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a  b  s  t  r  a  c  t

High  soil  salinity  is  a  serious  problem  for  crop  production  because  most  of  the  cultivated  plants  are
salt  sensitive,  which  is  also  the  case  for  the  globally  important  crop plant  maize.  Salinity  stress  leads  to
secondary  oxidative  stress  in plants  and  a correlation  between  antioxidant  capacity  and  salt tolerance
has  been  demonstrated  in several  plant  species.  The  plant  antioxidant  capacity  may  be enhanced  by
arbuscular  mycorrhizal  fungi  (AMF)  and  it has  been  proposed  that  AM  symbiosis  is  more  effective  with
native  than  with  collection  AMF  species.  Thus,  we  investigated  whether  native  AMF  isolated  from  a dry
and  saline  environment  can help  maize  plants  to overcome  salt  stress  better  than  AMF from  a culture
collection  and  whether  protection  against  oxidative  stress  is  involved  in such  an  effect.  Maize  plants
rbuscular mycorrhiza
lant tolerance
alinity

inoculated  with  three  native  AMF  showed  higher  efficiency  of  photosystem  II and  stomatal  conductance,
which  surely  decreased  photorespiration  and  ROS  production.  Indeed,  the accumulation  of  hydrogen
peroxide,  the oxidative  damage  to lipids  and  the  membrane  electrolyte  leakage  in these  AM  plants  were
significantly  lower  than  in  non-mycorrhizal  plants  or in  plants  inoculated  with  the  collection  AMF.  The
activation  of  antioxidant  enzymes  such  as  superoxide  dismutase  or catalase  also  accounted  for  these
effects.

©  2012  Elsevier  Ireland  Ltd.  All  rights  reserved.
. Introduction

Maize (Zea mays L.) is one of the most important crops both for
uman and animal consumption. This crop is cultivated on more
han 142 million ha of land worldwide and it is estimated to pro-
uce around 913 million tonnes of grain in the period 2012/2013
1], accounting for one third of the total global grain production [2].
n the current global climate change scenario one expected threat
s the increase in land salinization [3]. Over 6% of the world’s land is
ffected by salinity and its extent is increasing regularly through-
ut the world [4],  causing global agricultural losses equivalent to
n estimated US 12 billion a year [5].  Although salinity in soils
ay occur naturally, inappropriate cultivation practices are also

ontributing to the salinization of the rhizosphere [6]. Nowadays,
igh salinity in soils is a very serious problem for crop production
ecause most of the cultivated plants are sensitive to salt stress
glycophytes) [7].  This is the case for maize, which is particularly
ulnerable to salinity [8]. Thus land salinization is a major global

ssue because of its adverse impact on agricultural productivity,
ustainability and as a threat for food supply [9].  In arid and semi-
rid regions, the issue is aggravated due to poor soil management

∗ Corresponding author. Tel.: +34 958 181600; fax: +34 958 129600.
E-mail address: juanmanuel.ruiz@eez.csic.es (J.M. Ruiz-Lozano).

168-9452/$ – see front matter © 2012 Elsevier Ireland Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.plantsci.2012.11.009
practices together with limited rainfall, high evapotranspiration,
and high temperature [10].

Salinity stress leads to secondary oxidative stress in plants
[11]. The latter is produced when pathways are uncoupled in
the metabolism of plants and electrons, with high-energy state,
are transferred to molecular oxygen to form reactive oxygen
species (ROS) [11]. ROS are normally produced at a low level in
organelles such as chloroplasts, mitochondria and peroxisomes.
However, under salt-stress conditions, their production dramati-
cally increases due to the accumulation of NADPH and ATP that
cannot be consumed [12]. This modifies the balance between
the formation and removal of ROS species [13]. Singlet oxygen
(1O2), superoxide radical (O2

•−), hydroxyl radical (OH•) and hydro-
gen peroxide (H2O2) can seriously disrupt normal metabolism
through denaturation of proteins, mutagenesis of DNA and lipid
peroxidation [14]. Thus, plants need to have appropriate detoxifi-
cation systems to allow rapid removal of these compounds. They
constantly sense the level of ROS and reprogramme their gene
expression to respond to changes in their environment [14]. The
most common mechanism to detoxify ROS produced during salt-
stress response is the induction of ROS-scavenging enzymes, such

as superoxide dismutase (SOD) and catalase (CAT) [15]. SOD con-
verts O2

•− to H2O2 and then CAT converts H2O2 to water and
molecular oxygen in peroxisomes. A correlation between antioxi-
dant capacity and NaCl tolerance has been demonstrated in several

dx.doi.org/10.1016/j.plantsci.2012.11.009
http://www.sciencedirect.com/science/journal/01689452
http://www.elsevier.com/locate/plantsci
mailto:juanmanuel.ruiz@eez.csic.es
dx.doi.org/10.1016/j.plantsci.2012.11.009
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lant species [16]. Despite the several mechanisms developed by
lants to detoxify the excess of ROS production, most of the cul-
ivated plants are glycophytes and under high salinity in the soil
hey cannot cope with the extra production of ROS [7].

A number of beneficial soil microorganisms, particularly arbus-
ular mycorrhizal fungi (AMF) can help plants to cope with abiotic
tress conditions [17]. AMF, belonging to the phylum Glomeromy-
ota, are considered the oldest group of organisms living in
ymbiosis with terrestrial plants [18]. They are fundamental for
lant performance, both in natural and agricultural ecosystems
nd most land plants are colonized by these fungi [19]. AMF  are
idely found in saline soils [20,21]. In fact, several authors have
emonstrated the beneficial effect of AMF  in growth and produc-
ivity under salt stress conditions on glycophytes and halophytes,
ecreasing plant yield loss (reviewed by [12,22]). Among other
echanisms, some studies have demonstrated that AM symbiosis

an enhance the activities of antioxidant enzymes, helping plants
o alleviate salt stress [23,24]. Most studies have focused in the use
f collection species as AMF  inoculum [22]. However several stud-
es showed that native AMF  can perform better in soils from which
hey are isolated: agricultural systems [25], polluted soils [26] and
emiarid degraded soils [27] among others. According to this, some
uthors reported that AM symbiosis is more effective with native
han with non-native AMF  species [28–30].  However, the mecha-
isms that allow AM plants to have higher salinity tolerance are far

rom being understood [12]. The isolation and study of AMF  isolated
rom a saline area will contribute to elucidate the ecophysiology of
MF under such stress conditions [26].

The aim of the present study was to investigate whether native
MF isolated from an arid and saline environment can help maize
lants to overcome the negative effects of salt stress better than
MF from a culture collection. We  also investigated whether pro-

ection against oxidative stress is a mechanism by which the native
MF from such environment enhance the tolerance of the host
lant to salinity. For that, plant physiological and biochemical
arameters related to the oxidative status were determined in non-
M maize plants and in maize plants inoculated with different AMF

solates after a salt stress period.

