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Abstract

The beneficial root endophytes play a crucial impact in improving plant performance, and
participate in enhancing phytoremediation efficiency of host in metal-polluted sites. This
experiment investigated the influence of root endophyte fungus Serendipita indica on lead (Pb)
accumulation and translocation, some physiological attributes, and antioxidant system of leaf in
Carthamus tinctorius L. (safflower) cv. Sina in soil contaminated with different levels Pb (0,
400, 800 and 1200 mg Pb/kg soil). By increasing Pb levels in soil, Pb uptake by root, and Pb
accumulation in root and shoot were significantly elevated. A significant increase on Pb
accumulation in root and a significant reduction on shoot Pb amount were observed under
fungal symbiosis. Also, S. indica-inoculated plants had lower translocation factor (TF) and
bioaccumulation factor of Pb in shoot (BFS), whereas higher bioaccumulation factor of Pb in
root (BFR), in compare to non-inoculated ones. Presence of S. indica yielded in greater growth
parameters, photosynthetic pigments, chlorophyll fluorescence parameters, and antioxidant
enzymes activities of CAT, APX and SOD, under all levels Pb in soil. We suggest the
consideration of this endophyte for fungus-assisted phyto-stabilization/immobilization of Pb in
host roots. Also, we concluded that S. indica mediated different tolerance strategies to mitigate
Pb toxicity and higher performance of safflower.
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Introduction

Human industrial activities have been
caused serious hazards to environment and
human health by pollutants. Lead (Pb), as a
heavy metal element, is one of the toxic
metals in ecosystems that derived mainly
from anthropogenic sources such as
pesticides, lead based paints, lead glazed
ceramics, lead-based solder, lead ore
mining, tailings and smelting [29].
Agricultural soils with higher level of Pb
require an effective and economically
viable solution, because Pb affects
consumer health via the food chain [10].
The metal toxicity has also reported in
plants with symptoms including leaf
chlorosis, blackening of the root, and
reduced growth and productivity caused
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because of Pb interference on their
physiology, biochemistry and cellular
ultrastructure [31]. Decreased chlorophyll
pigments, damaged chloroplasts, inhibited
photosynthetic electron transport and the
net assimilation of CO,, altered antioxidant
enzyme system and redox balance,
disturbed mineral nutrition and obstructed
Calvin cycle enzymes activities are the
main interrupted physiological processes by
excess Pb in plants [13, 15, 19, 27]. Even
though, Pb toxicity induces accumulation of
reactive oxygen species (ROS) and raises
the level of lipid peroxidation [49], the
antioxidant defense system will efectively
eliminate the plant excessive ROS to
attenuate Pb toxicity in plants [16].
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Different bio-approaches have been used to
remediate the heavy metal polluted sites
such as usage of plants, algae and microbes,
but in most cases their tolerance to heavy
metal is low. In the plants, some symbioses
can effectively enhance their resistance to
the pollutions that among them mycorrhizal
and endophyte fungi, as major groups of
plant mycobionts, contribute greatly in
plant compatibility to stresses [47]. Root-
colonizing endophytes play a crucial impact
in improving plant performance, and
participate in heavy metal stress tolerance,
fungus-assisted phytoremediation, food
safety and sustainable crop production by
modulating the plant physiology and
biochemistry  under metal stressful
environment [4, 22, 47]. A root endophytic
fungus was isolated from the rhizosphere of
woody shrubs growing in the Thar desert of

Rajasthan, India, that was named
Serendipita  indica  (formerly  named
Piriformospora  indica) based on its

characteristic pear shaped chlamydospores
[46, 54]. This endophyte is related to the
Hymenomycetes phylum of the
Basidiomycota class and belongs to the
order Sebacinales [37, 55]. It colonizes the
roots of a wide range of hosts including
various members of gymnosperms and
angiosperms, and mimics the capabilities of
typical arbuscular mycorrhizal fungi (AMF)
[51]. The colonization of various plants root
with this fungus stimulates growth and
yield, promotes macro- and micronutrient
uptake, and allows host to survive under
biotic and abiotic stresses [34, 42, 51, 55].
S. indica confers heavy metal tolerance in
tobacco and sunflower by increasing the
chlorophyll content and leaf antioxidant
enzymes activity, and improving the
fluorescence parameters [25, 42].

