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Abstract Mycorrhizal fungi are key microorganisms for en-
hancing phytoremediation of soils contaminated with heavy
metals. In this study, the effects of the arbuscular mycorrhizal
fungus (AMF) Funneliformis mosseae (=Glomus mosseae) on
physiological and molecular mechanisms involved in the
nickel (Ni) tolerance of tall fescue (Festuca arundinacea=
Schedonorus arundinaceus) were investigated. Nickel addi-
tion had a pronounced negative effect on tall fescue growth
and photosynthetic pigment contents, as well as on AMF col-
onization. Phosphorus content increased markedly in mycor-
rhizal plants (M) compared to non-inoculated (NM) ones.
However, no significant difference was observed in root car-
bohydrate content between AMF-inoculated and non-
inoculated plants. For both M and NM plants, Ni concentra-
tions in shoots and roots increased according to the addition of
the metal into soil, but inoculation with F. mosseae led to
significantly lower Ni translocation from roots to the above-
ground parts compared to non-inoculated plants. ABC trans-
porter and metallothionein transcripts accumulated to consid-
erably higher levels in tall fescue plants colonized by
F. mosseae than in the corresponding non-mycorrhizal plants.
These results highlight the importance of mycorrhizal coloni-
zation in alleviating Ni-induced stress by reducing Ni trans-
port from roots to shoots of tall fescue plants.
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Introduction

It is well known that transport, chelation, and sequestration
processes in living organisms function in regulating concen-
trations of essential metal ions in different cellular compart-
ments and minimizing the damage caused by heavy metal ions
entering the cytosol (O’Halloran and Culotta 2000; Clemens
2001). Important components of heavy metal homeostasis and
detoxification systems are membrane-localized heavy metal
transporters (Williams et al. 2000) and chelation processes
(Cobbett 2000). Membrane transport systems are likely to
play a central role in the regulation of metal concentrations
within different cells and organelles. The ATP binding cassette
(ABC) protein superfamily is the largest membrane protein
family, well known in plants. Members of this superfamily
catalyze the Mg ATP-energized transport of a broad range of
substrates across biological membranes. ABC transporters
mediate diverse cellular transport processes such as excretion
of potentially toxic compounds and conferring of heavy metal
tolerance (Martinoia et al. 2002). Once metal ions enter the
cell, they are bound by chelators. Metallothioneins (MTs) are
the best characterized heavy metal-binding ligands in plant
cells. They belong to the superfamily of thiol-containing met-
al-binding proteins which modulate internal levels of metal
concentrations between deficient and toxic concentrations by
binding to the toxic metals through closely spaced cystein-
thiol groups (Cobbett 2000).

Arbuscular mycorrhizal fungi (AMF) are an important
component of the rhizosphere and have been well documented
to enhance phytoremediation of heavy metal-contaminated
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soils (Gonzalez-Chavez 2000; Davies et al. 2001).
Environmental stress conditions, such as accumulation of
heavy metals, typically impose severe difficulties for plant
survival and growth. The AMF symbiosis can alleviate abiotic
stresses through improvement of plant growth as a result of
enhanced nutrient and water uptake (Davies et al. 2002;
Carpio et al. 2005) and by stimulating or modifying specific
physiological mechanisms related to the adaptation to stressful
environments (Porcel et al. 2003; Auge et al. 2004).

AMF can influence certain plant physiological mecha-
nisms, such as metal avoidance or tolerance to increase plant
phytoremediation capability (Perotto and Martino 2001).
There is evidence showing that plant-encoded metal trans-
porters and chelators are expressed in mycorrhizal plants
when grown under conditions of heavy metal contamination
(Rivera-Becerril et al. 2005; Gohre and Paszkowski 2006;
Hildebrandt et al. 2007). On the other hand, it has been shown
that nickel (Ni) can form chelated compounds, which may
replace other heavy metals from physiologically important
centers in plant metabolism (Cammack et al. 1988; Kramer
et al. 1996). The aim of the present study was to investigate
the physiological and molecular mechanisms involved in Ni
tolerance of mycorrhizal tall fescue plants inoculated with
Funneliformis mosseae. Ni translocation and the expression
levels of MT and ABC genes in response to four concentra-
tions of Ni were investigated.