. Materials and methods

.1. Identification of the mycorrhizal strains isolated from Cabo
e Gata Natural Park

AM fungal spores were separated from the soil samples by a
et sieving process [31]. The morphological spore characteristics

nd their subcellular structures were described from a specimen
ounted in: polyvinyl alcohol–lactic acid–glycerine (PVLG) [32];

 mixture of PVLG and Melzer’s reagent [33]; a mixture of lactic
cid to water at 1:1; Melzer’s reagent; and water [34]. For iden-
ification of the AMF  species, spores were then examined using a
ompound microscope at up to 400-fold magnification as described
or glomeromycotean classification by Oehl et al. [35]. The species
ere identified based on its spore morphology as a Rhizophagus

ntraradices [36], Claroideoglomus etunicatum [37] and Septoglomus
onstrictum [38].

In addition to the morphological identification, a molecular
dentification was also carried out. For that, spores isolated from the
ait cultures of each fungal strain were surface-sterilized with chlo-
amine T (2%) and streptomycin (0.02%) and crushed with a sterile
isposable micropestle in 40 �L milli-Q water [39]. A two-step PCR

as conducted to amplify the AM fungal DNA from the spores. The
rst PCR step was performed with the universal eukaryote primers
S1 and NS4 region of the small subunit ribosomal gene and the

econd with the specific AM fungal primers AML1 and AML2 [40].
 201–202 (2013) 42–51 43

The amplified DNA was  purified using the IlustraTM GFXTM PCR DNA
and Gel Band Purification Kit (GE Helthcare, UK). DNA fragments
were sequenced on an automated DNA sequencer (PerkinElmer ABI
Prism 373). Sequence data were compared to gene libraries (EMBL
and GenBank) using BLAST program [41].

The BLAST analysis unambiguously placed R. intraradices as the
closest relative of our R. intraradices strain from Cabo de Gata (CdG),
with sequence accession number FR750209 [42] having a 99% iden-
tity. S. constrictum was  the closest relative to our S. constrictum
CdG strain, with sequence accession number FR750212 [42] hav-
ing a 99% identity. Finally, C. etunicatum was the closest relative
of our C. etunicatum CdG strain, with sequence accession number
FR750216.1 [42] having also a 99% identity. The AM fungal strains
have been incorporated to the collection of Zaidin Experimental
Station, Granada, Spain, under accession numbers EEZ 195, EEZ 196
and EEZ 163, respectively.

2.2. Experimental design

The experiment consisted of a randomized complete block
design with five inoculation treatments: (1) non-mycorrhizal con-
trol plants, (2) plants inoculated with the model AM fungus R.
intraradices (Ri collect), reproduced at the collection of the Zaidin
Experimental Station (isolate EEZ 58), (3) plants inoculated with
the AM fungal strain R. intraradices isolated from Cabo de Gata Nat-
ural Park (Ri CdG), (4) plants inoculated with the AM fungal strain
S. constrictum isolated from CdG (Sc CdG) and (5) plants inocu-
lated with the AM fungal strain C. etunicatum isolated from CdG
(Ce CdG). There were 30 replicates of each inoculation treatment,
totalling 150 pots (one plant per pot), so that ten of each microbial
treatment were grown under non-saline conditions throughout the
entire experiment, while ten pots per treatment were subjected
to 66 mM of NaCl and the remaining ten pots per treatment were
subjected to 100 mM of NaCl.

2.3. Soil and biological materials

Loamy soil was collected from Granada province (Spain,
36◦59′34′′N; 3◦34′47′′W),  sieved (5 mm),  diluted with quartz-sand
(<2 mm)  (1:1, soil:sand, v/v) and sterilized by steaming (100 ◦C
for 1 h on 3 consecutive days). The original soil had a pH of 8.2
[measured in water 1:5 (w/v)]; 1.5% organic matter, nutrient con-
centrations (g kg−1):N, 1.9; P, 1 (NaHCO3-extractable P); K, 6.9. The
electrical conductivity of the original soil was 0.5 dS m−1.

Three seeds of maize (Zea mays. L) were sown in pots containing
900 g of the same soil/sand mixture as described above and thinned
to one seedling per pot after emergence.

2.4. Inoculation treatments

Mycorrhizal inoculum was bulked in an open-pot culture of Zea
mays L. and consisted of soil, spores, mycelia and infected root frag-
ments. The AM species used were three strains isolated from Cabo
de Gata Natural Park (Almería, Spain, 36◦45′24′′N 02◦13′17′′W),
which is an area with serious problems of salinity and affected
by desertification. The native AMF  strains were isolated in a salt
marsh from the rhizosphere of Astericus maritimus,  so that plants
were collected with their intact root systems up to 40 cm soil depth.
The electrical conductivity in such rhizospheric soil varied with soil
depth, ranging from 3.95 dS m−1 at the surface to 7 dS m−1 at the
deeper soil layer. The AMF  isolates were R. intraradices (previously
named Glomus intraradices), S. constrictum and C. etunicatum. We

also used a R. intraradices strain from our culture collection (Ri col-
lect, isolate EEZ 58) which came from the Biosystematic Research
Center, Ottawa, Canada, and was  originally collected in Pont Rouge,
Quebec, Canada. It is the model fungus used in many studies dealing
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ith different topics, including genome sequencing. Appropriate
mounts of each inoculum containing about 700 infective propag-
les (according to the most probable number test), were added
o the corresponding pots at sowing time just below maize seeds.
on-mycorrhizal control plants received the same amount of auto-
laved mycorrhizal inocula together with a 10 ml  aliquot of a filtrate
<20 �m)  of the AM inocula in order to provide a general microbial
opulation free of AM propagules.

.5. Growth conditions

The experiment was carried out under glasshouse conditions
ith temperatures ranging from 19 to 25 ◦C, 16/8 light/dark period,

nd a relative humidity of 50–60%. A photosynthetic photon flux
ensity of 800 �mol  m−2 s−1 was measured with a light meter
LICOR, Lincoln, NE, USA, model LI-188B). Water was supplied daily
o the entire period of plant growth to avoid any drought effect.
lants were established for 45 days prior to salinization to allow
dequate plant growth and symbiotic establishment. Three concen-
rations (0, 66, and 100 mM NaCl) of saline solution were reached
n the soil substrate by adding appropriate dilutions of a stock 2 M
aline solution, according to the amount of substrate in the pots. The
oncentration of NaCl in the soil was increased gradually on alter-
ative days to avoid an osmotic shock. It took 8 days, to reach the
esired 66 and 100 mM  NaCl levels. The electrical conductivities
fter salt addition in the soil:sand mixture used as growing sub-
trate were 0.2, 5.1 and 7.4 dS m−1 for the salt levels of 0, 66, and
00 mM NaCl, respectively. Plants were maintained under these
onditions for additional 30 days.