Safflower (Carthamus tinctorius L.) is an
annual herbaceous crop, highly branched
and with a deep root system that belongs to
family Compositae. In the recent decades, it
is grown mainly for the oil that is extracted
from the seeds, and therefore is well known
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as an oilseed crop. Safflower is tolerant to
various metals and can be grown on
polluted soils with heavy metals, hence it
has potential to use in phytoremediation
process [2]. This crop possesses interesting
characteristics in terms of Cd accumulation
so that it is capable of accumulating high
levels of Cd in root and above-ground parts
without showing symptoms of toxicity [44].
The metal phyto-stabilization process refers
to minimize the transportation and leaching
of metal in soil, allowing metal
accumulation in plant root with only small
amounts of metal being translocated to the
above-ground parts.

By literature, data on S. indica colonization
with safflower roots in Pb-contaminated
sites is rare. Therefore, the main objective
of this study was to evaluate the potential
effects endosymbiosis fungus S. indica on
improving phytoremediation efficiency,
growth status, fluorescence parameters, and
antioxidant capacity of safflower under
increasing Pb levels in soil. We
hypothesized that (1) S. indica would
change the uptake, accumulation and
translocation of Pb in the host organs, (2)
root colonization by S. indica was an
advantage that would promote the growth
and biomass accumulation of safflower
under Pb stress, and (3) the physiological
and biochemical changes induced by S.
indica would contribute to Pb tolerance of
safflower at toxic levels of Pb in soil.

Materials and methods

Plant and fungal materials: A pot
experiment  was  conducted  under
greenhouse conditions and consisted of a
completely randomized factorial design (2
fungus inoculation treatments x 4 Pb levels)
in 5 replicates. Healthy seeds of safflower
(Carthamus tinctorious L.) cv. Sina
obtained from the Dryland Agricultural
Research Institute, Maragheh, Iran, were
surface sterilized for 2 min in ethanol
followed by dipping for 10 min in 1%
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NaClO solution, then washed with distilled
water six times and germinated on moist
filter paper at 4 'C for 48 h in the dark. S.
indica  (gifted by Prof. Goltapeh,
Department of Plant Pathology, Tarbiat
Modares University, Tehran, Iran) was
propagated in Petri dishes on a Hill & Kéfer
medium [24] and incubated at 29 + 1 Cin
the dark for two weeks.

Soil preparation: A sandy loam topsoil (0—
25 c¢m) was taken from the surface horizon
of Maragheh University Campus farm. The
physico-chemical characteristics of the soil
used in our study were as follows: 68%
sand, 20% silt, 12% clay, 1.2% organic
matter, 0.05% total N, 7 mg/kg available P,
35 mg/kg available K, 9.7 mg/kg total Pb,
pH 7.2 and 1.28 dS/m EC. Fresh soil was
air-dried and then passed through a 5-mm
sieve and finally was steam-sterilized at 100
°C for 1 h (3 times in 3 consecutive days) to
elimination of various microorganisms in
the experimental soil. After that, soil
samples were artificially contaminated with
different Pb concentrations (0, 400, 800 and
1200 mg Pb/kg soil) using Pb(NO;),
solution. After Pb contamination, soil
samples were permitted to equilibrate for 4
weeks in order to Pb distribution into
various fractions of soil.

Planting setup: The uniform and well-
grown seedlings (two days after seed
germination) were transplanted in plastic
pots filled with 5 kg of sterilized soil that
contained four added Pb levels. At sowing
time, two fungal plugs (10 mm diameter)
were placed at a distance of 1 cm below the
safflower seedlings in the soil. S. indica-
free treatments were mock-inoculated with
autoclaved plugs. The experimental
safflowers were grown in a greenhouse
under a photoperiod of 14 h day at 28 + 2
°C and 10 h dark at 18 +2 "C, with 60-70%
average relative humidity. The irrigation
was done once every three days to near
field capacity using deionized water.
Furthermore, 100 ml of Hoagland's nutrient
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solution was added to each pot every week
for improvement plant growth. At
harvesting time (45 days after sowing),
safflowers were separated into shoots and
roots, washed and then plant growth
attributes including shoot length and root
length were recorded. For determination of
shoot and root dry matters and Pb content,
the samples were oven dried at 75 'C until
constant weight. The fresh plant samples
were stored at —80 'C until biochemical
analyses.

