1), whereas plants
inoculated with bacteria showed significant biomass

production, primarily in shoots rather than roots.

3.1.3. Micronutrients (Mn, Fe, Cu, Zn)

Plants inoculated with bacteria showed significant
micronutrient concentrations compared to plants
without bacteria (Table 2). No effect was found in
mycorrhizal plants without bacteria except in the
case of Zinc (Zn), where mycorrhizal plants showed
significant Zn content compared to the control (9.83
and 6.51 mg kg, respectively).

Most of the micronutrient concentrations were
enhanced in the inoculated plants, except for Cu.
Cu was directly related to the Mn content in the
plants (p<0.05), where its content did not vary from

mycorrhizal to non-mycorrhizal plants.
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Figure 1. Biomass production (dry weight) of lettuce plants inoculated with endophytic selenobacteria
(B) and/or the arbuscular mycorrhizal fungus (m) Rhizophagus intraradices with Se (Se) and without Se
supplementation. Values having a common letter are not significantly different (»<0.05) according to Duncan’s

multiple-range test (n=3).
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3.2. Total Se content in inoculated lettuce plants

Significant Se concentrations in were found in the
roots and shoots of wheat plants (Figure 2).

Plants inoculated with Klebsiella sp. showed the
most significant Se concentrations in both shoots
and roots compared to the other selenobacteria
strains. No differences between the mycorrhizal and
non-mycorrhizal plants were found. In the roots,
plants inoculated exclusively with R. intraradices
showed less Se than plants inoculated with bacteria,
except for Acinetobacter sp., where no significant

differences were found.

3.3. Physiological response of Se-supplemented
lettuce plants

The applied drought stress caused a reduction in RWC
in the control lettuce plants (Figure 3A). No significant
differences in RWC were observed in the mycorrhizal
plants; however, when plants were inoculated with
Bacillus sp. and Acinetobacter sp., the RWC index
was significantly enhanced. In the plants inoculated
with Klebsiella sp., no significant differences were
found, but the RWC index was significantly enhanced
when the plants were supplemented with Se. In
particular, lettuce plants inoculated with Bacillus sp.
showed a higher RWC.
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Figure 2. Selenium accumulation (ug plant™) in roots and shoots of lettuce plants inoculated with endophytic

selenobacteria and the arbuscular mycorrhizal fungus (m) Rhizophagus intraradices grown under drought
conditions. Values having a common letter are not significantly different (p<0.05) according to Duncan’s multiple-

range test (n=3).
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Figure 3. A) Relative water content (RWC); B) stomatal conductance (SC) and C) electrolyte leakage (EL),
on lettuce plants inoculated with endophytic selenobacteria (B) and/or the arbuscular mycorrhizal fungus (m)
Rhizophagus intraradices grown under drought conditions, with Se (Se) and without Se supplementation.
Within each graph, values having a common letter are not significantly different (p<0.05) according to Duncan’s

multiple-range test (n=3).
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Plants inoculated with endophytic selenobacteria
showed a significantly higher SC index compared
to non-inoculated plants (Figure 3B); no significant
differences were found in mycorrhizal plants without
bacteria. Plants inoculated with Bacillus sp. showed
significantly higher SC values than when exposed to
the other treatments. Similarly, the EL index, which
shows the intactness of cellular plasma membranes,
was lower in the inoculated plants compared to the

control (Figure 3C).
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As for the leaf photosynthetic pigment contents
(chlorophyll a, chlorophyll b, total chlorophyll and
carotenoids), the lettuce plants inoculated with
endophytic selenobacteria or mycorrhiza showed
increased levels of these physiological parameters
(Figure 4). This effect was not found in plants solely
inoculated with single Bacillus sp., but these contents
were enhanced in the presence of Se, mycorrhiza and

to a greater extent, both treatments (AMSe).
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Figure 4. Leaf photosynthetic pigment contents: A) chlorophyll a, B) chlorophyll b, C) chlorophyll total and
C) carotenoids, on lettuce plants inoculated with endophytic selenobacteria arbuscular and/or the arbuscular
mycorrhizal fungus (m) Rhizophagus intraradices grown under drought conditions with Se (Se) and without
Se supplementation. Within each graph, values having a common letter are not significantly different (p<0.05)

according to Duncan’s multiple-range test (n=3).
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3.4. Antioxidant enzymatic response (SOD, CAT, APX, GR)

Mycorrhizal plants inoculated with Acinetobacter sp.,
with and without Se (Se and AMSe), and treatments
without bacteria inoculation (AM) showed significant
SOD activity compared to the other treatments

(Figure 5A). Similarly, plants inoculated only with

Klebsiella sp. showed elevated SOD values. Elevated
CAT activity was observed in the most of the
treatments compared to the control (Figure 5B). As
for APXand GR enzymatic activities, the endophytic
selenobacteria inoculated lettuce plants were able to
significantly increase these activities in comparison to

the mycorrhizal plants (Figure 5C, D).
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Figure 5. Antioxidant activity: A) Superoxide dismutase (SOD), B) Catalase (CAT), C) Ascorbate peroxidase
(APX) and D) Glutathione reductase (GR) on lettuce plants inoculated with endophytic selenobacteria and/
or the arbuscular mycorrhizal fungus (m) Rhizophagus intraradices grown under drought conditions, with Se
(Se) and without Se supplementation.Within each graph, values having a common letter are not significantly
different(p<0.05) according to Duncan’s multiple-range test (n=3).
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4. Discussion