.6. Symbiotic development

The percentage of mycorrhizal root infection in maize plants
as estimated by visual observation of fungal colonization after

learing washed roots in 10% KOH and staining with 0.05% trypan
lue in lactic acid (v/v), as described by Phillips and Hayman [43].
he extent of mycorrhizal colonization was calculated according to
he gridline intersect method [44].

.7. Shoot biomass production

At harvest (83 days after planting), the shoot and root system
ere separated and the shoot dry weight was measured after drying

n a forced hot-air oven at 70 ◦C for two days.

.8. Photosynthetic efficiency

The efficiency of photosystem II was measured with Fluor-
en FP100 (Photon Systems Instruments, Brno, Czech Republic),
hich allows a non-invasive assessment of plant photosynthetic
erformance by measuring chlorophyll a fluorescence. FluorPen
uantifies the quantum yield of photosystem II as the ratio between
he actual fluorescence yield in the light-adapted state (FV′)
nd the maximum fluorescence yield in the light-adapted state
FM′), according to [45]. Measurements were taken in the second
oungest leaf of ten different plants of each treatment.

.9. Stomatal conductance

Stomatal conductance was measured two hours after light
urned on by using a porometer system (Porometer AP4, Delta-
 Devices Ltd., Cambridge, UK) following the user manual
nstructions. Stomatal conductance measurements were taken in
he second youngest leaf from five different plants from each
reatment.
 201–202 (2013) 42–51

2.10. Relative electrolyte leakage

The electrolyte leakage was calculated on the third leaf of each
maize plant from a leaf sample of 3 × 1.5 cm as described by Ver-
slues et al. [46]. The initial conductivity (C0) was measured with
a conductivity metre COND 510 (XS Instruments; OptoLab, Milan,
Italy) after subjecting the samples to incubation at 25 ◦C in 10 ml
de-ionized water overnight with continuous shaking at 100 rpm.
The samples were then autoclaved at 121 ◦C for 20 min. Final con-
ductivity (CF) was  measured after the samples had cooled down
to room temperature. The conductivity of distilled water was also
measured and referred as Cw. The percentage of electrolyte leakage
was calculated as follows: [(C0 − Cw)/(CF − Cw)] × 100.

2.11. Oxidative damage to lipids

Lipid peroxides were extracted by grinding 500 mg  of leaves
and roots with an ice-cold mortar and 6 ml  of 100 mM potassium
phosphate buffer (pH 7). Homogenates were filtered through one
Miracloth layer and centrifuged at 15,000 × g for 20 min. The chro-
mogen was formed by mixing 200 �l of supernatants with 1 ml  of a
reaction mixture containing 15% (w/v), trichloroacetic acid (TCA),
0.375% (w/v) 2-thiobarbituric acid (TBA), 0.1% (w/v) butyl hydrox-
ytoluene, 0.25 N HCl and then incubating the mixture at 100 ◦C for
30 min [47]. After cooling at room temperature, tubes were cen-
trifuged at 800 × g for 5 min  and the supernatant was used for
spectrophotometric reading at 532 nm.  Lipid peroxidation was esti-
mated as the content of 2-thiobarbituric acid-reactive substances
(TBARS) and expressed as equivalents of malondialdehyde (MDA)
according to Halliwell and Gutteridge [48]. The calibration curve
was made using MDA  in the range of 0.1–10 nmol. A blank for
all samples was prepared by replacing the sample with extraction
medium, and controls for each sample were prepared by replacing
TBA with 0.25 N HCl. In all cases, 0.1% (w/v) butyl hydroxytoluene
was included in the reaction mixtures to prevent artificial forma-
tion of TBARS during the acid-heating step of the assay.

2.12. Hydrogen peroxide content

Hydrogen peroxide content in leaves and roots were deter-
mined by Patterson et al. [49] method, with slight modifications
as described previously by Aroca et al. [50]. Two hundred and fifty
milligrams of shoot fresh weight was homogenized in a cold mor-
tar with 5 ml  5% (w/v) TCA containing 0.1 g of activated charcoal
and 1% (w/v) PVPP. The homogenate was  centrifuged at 18,000 × g
for 10 min. The supernatant was  filtered through a Millipore fil-
ter (0.22 �m).  A volume of 1.2 ml  of 100 mM potassium phosphate
buffer (pH 8.4) and 0.6 ml  of the colorimetric reagent were added
to 130 �l of the supernatant. The colorimetric reagent was  freshly
made by mixing 1:1 (v/v) 0.6 mM  potassium titanium oxalate and
0.6 mM 4-2 (2-pyridylazo) resorcinol (disodium salt). The samples
were incubated at 45 ◦C for 1 h and the absorbance at 508 nm was
recorded. The blanks were made by replacing sample extract by 5%
TCA.

2.13. Antioxidant enzyme activities

Enzyme extraction was done as described by Aroca et al.
[51] with slight modifications. Five hundred milligrams of leaf or
root fresh tissues were homogenized in a cold mortar with 4 ml
of 100 mM phosphate buffer (pH 7.0) containing 0.1 mM DTPA
(diethylenetriamine pentaacetic acid; a metal chelating agent) and

40 mg PVPP (polyvinylpolypyrrolidone), which removes phenolics
and alkaloids from plant extracts, avoiding interference with spec-
trophotometric measurements and enhancing enzyme stability.
The homogenate was centrifuged at 20,000 × g for 20 min  at 4 ◦C.
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Table  1
Percentage of mycorrhizal root colonization and shoot dry weight (g plant−1) in
maize plants. NM represents non-mycorrhizal control plants, Ri collect represents
plants inoculated with the collection Rhizophagus intraradices strain, Ri CdG repre-
sents plants inoculated with the native Rh. intraradices CdG strain, Sc CdG represents
plants inoculated with the native Septoglomus claroideum CdG strain and Ce CdG rep-
resents plants inoculated with the native Claroideoglomus etunicatum CdG strain.
Plants were subjected to 0, 66 or 100 mM NaCl. Different letters indicate significant
differences (p < 0.05) among fungal treatments at each salt level (a, b, c, d) or among
salt  levels for each AMF  treatment: NM plants (A, B, C), Ri collect (D, E, F), Ri CdG (G,
H,  I), Sc CdG (J, K, L) or Ce CdG (W,  X, Y).