Determination of root colonization: The
percentage of root colonization by S. indica
was measured by the method of Oelmiiller
et al. [32] after root (1 g) cleaning in 10%
KOH and staining with 0.1% Trypan blue
[36]. In this method, S. indica-
chlamydospores distribution within the
roots of colonized plants was estimated as
an index for root colonization.

Determination of Pb content: The oven-
dried shoots and roots (0.1 g) were finely
ground separately, and then digested in a
mixture of concentrated HNO; and HCIO4
(7:1 ratio, v/v). The content of Pb in plant
extracts was determined using an atomic
absorption spectrophotometr (Shimadzu,
Japan). The translocation factor (TF) of Pb
was determined as the ratio of Pb
concentration in shoot to Pb concentration
in root. Also, bioaccumulation factor of
shoot (BFS) and root (BFR) was computed
as ratio of Pb content in shoot or root to Pb
concentration in the soil

Determination of photosynthetic
pigments: For measurement of chlorophyll
(Chl) in the youngest fully expanded leaf,
0.1 g of leaf sample was homogenized with
acetone 80% (v/v) and then filtrated
through filter paper. The absorbance of
filtrate was read at 663 and 645 nm for Chl
a and Chl b, and the pigments contents
were estimated according to Arnon [5].

Bioassay of  antioxidant enzyme
activities: Frozen fresh leaves (0.3 g) were
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powdered in liquid nitrogen, homogenized
with 3 ml of ice-cold potassium phosphate
buffer (100 mM, pH 7.5, 0.5 mM EDTA for
assay SOD and CAT activities, and soluble
protein content; 1 mM ascorbic acid and 0.5
mM EDTA as reaction mixture for assay
APX activity) and then -centrifuged at
10,000 rpm for 15 min at 4 °C. The
supernatant was used to record the soluble
protein and enzymatic activities. Total
soluble protein was measured with bovine
serum albumin as the standard by the
method of Bradford [11]. The superoxide
dismutase (SOD, EC 1.15.1.1) activity was
determined by measuring SOD ability to
inhibit the photochemical reduction of
nitroblue tetrazolium (NBT) by superoxide
radicals generated at 560 nm, according to
Dhindsa and Matowe [18]. One SOD unit
was considered as the amount of enzyme
required to cause 50% inhibition of the
photochemical reaction of NBT (using
methionine and riboflavin). Catalase (CAT,
EC 1.11.1.6) activity was assayed
spectrophotometrically at 240 nm by Aebi
method [1]. The hydrogen peroxide
decomposition rate was monitored during 1
min at 25 'C. The activity of APX (EC
1.11.1.1) was assayed by Nakano and
Asada method [31]. The reaction of
ascorbic acid oxidation was started by
addition of H,O, and the decrease in
absorbance was read at 290 nm.

Measurements of chlorophyll
fluorescence: After darkening the leaf for
30 min, the chlorophyll fluorescence

parameters including Fv/Fm (maximum
quantum efficiency of PSII photochemistry)
and ETR (the relative PSII electron
transport rate), as physiological indicators,
were measured on the new fully expanded
leaf using a portable chlorophyll
fluorometer (model Hansatech, Instruments
LTD, UK).

Determination  of  malondialdehyde
(MDA): The level of leaf MDA, a lipid
peroxidation product, was analyzed by the
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thiobarbituric acid (TBA) reaction as
described by Heath and Packer [23].
Absorbance was recorded at 600 nm and
532 nm (the blank was 1% thiobarbituric
acid in 20% trichloroacetic acid). The level
of leaf MDA was determined by an
extinction coefficient of 155 mM™ cm™.
Statistical analysis: Two-way analysis of
variance (ANOVA) was performed on all
experimental data using SAS 9.4 software
version 2013. Comparisons between means
were carried out using Duncan’s multiple
range tests at P < 0.05. The results were
expressed as the means of five replicates +
standard deviation (SD).