In this study, three endophytic selenobacteria,
Bacillus  sp., Klebsiella sp. and Acinetobacter
sp., were supplemented with Se and inoculated
into lettuce plants in consortia with Rhizophagus
intraradices to determine the effects of co-inoculation
in Se biofortification and mitigation of drought
stress. The lettuce plants displayed a higher level of
biomass production when inoculated with endophytic
selenobacteria. According to our results, the bacteria
were more efficient than the AM fungus in terms of
biomass production, which was directly correlated
with macronutrient uptake (Ca, K, Mg and P). In
particular, P levels were increased in the presence of
AM colonization, as had been previously reported by
Heap (1980). However, K was an important element
in alleviating water stress and was able to protect
the chloroplasts from oxidative damage and affect
root water acquisition (Porras-Soriano et al. 2009;
Rombheld and Kirkby, 2010). Similarly, significant
micronutrients were found in the inoculated plants
with bacteria and/or AM in comparison to the
control lettuce plants. Bacteria are known to release
metal-chelating substances such as iron-chelating
siderophores. Previous studies have shown that these
bacteria strains are siderophore producers (Duran et
al., 2014). Siderophore-producing bacteria influence
the plant uptakes of various metals such as Fe, Zn and
Cu (Dimkpa et al. 2009).

As for the Se concentrations, no significant
differences were found between the mycorrhizal
and non-mycorrhizal plants, in concordance with
previous studies by the same authors (unpublished
data) in wheat plants. Reinforcing studies carried
out with rhizospheric bacteria showed that AM-
colonized wheat plants were more efficient in Se

uptake and incorporation (Duran et al. 2013) and

was attributed to the endophytic characteristic of the
bacteria, which can enter the root cells with Nano Se
(unpublished data). In our study, Se concentrations in
the shoots (comestible organ) ranged between 1 to 6
pg plant'. According to the Recommended Dietary
Allowances (RDAs), 55 pug Se day! is an adequate
dose for preventing disease (Thiry et al. 2012).Thus,
Se-biofortified lettuce could effectively complement
Se nutrition in humans.

Microbial inoculation also improved some of the
physiological parameters evaluated in this study.
Plants inoculated with both endophytic bacteria and/
or AMF improved RWC by means of increasing SC
(r=0.322, p<0.05). This higher SC index could produce
an enhanced photosynthesis rate (Tanaka et al. 2013)
through an increase in photosynthetic pigments such
as chlorophyll a, b and carotenoids (Mena-Violante et
al. 2006). In this sense, carotenoids play an important
role due to their pro-vitamin A activity, and their
antioxidant potential may increase the function of the
immune system and inhibit the development of some
types of cancers (Maiani et al. 2009). Consequently,
the lower electrolytic leakage in the inoculated plants
indicates that the microbial inoculated treatments
are able to maintain a gas exchange capacity under
drought conditions and decrease the membrane
damage in these plants; low electrolyte leakage is an
indicator of cell membrane stability and tolerance to
hydric stress (Berglund et al. 2004). However, the
role of Se in improving net photosynthesis under
drought stress was not demonstrated, in contrast to
results by Wang et al. (2011) and Diao et al. (2014),
who reported an increase in net photosynthesis when
inorganic Se was supplied.

Studies show that the drought stress enhances the
activity of antioxidant enzymes in scavenging for
toxic ROS (Kim et al. 2012; Kasim et al. 2013).Here,

microbially inoculated plants (primarily with bacteria)
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increased APX, CAT and GR, which may indicate
the protective role of these inoculants on lettuce for
reducing ROS under drought stress. However, SOD
activity was not accompanied by an increase in these
enzymes as H,O, scavenging. The overall results
indicate that bacterially inoculated plants are well
protected against drought stress but the coordination
between the antioxidants is complex, as reported
by Mittler et al. (2004). Despite inorganic Se being
related to the alleviation of drought stress (Wang ef al.
2011), this study found no effect of Se biosynthesized
by bacteria, similar to other studies realized by our
research group (dates not published).

Our results suggest that microbial inoculants, primarily
endophytic PGP selenobacteria, improve plant quality
and protect against drought stress conditions (Medina
and Azcon, 2010). Therefore, their use can improve the
nutritional value of lettuce by enhancing the Se content
in edible tissue and simultaneously counteract the
effect of drought stress by maintaining physiological
parameters and scavenging reactive oxygen species.
The arbuscular mycorrhizal colonization increased
the acquisition of macronutrients, particularly P, and
increased the antioxidant response of the host plant.
Therefore, the use of endophytic bacteria inoculant
alone or in combination with effective AM strains is
suggested as a tool for Se biofortification in order to

contribute to sustainable agriculture.
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