AMF  treatment NaCl (mM)  AM root colonization (%) Shoot Dry Weight

NM 0 0 4.03 ± 0.14 Ab
66  0 3.95 ± 0.12 ABb

100 0 3.69 ± 0.11 Bb

Ri  collect 0 67 ± 1.9 Ea 3.87 ± 0.10 Db
66 88.7 ± 2.0 Da 3.51 ± 0.14 DEb

100 84.3 ± 1.1 Da 3.17 ± 0.16 Ec

Ri  CdG 0 21 ± 5.8 Gc 5.07 ± 0.22 Ga
66  19.7 ± 1.5 Gc 4.62 ± 0.17 GHa

100 23 ±  0.7 Gd 4.19 ± 0.11 Ha

Sc  CdG 0 34.7 ± 1.5 Kb 3.78 ± 0.31 Jb
66  62.7 ± 4.5 Jb 3.64 ± 0.20 Jb

100 58.7 ± 1.1 Jc 2.90 ± 0.08 Kc

Ce  CdG 0 62.3 ± 2.3 Xa 4.97 ± 0.16 Wa
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66 65.3 ±  1.1 Xb 5.17 ± 0.11 Wa
100 77.3 ± 1.8 Wb  4.62 ± 0.10 Xa

he supernatant was separated and used to determine the activity
f antioxidant enzymes. All enzymatic activities were measured
n a spectrophotometer Infinite® 200 PRO series (Tecan Trading
G, Switzerland) at 25 ◦C. Total protein was assayed by the method
escribed by Bradford [52].

Total superoxide dismutase (SOD) (EC 1.15.1.1) activity was
easured according to Becana et al. [53]. One unit of SOD activ-

ty (U) was defined as the amount of enzyme which produced a
0% inhibition of nitroblue tetrazolium (NBT) reduction. The reac-
ion mixture (1.9 ml)  contained 50 mM phosphate buffer (pH 7.8),
4.3 �M methionine, 82.5 �M NBT, 2.2 �M riboflavin and 100 �l
nzyme extract. Riboflavin was added last and tubes were shaken
nd illuminated with fluorescent light. The reaction was allowed
o proceed for 10 min  until the colour of the blank shifted to dark
iolet. Absorbance of the reaction mixture was read at 560 nm.

Catalase (CAT) (EC1.11.1.6) activity was assayed as described
y [54]. Consumption of H2O2 (extinction coefficient of
9.6 mM−1 cm−1) at 240 nm for 1 min  was monitored. The
eaction mixture consisted of 50 mM phosphate buffer (pH 7.0)
ontaining 10 mM H2O2 and 5 �l of enzyme extract in a 205 �l
olume.

.14. Statistical analysis

Statistical analysis was performed using SPSS 19.0 statistical
rogram (SPSS Inc., Chicago, IL, USA) performing first a one-way
NOVA followed by the Tukey test with P < 0.05 as the significance
ut-off. Two independent statistical analyses were carried out: the
rst to analyse data from the different AMF  treatments within each
aline level and the second one to analyse data from each fungal
reatment at increasing salinity.

. Results

.1. Symbiotic development and shoot biomass production
Root AM colonization increased by salinity in plants colonized
y all fungi tested, except those colonized by Ri CdG, which showed
he lowest values of root colonization at all salinity levels (Table 1).
 201–202 (2013) 42–51 45

Under both saline conditions (66 and 100 mM NaCl) Ri collect
showed the highest rate of root length colonization (Table 1). The
other two fungi (Sc CdG and Ce CdG) showed intermediate colo-
nization capacity (Table 1).

The shoot biomass production in all treatments was nega-
tively affected by increasing salt concentrations in the soil solution
(Table 1). In any case, at each saline level, both Ri CdG and Ce
CdG, enhanced maize shoot biomass as compared to the non-
mycorrhizal plants, while Ri collect and Sc CdG did not (Table 1).

3.2. Stomatal conductance

Under non-saline conditions no differences in stomatal con-
ductance were observed among inoculation treatments (Fig. 1A).
Salinity application decreased stomatal conductance in all treat-
ments. However, at both saline levels, plants inoculated with the
three native AMF  from Cabo de Gata showed higher stomatal con-
ductance than non-mycorrhizal plants or plants colonized by Ri
collect (Fig. 1A).

3.3. Photosystem II efficiency

The application of 100 mM  NaCl, decreased the efficiency of pho-
tosystem II in maize plants as compared to plants cultivated at
0 mM NaCl. Under non-saline conditions, photosynthetic efficiency
was increased by inoculation with all the native AMF  from Cabo
de Gata (Fig. 1B). Growing under 66 mM NaCl did not cause any
significant descent in photosynthetic efficiency, except in plants
inoculated with Ce CdG (Fig. 1B). When plants were subjected
to 100 mM NaCl all the mycorrhizal plants showed higher pho-
tosynthetic efficiency than non-mycorrhizal plants, mainly plants
inoculated with Ri CdG and Ce CdG (Fig. 1B).

3.4. Relative electrolyte leakage

The application of 66 or 100 mM NaCl did not significantly affect
the electrolyte leakage of maize plants as compared to plants grow-
ing in the absence of salinity (Fig. 1C). However, at each saline
level non-mycorrhizal plants had always the highest values of elec-
trolyte leakage, followed by plants inoculated with Ri collect. In
contrast, maize plants inoculated with any of the three native AMF
always showed significantly lower electrolyte leakage than control
non-mycorrhizal plants (Fig. 1C).

3.5. Oxidative damage to lipids

The application of 66 or 100 mM  NaCl increased lipid peroxida-
tion in leaves of non-mycorrhizal plants and plants inoculated with
Ri collect and Ce CdG. Plants inoculated with Ri CdG only enhanced
lipid peroxidation at 100 mM NaCl, while plants inoculated with
Sc CdG showed no significant changes in this parameter as a con-
sequence of increasing salinity. When plants were grown at 66 or
100 mM NaCl, the plants inoculated with the three native AMF  from
Cabo de Gata showed the lowest values of lipid peroxidation in
their leaves (Fig. 2A). In roots, the lipid peroxidation also increased
with increasing salinity, especially in non-mycorrhizal plants and
in plants inoculated with Ri collect at 100 mM NaCl. In contrast,
in plants inoculated with any of the three native AMF  from Cabo

de Gata, the increase in lipid peroxidation due to salinity was less
evident. In addition, these plants always exhibited lower lipid per-
oxidation in roots than non-mycorrhizal plants or those inoculated
with Ri collect (Fig. 2B).
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Fig. 1. Stomatal conductance (mmol  H2O m−2 s−1) (A), efficiency of photosystem II (B) and electrolyte leakage (C) in maize plants. Black bars represent non-mycorrhizal
control plants (NM); grey bars, plants inoculated with the collection Rhizophagus intraradices strain (Ri collect); white bars, plants inoculated with the native Rh. intraradices
CdG  strain (Ri CdG); lined bars, plants inoculated with the native Septoglomus claroideum CdG strain (Sc CdG) and dotted bars, plants inoculated with the native C. etunicatum
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.6. Hydrogen peroxide accumulation