Results

Pb accumulation in root and shoot: By
increasing Pb concentration in the soil, the
root and shoot Pb amounts were
significantly increased in colonized and
non-colonized plants (Table 1). According
to Table 1, Pb contents in root were higher
than soil Pb concentration, as well as shoot
Pb contents at all levels of Pb in the soil.
Translocation factor (TF) and
bioaccumulation factor in root (BFR) and
shoot (BFS) were reduced from 0 to 400
mg Pb (this reduction, in the case of TF was
not significant, but in the case of BFR and
BFS was significant), and then were
approximately constant from 400 to 1200
mg in the soil (Table 1). On the other hand,
fungal inoculation significantly elevated Pb
content in the root, whereas significantly
reduced Pb content in the shoot, in different
soil Pb concentrations (except at 0 mg Pb),
in comparison to non-inoculated treatments.
The safflowers inoculated with S. indica
showed increases of 36.3, 20.6 and 12% in
root Pb content, and reductions of 39.7,
23.2 and 45.8% in shoot Pb content under
400, 800 and 1200 mg Pb/kg soil,
respectively, compared to un-inoculated
ones (Table 1). The TF value was also
reduced by the inoculation of safflowers
with the fungus, but this reduction was not
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significant at all levels of Pb in soil (Table
1). In comparison with absence of the
endophyte, presence of S. indica
significantly increased BFS and BFR at the
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dose of 0 mg Pb soil, but had no significant
influence on these values at the other levels
of Pb in the soil, and mentioned parameters
were approximately constant (Table 1).

Table 1. The effect of S. indica on Pb content in root and shoot, translocation factor (TF), bioaccumulation factor
of root (BFR) and bioaccumulation factor of shoot (BFS) in safflower under Pb toxicity.

Fungus Pb Root Pb Shoot Pb TF BFR BFS

treatment treatment  (mg/kg) (mg/kg)
(mg/kg)

-S. indica 0 28+2¢g 55+0.7¢g 0.22+0.04 a 275+34b 6.2+190b
400 933+96f 159 +28¢ 0.17£0.01 ab 23+0.15¢ 0.4+0.04 ¢
800 1567 +98 d 233+ 10b 0.14£0.02 ab 1.9+£0.10c 0.3+0.02¢
1200 2295+ 149b 365+35a 0.16 £0.02 ab 09+0.10c 0.3+0.01c

+S. indica 0 53+£5g 65+1g 0.18 £0.09 ab 482+78a 82+2.10a
400 1272 £55 ¢ 9%6+7f 0.07+0.01b 32+0.1c 02+0.02¢
800 1890+ 20 ¢ 179+5d 0.09+001b 24+0.1c 02+0.01c
1200 2571+29a 198+4 ¢ 0.07+001b 22+0.1c 02+0.01c

Values are mean = SD, n = 5. The same letter within each column indicates no significant difference among
treatments using Duncan’s Multiple Range Test at P<0.05.

Root colonization and growth: The results
shown in Table 2 illustrate that S. indica
was able to successfully colonize safflower
roots. Root colonization was not observed
in the roots of non-inoculated plants after
harvesting. In inoculated roots, increasing
soil Pb concentration significantly reduced
root colonization so that highest level
(52%) and lowest level (31%) in root
colonization were observed under 0 mg and
1200 mg Pb/kg soil, respectively (Table 2).
In colonized and non-colonized safflowers
with S. indica, shoot and root lengths, and
shoot and root dry weights were
significantly decreased in response to
increasing Pb levels in the soil (Table 2). In
non-inoculated plants, maximum decrease
in growth indicators was observed at 1200
mg Pb spiked soil so that reduction in shoot
length by 34.2%, root length by 41.9%,
shoot dry weight by 46.9% and root dry
matter by 53.2% was obtained under 1200
mg Pb, as compared to control. However,
inoculation with the endophytic fungus
improved the growth parameters at all
levels of metal stress. Under different levels
of Pb in the soil, presence of S. indica
enhanced the shoot length by 10.3-23%,
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root length by 9.3-18.1%, shoot dry weight
by 23.9-39.1% and root dry weight by 27.1-
30.1% compared to plants grown without
inoculation (Table 2).