Material and methods

Seeds of Festuca arundinacea (recently renamed
Schedonorus arundinaceus) were harvested from plants orig-
inally collected from Kordestan Province (Iran) and main-
tained in the research field of Isfahan University of
Technology (Isfahan, Iran). Fescue seeds were pre-
germinated on moist filter paper for about 1 week until the
radicles appeared. Potting soil was taken from the bed of
Zayandeh-rood River near Chelvan (45 km to Shahrekord,
Chahar Mahal-Bakhtiari Province). The soil had a loam-sand
texture and the following general chemical properties: pH
8.08, ECe 0.37 dS m™', CEC 9.7 cmol(+)kg ', total N
0.071 %, organic C 0.28 %, and available P, K, and Ni 5.2,
162, and 13 mg kg ', respectively. Before the experiment, the
soil was air-dried, sieved through a 2-mm sieve, and then
sterilized by autoclaving for 2 h at 121 °C. Nickel (as NiCl,)
was added to the soil at concentrations of 0, 30, 90, and
180 mg kg™ ' (Ni 0, Ni 30, Ni 90, and Ni 180).
F. arundinacea plantlets were cultivated in plastic pots
(20 cm* 15 cm, diameter * height) filled with soil contaminat-
ed with the four levels of Ni. Inoculum of F. mosseae, pur-
chased from the Zist Fanavar Touran Company (Semnan,
Iran), consisted of sandy soil substrate (containing spores,
mycelium, and mycorrhizal root fragments) from alfalfa
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cultures and contained 55 AMF spores per gram. For inocu-
lation treatments, 20 g of F. mosseae inoculum was introduced
at planting under the tall fescue seedlings in the pots, or an
equivalent of sterilized inoculum for non-inoculated treat-
ments was added. Three plants were grown in each treatment
(M or NM in four levels of Ni) in a greenhouse (temperature
27+£3 °C, relative humidity 45+8 %, 12+0.5 h daylight).
Plants were watered as needed (about four times a week).
After 3 months, the plants were harvested and analyzed for
a series of parameters, detailed below. The average fresh
weight was recorded for all treatments, and the water content
was calculated after the cultures were oven-dried at 75 °C.
Leaves and roots were used for the analysis of gene expression
(frozen in liquid nitrogen and stored at —80 °C until use).

Determination of mycorrhizal root colonization

One gram of roots (with 1 cm length) was used to estimate
F. mosseae colonization. Fresh root samples were treated with
10 % KOH and the AMF stained with trypan blue (0.1 %) in
lactophenol (Phillips and Hayman 1970). The percentage of
root colonization was determined by the grid-intersect method
(Giovannetti and Mosse 1980).

Determination of chlorophyll and carotenoid contents

Pigments were extracted using the method of Arnon (1949)
and Lichtenthaler (1987). Total leaf chlorophyll and caroten-
oids were extracted in 80 % (v/v) acetone from 100 mg of fresh
leaf sample in the dark at room temperature. Absorbance was
measured at 470, 663, and 645 nm in a UV/vis spectropho-
tometer (Ultrospec™ 3100 pro).

Carbohydrate determination

Soluble carbohydrate concentrations in roots were determined
by the anthrone method (Poorter and Villar 1997) with some
modifications. Briefly, root dry material was extracted in 80 %
ethanol at 30 °C for 30 min followed by centrifugation at
4500 rpm for 10 min. The extraction procedure was repeated
for the resulting pellet. To remove lipids, the supernatant was
extracted with a solution of chloroform and deionized water.
Chloroform was removed by centrifugation for 10 min at
4500 rpm. The resulting ethanol-water fraction was used for
determination of carbohydrate content. For soluble sugars,
200 pL of each sample was added to 5 mL anthrone reagent
solution and heated at 100 °C for 7.5 min. The absorbance of
the resulting solution was measured in a spectrophotometer at
625 nm. A calibration curve was prepared with glucose stan-
dards ranging from 0.02 to 0.11 mg.



Mycorrhiza (2016) 26:67-76

69

Mineral concentrations

Dried root samples were ground and digested in concentrated
HNOs at 140—-160 °C. After cooling, the extracts were diluted
with 1 N HCl up to 25 mL. The P in the digested sample was
estimated by the ammonium-vanadate-molybdate method
(Allen 1989) and absorbance measured at 700 nm, using a
UV spectrophotometer. Approximately 1 g DW was used
for the determination of Ni concentration in leaves and roots,
separately. Oven-dried samples were ashed in a furnace at
480 °C for 5 h and then dissolved in HCI. The digested mate-
rial was filtered on 45-mm filters and made up to volume
using distilled water. Metal concentration was assessed by
atomic absorption spectrophotometry (GBC 932 AB PLUS

type).