In leaves, the accumulation of hydrogen peroxide due to the
ncreasing salinity only rose in non-mycorrhizal plants and in
lants colonized by Ri collect when subjected to 100 mM NaCl
Fig. 3A). At this NaCl concentration the lowest value of hydro-
en peroxide was observed in leaves of plants colonized by Ri
dG (Fig. 3A). In roots, the accumulation of hydrogen peroxide

ncreased considerably in non-mycorrhizal plants after exposure
o 66 or 100 mM NaCl. Plants inoculated with Ri collect and Ri CdG
lso enhanced this parameter as a consequence of increasing salin-
ty (Fig. 3B). However, at 66 and 100 mM NaCl, the accumulation
f hydrogen peroxide was lower in roots of plants colonized by
ny of the three native AMF  from Cabo de Gata than in the non-
ycorrhizal plants or plants colonized by Ri collect (at 100 mM
aCl) (Fig. 3B).
.7. Antioxidant enzyme activity

In non-mycorrhizal plants, leaf SOD activity increased consider-
bly by both salt treatments and it increased only slightly in Ri CdG
cate significant differences (p < 0.05) among fungal treatments at each salt level (a,
), Ri CdG (G, H, I), Sc CdG (J, K, L) or Ce CdG (W,  X, Y).

and Ce CdG plants after application of 100 mM NaCl (Fig. 4A). Plants
inoculated with Ri collect or Sc CdG did not alter significantly their
leaf SOD activity by any of the salt treatments (Fig. 4A). When data
were analysed within each salt level, no significant differences in
leaf SOD activity among inoculation treatments were observed at
66 or 100 mM NaCl, while at 0 mM NaCl, three out the four mycor-
rhizal treatments exhibited higher SOD activity in their leaves than
the non-mycorrhizal plants (Fig. 4A). Root SOD activity increased
by salt application only in plants colonized by Ce CdG (at both 66
and 100 mM NaCl) and in plants colonized by Ri CdG (at 100 mM
NaCl) (Fig. 4B). Under 100 mM NaCl conditions, plants colonized by
Ce CdG showed the highest root SOD activity, followed by plants
colonized by Ri CdG and Sc CdG. Non-mycorrhizal plants and those
colonized by Ri collect had the lowest values of root SOD activity
under the highest salt concentration treatment (Fig. 4B).

The catalase activity in shoots resulted differently affected by
salt application depending on the microbial treatment. Thus, non-

mycorrhizal plants and plants inoculated with Ri collect enhanced
transiently CAT activity after application of 66 mM NaCl, but they
almost recovered this activity to initial values after application
of 100 mM NaCl. (Fig. 5A). Plants inoculated with Ri CdG only
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Fig. 2. Shoot (A) and root (B) oxidative dam

ncreased CAT activity when the salt applied reached 100 mM NaCl.
o significant effect of salinity on this parameter was observed in
lants inoculated with Sc CdG, while plants inoculated with Ce CdG
nhanced their shoot CAT activity at both 66 and 100 mM NaCl.
n root tissues, CAT activity increased in all treatments after the
pplication of either 66 or 100 mM NaCl. When data were analysed
ithin each salt level, it was observed that under non-saline con-

itions CAT activity was unaffected by inoculation treatments in
oth leaves and roots (Fig. 5A, B). At 66 mM NaCl, all the mycor-
hizal plants showed higher CAT activity in their roots than the
on-mycorrhizal plants, while in shoots the plants inoculated with

Fig. 3. Shoot (A) and root (B) hydroxide peroxide c
 lipids in maize plants. See legend for Fig. 1.

the three native AMF  exhibited lower CAT activity than those
inoculated with Ri collect or the non-mycorrhizal plants. Finally,
at 100 mM NaCl, no significant differences in CAT activity were
observed in roots, while plants inoculated with Ri CdG and Ce CdG,
had the highest CAT activity in shoots.

4. Discussion
Excessive soil salinity is well known to induce oxidative stress
in plants [55]. Previous studies have suggested that tolerance of
plants to salt stress is associated with the induction of antioxidant

ontent in maize plants. See legend for Fig. 1.
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Fig. 4. Shoot (A) and root (B) SOD ac

nzymes and reduction of oxidative damage [56,57]. AM symbiosis
nhances the activity of antioxidant enzymes, which helps plants
o cope with ROS generated by salinity [23,24,58].  Nevertheless
he response of the individual enzymes varies with respect to the

ost plant and the fungal species involved in the association [12].
esults from the present work confirm that native AMF  reduced
he oxidative damage in the host plant, but also that they differed
n their response to salinity, in the modulation of the antioxidative

Fig. 5. Shoot (A) and root (B) CAT activity i
n maize plants. See legend for Fig. 1.

capacity of the host plant and in the promotion of plant growth
under saline conditions. The degree of root colonization also
varied among fungal species, but the literature reflects that there
is no threshold value of root colonization for enhancement of

plant fitness and this depends on the plant and the fungal species
involved [59]. In fact, Ri collect had higher colonization rate than
the autochthonous AMF  but it did not show better symbiotic
efficiency.

n maize plants. See legend for Fig. 1.
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In this study, AM plants may  improve the net assimilation
ates by protecting photochemical processes of photosystem II
nd enhancing stomatal conductance when subjected to salinity
tress. Plants inoculated with native AMF  exhibited better perfor-
ance of photosystem II and higher stomatal conductance when

ubjected to high salinity level (100 mM NaCl). These results indi-
ate less damage in the photosynthetic machinery and enhanced
ranspiration rates in maize plants inoculated with native AMF.
heng et al. [60] and Hajiboland et al. [61] reported a similar ten-
ency, and Querejeta et al. [28] showed that the enhancement
f plant stomatal conductance was higher with native AMF  than
ith collection fungi. These two effects may  have accounted for

he enhanced tolerance of AM plants, particularly those inoculated
ith native AMF, most likely by enhancing CO2 fixation and plant

rowth during salinity stress. In any case, the native Sc CdG also
mproved these physiological parameters but it did not enhance
lant growth, demonstrating a differential ability by each fun-
us, for instance for nutrient supply to the host plant, or that an
xtended growing period was needed to achieve a positive effect
n plant growth.