Chlorophyll content and chlorophyll
fluorescence parameters: In this research,
in both colonized and non-colonized plants
with the endophyte, the levels of Chl a and
Chl b, and Fv/Fm and ETR values were
decreased when the Pb concentration was
increased in soil (Table 3). Maximum level
Pb in the soil (1200 mg) produced the
minimum levels of photosynthetic pigments
(Chl a and Chl b) and fluorescence
parameters (Fv/Fm and ETR). As shown in
Table 3, compared to the non-colonized
plants, Chl a and b contents, and ETR value
were significantly higher in colonized
plants by S. indica at all Pb concentrations
in the soil. Although, presence of the
fungus increased Fv/Fm value in compare
to absence of the fungus, but this increase
was not significant at different Pb levels in
soil (Table 3). S. indica-inoculated
safflowers showed greater Chl a content
(8.5-19.9%), Chl b content (18.4-25.7%),
Fv/Fm (2.4-8.4%) and ETR (5.5-9.2%) than
non-inoculated ones (Table 3).



Journal of Plant Research

Vol. 31 No. 4, Spring 2019

Table 2. The effect of S. indica on root colonization (RC), shoot length (SL), root length (RL), shoot dry weight

(SDW) and root dry weight (RDW) in safflower under Pb toxicity.

Fungus Pb RC SL RL SDW RDW

treatment treatment (%) (cm) (cm) (g/plant) (g/plant)
(mg/kg)

-S. indica 0 0+£0e 30.65+£233b 18.15+190b 15.70 £0.84 ¢ 6.30+0.70 b
400 0+0e 3620+245¢ 1490+0.56¢ 13.60 £ 0.56 d 470+0.28 ¢
800 0+0¢ 2925+120d 12.15+091¢ 10.15+£0.49 ¢ 370+ 0.56d
1200 0+0e 26.10+0.28¢ 10.55+1.34f 08.35+0.21°f 295+021e

+S. indica 0 520+14a 4880+028a 19.85+1.34a 21.85+0.07 a 820+ 0.14a
400 440+28b 3995+0.07b 17.60+0.84b 16.85+0.49b 6.05+1.06b
800 36.5+0.7¢ 3470+042c¢ 13.35+0.63d 13.45+0.63d 4.80+048¢c
1200 31.0+£00d 29.75+3.04d 11.85+0.35¢ 1045+021¢ 375+049d

Values are mean = SD, n = 5. The same letter within each column indicates no significant difference among
treatments using Duncan’s Multiple Range Test at P<0.05.

Table 3. The effect of S. indica on photosynthetic pigments (Chl a and b) and fluorescence parameters (Fv/Fm
and ETR) in safflower under Pb toxicity.

Fungus Pb Chla Chl b Fv/Fm ETR

treatment treatment (mg/g FW) (mg/g FW)
(mg/kg)

-S. indica 0 3.10+£0.13b 2.01+£0.09b 0.81 £0.01 ab 119+7b
400 2.56+0.12 ¢ 1.59+0.12¢ 0.71£0.02bed 108+3d
800 2.19+£0.09d 1.31+£0.06d 0.67£0.03 cd 97+1e
1200 1.87+0.13 ¢ 1.03+0.08¢ 0.59+0.02¢ 87+2f

+S. indica 0 3.46+0.08 a 2.38+0.08a 0.83+0.02 a 128+1a
400 3.07+0.17b 2.00+0.12b 0.76 £0.01 abc 114+4¢
800 2.58+0.14 ¢ 1.61 £0.11¢ 0.71+£0.01bed 106+2d
1200 2.03+0.19d 1.27+0.06d 0.64 +0.01 de 94 +3¢

Values are mean + SD, n = 5. The same letter within each column indicates no significant difference among
treatments using Duncan’s Multiple Range Test at P<0.05.

MDA content and antioxidant enzymes
activity: Based on the Table 4, in response
to increasing Pb concentration in soil, in
both colonized and non-colonized plants
with the endophyte, MDA content and CAT
activity were significantly elevated. Also,
with and without S. indica inoculation, Pb
treatment significantly increased APX and
SOD activities from 0 to 800 mg Pb/kg soil.
Compared to 800 mg Pb in soil, Pb
exposure at the level of 1200 mg
significantly reduced APX activity, but had
no significant influence on SOD activity
(Table 4). Presence of S indica

significantly

reduced MDA

content,
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whereas increased CAT, APX and SOD
activities under different levels of Pb in the
soil. In inoculated safflowers, the
reductions in MDA contents were 21.7,
30.9, 21.1 and 15.4% under 0, 400, 800 and
1200 mg Pb/kg soil, respectively than those
of un-inoculated ones. Also, in S. indica-
inoculated plants, the enhancements for
CAT activity were 10.8-41.1%, for APX
activity were 3.7-16.9%, and for SOD
activity were 7.9-15.1% at various
concentrations of Pb in soil, as compared to
non-inoculated ones (Table 4).
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Table 4. The effect of S. indica on MDA content and antioxidant enzymes activity in safflower under Pb toxicity.