The above mentioned processes could have also contributed to
ecrease photorespiration and then lead to lower ROS production

n AM plants [11]. Indeed, the accumulation of hydrogen peroxide
nder salinity was considerably lower in roots of plants inoculated
ith the three native AMF  and the oxidative damage to lipids was

lso lower in shoots and roots of these AM plants. Several stud-
es have reported lower H2O2 accumulation in AM plants [61,62].
ur results demonstrate that colonization of maize plants by native
MF lead to a lower accumulation of ROS species. Salt stress neg-
tively affects membrane integrity and results in ion leakage. Thus
ne of the key processes in salinity tolerance is to prevent lipid
eroxidation to maintain the membrane integrity [58,63]. The oxi-
ation of membrane lipids gives a reliable indication of an extra
ree radical production leading to oxidative stress [64]. Data from
his study showed a lower MDA  content in native-AMF inoculated
lants. A similar reduction of oxidative damage to lipids by AM
ymbiosis has been observed in tomato plants subjected to salin-
ty stress [24,61]. These data, together with the lower electrolyte
eakage in maize plants inoculated with native AMF  from Cabo de
ata, provides evidence that these native AMF are more effective

han a fungus from a culture collection in preventing cell mem-
rane damage. This is in accordance to some other works that
howed lower lipid peroxidation and membrane permeability in
M plants compared to non-mycorrhizal plants [24,58,63,65].  For

nstance, Kaya et al. [66] also reported that the electrolyte leak-
ge in leaves of Capsicum annum treated with 50 mM  and 100 mM
aCl were decreased significantly by AM inoculation. Again, plants

noculated with native AMF  Ri CdG and Sc CdG had lower elec-
rolyte leakage than non-mycorrhizal plants or plants inoculated
ith Ri collect. Several works have shown that AMF  isolated from

 saline area exhibited significant higher symbiotic efficiency than
on-saline AMF  [20,30]. Moreover, Querejeta et al. [28] suggested
hat modulation of leaf gas exchange parameters in Mediterranean
nvironments by native-adapted AMF  is of critical importance for
ost plant performance in semiarid environments. In the present
tudy we have compared the three native AMF  from Cabo de Gata
ith a single fungal strain from culture collection. Comparison with

 higher number of AMF  from culture collections would give a more
omplete idea of the degree of adaptation and effectiveness of the
hree native AMF  from Cabo de Gata. However, the collection fungal
train used in this work is also the model fungus in many stud-
es dealing with different topics in AM symbiosis, including AMF

enome sequencing [67]. Thus, it can be considered a representa-
ive model AMF  strain.

As discussed previously, the lower MDA  concentrations in AM-
noculated plants may  have been due to the better performance
 201–202 (2013) 42–51 49

of photosystem II and lower generation of ROS in these plants.
However, the activation of antioxidant enzymes such as superox-
ide dismutase (SOD) or catalase (CAT) may  have also accounted
[15,68].  Our results showed that AM symbiosis significantly influ-
enced SOD and CAT activities to different extent depending on the
AMF  species, which might be the result of a complex interaction
among AMF, maize and the salinity stress. The SOD  is an antioxi-
dant enzyme that plays a role maintaining membrane stability in
plant cells [69]. SOD enzyme catalyses the conversion of free O2

•−

to O2 and H2O2. In the present work, the effect of salt stress on
antioxidant enzyme activity in maize revealed that the increase of
SOD activity was higher in roots than in shoots. In the root tissues,
at 100 mM NaCl, all native AM-inoculated plants showed signifi-
cantly higher SOD activity and Ce CdG had the highest value. Several
studies reported that AMF  can enhance SOD activity in mycor-
rhizal plants under salt stress conditions [58,61,70].  The greater
SOD activity that we  observed in mycorrhizal plants could increase
the capacity to scavenge superoxide radicals. Enhancement of SOD
activity under salt stress after the inoculation with native AMF
suggests that these fungi improve the capacity of maize plants to
cope with oxidative stress. In a previous work, we provided evi-
dence that the encoding gene for SOD in the fungus Ri CdG was
up-regulated under saline conditions. Hence we confirmed a fun-
gal response to the oxidative stress induced by salinity [30] which
may  have accounted also for the reduced oxidative damage in the
inoculated maize plants. Once the free O2

•− is detoxified by SOD
activity, there is a need to scavenge hydrogen peroxide which is
still toxic and must be eliminated by conversion to H2O in subse-
quent reactions. A number of enzymes regulate H2O2 intracellular
levels in plants, and CAT is among the most important ones [14].
Several authors have reported an enhancement of CAT activity
by inoculation with AMF  [58,61,71].  However, in our work the
effect of AMF  on CAT activity under salinity stress was not evi-
dent, which is in agreement with other reports indicating that
AM symbiosis did not affect CAT activity of salt stressed plants
[24,70].

The effects of AM symbiosis on the antioxidant systems
observed in this study were more prominent under the highest
salt stress level (100 mM NaCl). The latter suggests that under mild
salinity in the soil, maize antioxidant system could be enough to
cope with the stress. However, at higher levels of salt in the soil,
AMF, particularly native ones, are important to improve the capac-
ity of maize to grow under such unfavourable conditions. Greater
SOD activity in plants inoculated with native AMF compared with
non-mycorrhizal or Ri collect plants was associated with lower
accumulation of H2O2 and less lipid peroxidation, indicating lower
oxidative and membrane damage in the native AMF-inoculated
plants. Our observations are in agreement with Bartels [72] who
proposed both the prevention of oxidative stress and the elim-
ination of ROS as the most effective approaches used by plants
to gain tolerance against several abiotic stresses, including salin-
ity.

Summarizing, this work demonstrates that AMF  isolated from
saline areas confer higher salinity tolerance to an important crop
plant such as maize than a collection AMF  strain used as a model
fungus. Our results supports that inoculation with these native
AMF  enhances maize salt tolerance by alleviating the salt induced
oxidative stress and membrane damage. The better performance of
photosystem II and stomatal conductance of plants inoculated with
the three native AMF  must have contributed to this effect through
reduced ROS generation, as evidenced by the lower accumulation
of H2O2 in these plants. In agricultural lands with high levels of dis-

turbance, inoculation is beneficial due to low AM fungal inoculum
potential [73]. Thus, from this work we highlight the potential use
of AMF  from saline habitats to make successful inocula to improve
crop growth and yield in saline soils.



5 cience

A

J
7
Á
o

A

f
2

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[
[

0 B. Estrada et al. / Plant S

cknowledgements

This work was financed by two research projects supported by
unta de Andalucía (Spain). Projects P06-CVI-01876 and P11-CVI-
107. We  thank Sonia Molina for technical assistance and Domingo
lvarez (curator of the EEZ germplasm collection), for taking care
f the native AMF inocula.

ppendix A. Supplementary data

Supplementary data associated with this article can be
ound, in the online version, at http://dx.doi.org/10.1016/j.plantsci.
012.11.009.

eferences

[1] IGC, Grain Market Report, in: IGC Grains conference 2012, International Grains
Council, London - 7 June, 2012.

[2] .L.K. Heng, T. Hsiao, S. Evett, T. Howell, P. Steduto, Validating the FAO AquaCrop
Model for irrigated and water deficient field maize, Agron. J. 101 (2009)
488–498.

[3] FAO, Proceedings of the Global Forum on Salinization and Climate Change
(GFSCC2010), R.P. Thomas (Ed) World Soil Resources Reports, Rome, Italy, 2011.

[4]  .K.A. Schwabe, K. Iddo, K.C. Knap, Drain water management for salinity mitiga-
tion  in irrigated agriculture, Am.  J. Agric. Econ. 88 (2006) 133–140.

[5] .M.  Pitman, A. Läuchli, Global impact of salinity and agricultural ecosystems,
in: A. Läuchli, U. Lüttge (Eds.), Salinity: Environment–Plants–Molecules, Kluwer
Academic Publishers, Netherlands, 2002, pp. 3–20.

[6] .S. Mahajan, N. Tuteja, Cold, salinity and drought stresses: an overview, Arch.
Biochem. Biophys. 444 (2005) 139–158.

[7] .R. Munns, M. Tester, Mechanisms of salinity tolerance, Annu. Rev. Plant Biol.
59 (2008) 651–681.

[8] D. Mejía, Maize: Post-Harvest Operations, AGST-FAO, Rome, 2003.
[9] .T.J. Flowers, Improving crop salt tolerance, J. Exp. Bot. 55 (2004) 307–319.
10] .A.D. Azevedo-Neto, J.T. Prisco, J. Eneas-Filho, C.E.B. Abreu, E. Gomes-Filho,

Effect of salt stress on antioxidative enzymes and lipid peroxidation in leaves
and  roots of salt-tolerant and salt-sensitive maize genotypes, Environ. Exp. Bot.
56  (2006) 87–94.

11] .S.S. Gill, N. Tuteja, Reactive oxygen species and antioxidant machinery in abi-
otic stress tolerance in crop plants, Plant Physiol. Biochem. 48 (2010) 909–930.

12] J.M. Ruiz-Lozano, R. Porcel, R. Azcón, R. Aroca, Regulation by arbuscular
mycorrhizae of the integrated physiological response to salinity in plants:
new  challenges in physiological and molecular studies, J. Exp. Bot. 63 (2012)
4033–4044.

13] C. Triantaphylides, M. Havaux, Singlet oxygen in plants: production, detoxifi-
cation and signaling, Trends Plant Sci. 14 (2009) 219–228.

14] G. Miller, N. Suzuki, S. Ciftci-Yilmaz, R. Mittler, Reactive oxygen species homeo-
stasis and signalling during drought and salinity stresses, Plant Cell Environ. 33
(2010) 453–467.

15] R. Mittler, Oxidative stress, antioxidants and stress tolerance, Trends Plant Sci.
7  (2002) 405–410.

16] I. Türkan, T. Demiral, Recent developments in understanding salinity tolerance,
Environ. Exp. Bot. 67 (2009) 2–9.

17] J.M. Barea, M.J., Pozo, J.M. López-Ráez, R., Aroca, J.M. Ruíz-Lozano, N., Ferrol,
R. Azcón, C. Azcón-Aguilar, Arbuscular;1; Mycorrhizas and their significance
in promoting soil-plant systems sustainability against environmental stresses
in:  B. Rodelas, J. Gonzalez-Lopez (Eds.), Beneficial Plant-Microbial Interactions:
Ecology and Applications Science Publishers, USA, 2012, pp. (In press).

18] D. Redecker, R. Kodner, L.E. Graham, Glomalean fungi from the Ordovician,
Science 289 (2000) 1920–1921.

19] S.E. Smith, D.J. Read, Mycorrhizal Symbiosis, 3rd Ed., Elsevier, Academic Press,
New York, 2008.

20] .M.  Yamato, S. Ikeda, K. Iwase, Community of arbuscular mycorrhizal fungi in a
coastal vegetation on Okinawa island and effect of the isolated fungi on growth
of  sorghum under salt-treated conditions, Mycorrhiza 18 (2008) 241–249.

21] .P. Wilde, A. Manal, M.  Stodden, E. Sieverding, U. Hildebrandt, H. Bothe, Biodi-
versity of arbuscular mycorrhizal fungi in roots and soils of two salt marshes,
Environ. Microbiol. 11 (2009) 1548–1561.

22] H. Evelin, R. Kapoor, B. Giri, Arbuscular mycorrhizal fungi in alleviation of salt
stress: a review, Ann. Bot. 104 (2009) 1263–1280.

23] M.M. Alguacil, J.A. Hernández, F. Caravaca, B. Portillo, A. Roldán, Antioxidant
enzyme activities in shoots from three mycorrhizal shrub species afforested in
a  degraded semi-arid soil, Physiol. Plant 118 (2003) 562–570.

24] .Z. He, C. He, Z. Zhang, Z. Zou, H. Wang, Changes of antioxidative enzymes and
cell membrane osmosis in tomato colonized by arbuscular mycorrhizae under

NaCl stress, Colloids Surf. B 59 (2007) 128–133.

25] R. Calvente, C. Cano, N. Ferrol, C. Azcón-Aguilar, J.M. Barea, Analysing natural
diversity of arbuscular mycorrhizal fungi in olive tree (Olea europaea L.) planta-
tions and assessment of the effectiveness of native fungal isolates as inoculants
for commercial cultivars of olive plantlets, Appl. Soil Ecol. 26 (2004) 11–19.

[

 201–202 (2013) 42–51

26] .B. Enkhtuya, J. Rydlova, M.  Vosátka, Effectiveness of indigenous and
non-indigenous isolates of arbuscular mycorrhizal fungi in soils from degraded
ecosystems and man-made habitats, Appl. Soil Ecol. 14 (2000) 201–211.

27] F. Caravaca, J.M. Barea, J. Palenzuela, D. Figueroa, M.M. Alguacil, A. Roldán,
Establishment of shrubs species in a degraded semiarid site after inoculation
with native or allochthonous arbuscular mycorrhizal fungi, Appl. Soil Ecol. 22
(2003) 103–111.

28] J.I. Querejeta, M.F. Allen, F. Caravaca, A. Roldán, Differential modulation of host
plant 13C and (18O by native and nonnative arbuscular mycorrhizal fungi in a
semiarid environment, New Phytol. 169 (2006) 379–387.

29] R.S. Oliveira, M.  Vosátka, J.C. Dodd, P.M.L. Castro, Studies on the diversity of
arbuscular mycorrhizal fungi and the efficacy of two native isolates in a highly
alkaline anthropogenic sediment, Mycorrhiza 16 (2005) 23–31.