Fungus Pb MDA CAT APX SOD

treatment treatment (nmol/g FW) (U/mg protein. (U/mg protein. (U/mg protein)
(mg/kg) min) min)

-S. indica 0 9.47+0.79 g 209+029¢ 372+0.29 ¢ 5527+3.11e
400 18.62+1.38¢ 328+0.27¢ 4.52+090c 65.60+341d
800 29.67+2.09¢ 4.15+0.17 ¢ 532+0.15b 77.97+3.33b
1200 38.65+2.44a 4.65+0.12b 4.55+0.12¢ 77.40+4.78 b

+S. indica 0 7.42+0.85h 295+0.19f 435+0.17d 63.62+3.90d
400 12.87+0.65 3.67+£0.09d 520+£0.08b 70.82+2.28 ¢
800 2345+1.64d 4.60+0.14b 552+0.12a 84.52+6.52a
1200 32.72+1.89b 5.22+0.09 a 525+0.13b 85.40+2.75a

Values are mean = SD, n = 5. The same letter within each column indicates no significant difference among
treatments using Duncan’s Multiple Range Test at P<0.05.

Discussion

Data from our study (Table 1) showed that
Pb amount in the roots of safflower was
higher than soil Pb concentration,
demonstrating that Pb uptake mechanism is
an active process in the roots of safflower
cv. Sina. Pb could possibly enter the roots
through ionic channels/transporters and its
uptake greatly depends on the functioning
of an H'/ATPase pump to maintain a strong
negative potential in rhizoderm cells of the
root [57]. Based on Table 1, the Pb levels in
both roots and shoots illustrated positive
and linear relationships with Pb levels in
soil.  Furthermore, root accumulated
remarkably more Pb than shoot under
different Pb concentrations in soil (Table
1), indicating a restriction on Pb transport
upwards. It has been reported that Pb highly
sequestered into roots than shoots in
Raphanus sativus [58] and Coronopus
didymus [45]. Zhivotovsky et al. [60]
observed that Pb was mainly deposited in
the root after formation of PbCO; and
Pb3(PO4),. The root tissues act as barriers to
apoplastic and symplastic Pb translocation,
resulting in restricted transport of Pb to
shoot [50]. Bioaccumulation factor (BF) is
used to estimate plants ability to pump
heavy metals from the substrate to plant
organ, and an important indicator of metal
accumulation capacity. In this research,
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bioaccumulation factor of root (BFR) was
higher than bioaccumulation factor of shoot
(BFS) under different soil Pb levels (Table
1), showing that safflower cv. Sina
prevented Pb partitioning to shoots. Also,
TF (translocation factor) was very low
(below 0.22) for all tested levels of Pb in
soil. Considering that root is the main
accumulation place of Pb, as well as higher
BFR than BFS, and TF below 1 (TF<1) in
all used metal concentrations, it should be
noted that safflower cv. Sina is a potential
candidate to be used in phyto-stabilization
process and not  phyto-extraction.
Accordingly, Al Chami et al. [2] reported
that safflower cannot be considered as Pb
accumulator as the concentration of shoot
Pb was below 1000 mg Pb/kg dry weight.

More importantly, presence of S. indica
changed the accumulation and translocation
of Pb in safflower (Table 1). The infection
with the endophyte notably increased root
Pb in compare to non-infected plants (Table
1). It has been reported that some fungi can
increase the solubility of heavy metals in
soil, hence improve their uptake by the root
through producing chelators, siderophores,
organic acids and various degrading
enzymes [2]. Under fungal symbiosis, Pb
was mainly accumulated in the roots, and
Pb content in shoot was reduced (Table 1).
In fungus-treated safflowers in compare to
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non-treated ones, the ratio of Pb content in
shoot to that in root (TF) at four levels of
Pb, as well as BFS values at 400, 800 and
1200 mg Pb were lower, but BFR values at
all levels of Pb in soil were higher,
indicating an attenuation in Pb toxicity of
leaf as a physiologically most active organ
in plants. Accordingly, Ban et al. [7] found
that under symbiosis of maize plants with
endophytic  fungus  Gaeumannomyces
cylindrosporus, Pb was retained mainly in
the root system and TF was significantly
reduced. It seems that the larger surface
area provided by S. indica in the safflower
root, and retention of Pb by fungal mycelia
as an important sink for heavy metal via
chelation of Pb ions inside the fungus or
adsorption of Pb to chitin in the fungal cell
wall, could be involved in Pb accumulation
in root and reduced translocation of Pb
from the root to shoot. The fungal cell walls
possess functional groups such as hydroxyl,
carboxyl and phosphoryl that act as binding
sites for the adsorption of heavy metals
[26]. Higher BFR value, and lower BFS and
TF values in inoculated plants indicated S.
indica potential in immobilization of Pb in
safflower root, thus minimizing the
migration of Pb into surface- and
groundwater and reduce the risk of Pb entry
into the food chain.

The results obtained from this study
showed that S. indica colonization occurred
in all levels of Pb in the soil, indicating a
heavy metal tolerance of this endophyte
fungus. However, by increasing Pb stress,
root colonization percent was significantly
reduced (from 52% at 0 mg Pb to 31% at
1200 mg Pb/kg soil), but S. indica formed
was still functional. Similar findings
concerning reduced root colonization were
also reported in our previous researches in
wheat and sunflower under heavy metal
stress [41, 42]. It seems that a direct
influence of Pb toxicity on S. indica is the
reduction of chlamidospore germination
and hyphal development, which can inhibit
the establishment of root colonization by
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the fungus. Furthermore, the toxic effect of
Pb on photosynthesis rate (Table 3) and
biomass accumulation (Table 2) in
safflower can harmfully affect the
endophyte fungus, resulting a decline in
root colonization.

It has been widely studied that excess Pb in
the soil can cause negative effects on
morphological growth and  biomass
accumulation [19, 21, 27]. In agreement
with previous studies, our study showed
that safflowers grown under Pb stress had a
significantly lower shoot length, root
length, and shoot and root dry weights
(Table 2), which suggested that the growth
was limited by Pb stress in soil. Lower
growth under Pb stress might be due to the
disadvantage in activities of enzymes that
involved in the photosynthetic Calvin cycle,
and generation of ROS resulting in
oxidative stress and damage to cell
membrane [43, 53]. As shown in the Table
2, root colonization by S. indica
significantly enhanced growth indicators at
all levels of Pb soil contamination in
comparison to non-colonized safflowers,
indicating growth promotion activity of S.
indica. These results are in accordance with
Shahabivand et al. [42] in sunflower and
Hui et al. [25] in tobacco under heavy metal
stress. The modulation of phyto-hormones
involved in plant growth, increased uptake
of macro- and micronutrients, and the
elevation in photosynthesis efficiency of
host are S. indica-mediated mechanisms in
growth enhancement of associated plants
[37, 41, 58].

In this work, the levels of Chl ¢ and Chl b
were decreased when the soil Pb
concentration was increased, with and
without fungus treatments. This reduction
in chlorophylls content may be attributed to
reduced rate of chlorophyll production due
to Pb induced oxidative stress, chlorophyll
degradation by stimulated chlorophyllase
activity, and minimizing Fe and Mg uptake
by the plant under Pb stress [43].
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Furthermore, the suppression of chlorophyll
biosynthesis can be correlated with a
reduction in activity of enzyme 6-
aminolevulinic acid dehydratase (a key
enzyme in the biosynthesis of tetrapyrrole
in active core of Chl) in treated plants by
excess Pb [41]. Based on Table 3, Pb
treatment reduced Fv/Fm and ETR values
in both inoculated and non-inoculated
safflowers. A decline in Fv/Fm value has
been shown in sunflower under heavy metal
stress [42]. Also, Bezerril Fontenele et al.
[9] reported that Pb stress reduced ETR in
Vigna unguiculata cultivars. Pb inhibits
oxygen-evolving complex (OEC) and
electron transport from Qa to Qg [8]. It is
known that Pb reduces the quantum yield of
PSII and ETR via modifying the PSII
proteins and altering their function [59]. Pb
ion could replace Mg>" in chlorophyll
molecule and Ca®" in the oxygen evolving
complex, leading structural changes and
causing inhibition of energy transfer in PSII
[39]. On the other hand, S. indica
inoculated safflowers had higher content of
Chl a and Chl b, and Fv/Fm and ETR
values than non-inoculated ones (Table 3).
A significant enhancement in Chl a and b
contents in the presence of S. indica was
probably correlated with the increased
mineral nutrition. Moreira et al. [30] and
Ghaffari et al. [20] reported that S. indica
symbiosis in barley and pineapple elevated
Mg content, as a pivotal point in the
chlorophyll structure. Pan et al. [35] found
a remarkably elevation on ETR and a slight
increase on Fv/Fm under inoculation by
endophyte fungus in Chinese white poplar.
Higher capability of fungal plants to use
light energy, and increase in the density of
photosynthetic units and electron transport
rate was confirmed by higher levels of
Fv/Fm and ETR in Medicago truncatula
under heavy metal stress [3]. Based on
these results along with the results obtained
in promoting biomass accumulation (Table
1) and Chl a and Chl b contents, it was
suggested that inoculated safflowers with S.
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indica  had  higher  photosynthetic
performance than non-inoculated ones,
indicating positive impact of this fungal-
plant interaction in the attenuation of host
Pb toxicity.