30] B. Estrada, J.M., Barea, R., Aroca, J.M. Ruíz-Lozano, A native Glomus intraradices
strain from a Mediterranean saline area exhibits salt tolerance and enhanced
symbiotic efficiency with maize plants under salt stress conditions, Plant and
Soil (In press), (2012) http://dx.doi.org/10.1007/s11104-012-1409-y

31] E. Sieverding, Vesicular-arbuscular mycorrhiza management in tropical
agrosystems, TZ-Verlagsgesellschaft, Technical Cooperation (GTZ) Eschborn,
Friedland, Bremer, Rossdorf, Germany, 1991.

32] .R.E. Koske, B. Tessier, A convenient, permanent slide mounting medium, Mycol.
Soc. Am.  Newsl. 34 (1983) 59.

33] M.  Brundrett, L. Melville, L. Peterson, Practical Methods in Mycorrhizal
Research, Mycologue Publications, University of Guelph, Ontario, Canada, 1994.

34] J.L. Spain, Arguments for diagnoses based on unaltered wall structures, Myco-
taxon 38 (1990) 71–76.

35] F. Oehl, E. Sieverding, J. Palenzuela, K. Ineichen, G.A. Silva, Advances in Glom-
eromycota taxonomy and classification, IMA  Fungus 2 (2011) 191–199.

36] .N.C. Schenk, G.S. Smith, Additional new and unreported species of mycorrhizal
fungi (Endogonaceae) from Florida, Mycologia 74 (1982) 77–92.

37] W.N. Becker, J.W. Gerdemann, Glomus etunicatus sp. nov, Mycotaxon 6 (1977)
29–32.

38] .J.M. Trappe, Three new Endogonaceae: Glomus constrictus, Sclerocystis clavis-
pora and Acaulospora scrobiculata, Mycotaxon 6 (1977) 359–366.

39] N. Ferrol, R. Calvente, C. Cano, J.M. Barea, C. Azcón-Aguilar, Analysing arbus-
cular mycorrhizal fungal diversity in shrub-associated resource islands from a
desertification-threatened semiarid Mediterranean ecosystem, Appl. Soil Ecol.
25 (2004) 123–133.

40] J. Lee, S. Lee, J.P.W. Young, Improved PCR primers for the detection and iden-
tification of arbuscular mycorrhizal fungi, FEMS Microbiol. Ecol. 65 (2008)
339–349.

41] S.F. Altschul, W.  Gish, W.  Miller, E.W. Myers, D.J. Lipman, Basic local alignment
search tool, J. Mol. Biol. 215 (1990) 403–410.

42] M. Krüger, C. Krüger, C. Walker, H. Stockinger, A. Schussler, Phylogenetic refer-
ence data for systematics and phylotaxonomy of arbuscular mycorrhizal fungi
from phylum to species level, New Phytol. 193 (2012) 970–984.

43] J.M. Phillips, D.S. Hayman, Improved procedure of clearing roots and staining
parasitic and vesicular–arbuscular mycorrhizal fungi for rapid assessment of
infection, Trans. Br. Mycol. Soc. 55 (1970) 159–161.

44] M.  Giovannetti, B. Mosse, Evaluation of techniques for measuring vesic-
ular arbuscular mycorrhizal infection in roots, New Phytol. 84 (1980)
489–500.

45] K. Oxborough, N.R. Baker, Resolving chlorophyll a fluorescence images of pho-
tosynthetic efficiency into photochemical and non-photochemical components
-  calculation of qP and Fv′/Fm′ without measuring Fo’, Photosynth. Res. 54
(1997) 135–142.

46] P.E. Verslues, M.  Agarwal, S. Katiyar-Agarwal, J. Zhu, J.K. Zhu, Methods and
concepts in quantifying resistance to drought, salt and freezing, abiotic stresses
that  affect plant water status, Plant J. 45 (2006) 523–539.

47] G. Minotti, S.D. Aust, The requirement for iron (III) in the initiation of lipid-
peroxidation by iron(II) and hydrogen-peroxide, J. Biol. Chem. 262 (1987)
1098–1104.

48] B. Halliwell, J.M.C. Gutteridge, Free Radicals in Biology and Medicine, Clanderon
Press, Oxford, UK, 1989.

49] B.D. Patterson, E.A. Macrae, I.B. Ferguson, Estimation of hydrogen-peroxide in
plant-extracts using titanium (IV), Anal. Biochem. 139 (1984) 487–492.

50] R. Aroca, J.J. Irigoyen, M.  Sánchez-Díaz, Drought enhances maize chilling tol-
erance. II. Photosynthetic traits and protective mechanisms against oxidative
stress, Physiol. Plant. 117 (2003) 540–549.

51] R. Aroca, J.J. Irigoyen, M.  Sánchez-Díaz, Photosynthetic characteristics and pro-
tective mechanisms against oxidative stress during chilling and subsequent
recovery in two maize varieties differing in chilling sensitivity, Plant Sci. 161
(2001) 719–726.

52] M.M.  Bradford, A rapid and sensitive method for quantitation of microgram
quantities of protein utilizing principle of protein–dye binding, Anal. Biochem.
72 (1976) 248–254.

53] M. Becana, P. Aparicio-Tejo, J.J. Irigoyen, M.  Sánchez-Díaz, Some enzymes of
hydrogen peroxide metabolism in leaves and root nodules of Medicago sativa,
Plant Physiol. 82 (1986) 1169–1171.

54] H. Aebi, Catalase in vitro, Methods Enzymol. 105 (1984) 121–126.
55] R. Santos, T. Franza, M.L. Laporte, C. Sauvage, D. Touati, D. Expert, Essential role
of  superoxide dismutase on the pathogenicity of Erwinia chrysanthemi strain
3937, Mol. Plant–Microbe Interact. 14 (2001) 758–767.

56] A.H. Sekmen, I. Türkan, S. Takio, Differential responses of antioxidative enzymes
and  lipid peroxidation to salt stress in salt-tolerant Plantago maritima and salt-
sensitive Plantago media,  Physiol. Plant 131 (2007) 399–411.

http://dx.doi.org/10.1016/j.plantsci.2012.11.009
http://dx.doi.org/10.1016/j.plantsci.2012.11.009
http://dx.doi.org/10.1007/s11104-012-1409-y


cience

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

B. Estrada et al. / Plant S

57]  J.A. Hernández, A. Jiménez, P.M. Mullineaux, F. Sevilla, Tolerance of pea (Pisum
sativum L.) to long-term salt stress is associated with induction of antioxidant
defenses, Plant, Cell Environ. 23 (2000) 853–862.

58] N. Garg, G. Manchanda, Role of arbuscular mycorrhizae in the alleviation of
ionic, osmotic and oxidative stresses induced by salinity in Cajanus cajan (L.)
Millsp (pigeonpea), J. Agron. Crop Sci. 195 (2009) 110–123.
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