Pb stress is known to induce higher levels
ROS, leading to oxidative stress [43]. The
overproduction of ROS by Pb stress
degrades polyunsaturated lipids in cellular
membranes (peroxidation of lipids that
causes the loss of membrane integrity), as a
result forming MDA which is used as a
biomarker to evaluation of oxidative stress
level and its magnitude [17]. As shown in
Table 4, Pb treatment resulted in elevated
levels MDA in colonized and non-
colonized plants. Elevated MDA content
under Pb-stressed conditions was also
observed in different plant species
including Morus alba [38] and Acalypha
indica [52]. These results demonstrated that

antioxidant enzymes and other non-
enzymatic antioxidants for combating
excessive generated ROS are not a

sufficient defense system under higher Pb
levels in soil. The presence of S. indica
inhibited MDA accumulation in leaves of
safflower at all levels of Pb in soil (Table
4), thus S. indica could partially counteract
Pb toxicity. Hui et al. [25] observed that the
quantity of MDA in S. indica-inoculated
tobacco plants exposed to heavy metal was
lower than non-inoculated ones. Based on
these results, it can be stated that this
endophyte could inhibit or retard the
formation of MDA by preventing excess
ROS generation via increasing in
antioxidant enzyme activities (Table 4).
According to Table 4, in response to Pb
treatment in colonized and non-colonized
plants, SOD, CAT and APX activities were
notably enhanced. These findings are
similar to those reported for Vallisneria
natans [56] and Najas indica [48]. Also,
Chehregani Rad et al. [14] and Padash et al.
[33] reported a significant increase on
catalase and peroxidase activities in petunia
and basil plants under Pb stress. SOD plays
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a pivotal role in O.* removal and its convert
to H,O,. H,O» can be further converted into
H;0 and O; by CAT and APX. Increased
SOD, CAT and APX activity in this study
under Pb stress might be ascribed to the
increase of 0. radical and H,0,
concentrations. According to Verma and
Dubey [53], in this study, the decreased
APX activity under higher Pb level in soil
(1200 mg) may be caused by the enhanced
oxidative stress, the decrease in enzyme
synthesis or the change in assembly of
enzyme subunits. From 800 to 1200 mg Pb
in the soil, SOD activity illustrated no
significant change (Table 4), indicating that
safflower plants had reached the limits of
their ability to scavenge 0> using SOD.
Data summarized in Table 4 showed that
presence of S. indica conferred protection
to safflowers and reduced the harmful
influence of oxidative stress caused by Pb,
as evidenced by enhanced activity of three
enzymatic antioxidants SOD, CAT and
APX. This increase in activity of
antioxidants helps to safflower plants for
maintain of ROS induced by Pb under
controlled level. It is known that activation
in antioxidant enzyme systems is a main
target of S. indica in leaves [6]. A further
enhancement in the activities of enzymatic
antioxidants suggests the impact of S.
indica in quick scavenging ROS induced by
Pb stress, thus strengthening the plant’s
defense system. As regards to the elevated
SOD activity could result in a potential
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