RNA extraction and real-time polymerase chain reaction

Total cellular RNA was extracted from frozen shoots and roots
using QIAzol Lysis reagent (QIAGEN, cat. no. 79306).
Quantiscript reverse transcriptase (QIAGEN QuantiTect
Reverse Transcription Kit, cat. no. 205311) was used for the
synthesis of complementary DNA (cDNA) with oligo-dT and
random primers, according to the manufacturer’s protocol.
Real-time PCR (RT-PCR) assays were performed using the
QIAGEN apparatus (Qiagene, Rotor-Gene, CA, USA). RT-
PCR of actin (tall fescue actin housekeeping gene, accession
number AY194227), ABC transporter (putative tall fescue
ABC transporter gene, accession number CA820687.1), and
metallothionein (metallothionein type II gene from rice, ac-
cession number CA820683) cDNAs were performed using
specific primers (Table 1) and SYBR Premix Ex Taq
(TaKaRa, cat. no. RR081Q). The thermocycler program for
all reactions included an initial denaturation step at 95 °C for
3 min, followed by 40 amplification cycles consisting of de-
naturation at 94 °C for 30 s, annealing at 60 °C for 10 s, and
extension at 72 °C for 25 s. Real-time PCR experiments were
carried out on three biological replications with four technical
repetitions for each. Differences in Ct values between an un-
known sample and the calibrator were expressed as fold
changes relative to the calibrator sample. The relative levels

Table 1 Real-time PCR primer sequences

Gene Primer sequence

actin F 5-CGCCATCCAGGCTGTGCTTTC-3'
R 5-GATGGTGTCAGCCATACCGTG-3'

abc F 5~ ACCAGAGAGAATGCGAAAGG-3'
R 5-~ACTGGAGGAATCCTCAATAC-3'

met F 5-ACATTCCCAAGTCTCACACA-3'

R 5'-CTTCAAGATAATTTACAGGGGT-3'

of gene expression were calculated by using the 2724
method.

Statistical analysis

The experiment was a 4*2 factorial in a completely random-
ized design consisting of four levels of Ni (0, 30, 90, and
180 mg kg ") and two AMF levels (M and NM). All measured
data were analyzed by analysis of variance (ANOVA) to test
the significance of Ni or AMF status and their interaction
effects. Means were shown as mean+SE. The least significant
difference (LSD) (a=0.05) test was also utilized for mean
comparison (SAS, Inc., 1999).

Results
Shoot and root biomass

No root colonization was found in non-inoculated
F. arundinacea plants, while successful AMF colonization
was observed in F. arundinacea-inoculated plants even when
they grew in Ni-contaminated soil. Nickel decreased the per-
centage of mycorrhizal colonization to 46 % in 30 ppm Ni, to
41 % in 90 ppm Ni, and to 32 % in 180 ppm Ni treatments
(colonization with 0 ppm Ni was 57 %). Shoot and root
growth of tall fescue plants was significantly reduced in Ni
treatments at concentrations greater than 30 ppm (Fig. 1).
Shoot and root biomass was higher (p<0.05) in control
(non-mycorrhizal plants grown without Ni) and mycorrhizal
plants growing in the absence of Ni than in NM and M plants
under Ni stress. The application of 180 ppm Ni in NM plants
reduced shoot biomass by 20 %, while root biomass was 27 %
lower compared to that of the control (Ni 0). However, de-
creases in root biomass caused by Ni were considerably less
(»<0.05) in mycorrhizal (21 %) than in non-mycorrhizal
(27 %) plants. Furthermore, mycorrhization increased the wa-
ter content of roots by 9 % (NM 50.15 % compared to M
59.14 %). Leaf chlorosis and necrosis at the highest concen-
tration of Ni (180 ppm) were more prominent in NM plants
compared to those of their AMF-inoculated counterparts.

Chlorophyll and carotenoid contents

Total chlorophyll content in shoots of both M and NM tall
fescue plants was significantly (p<0.05) decreased in all Ni
treatments compared to the 0 ppm Ni treatment (Fig. 2).
Mycorrhizal inoculation significantly increased (p<0.05)
chlorophyll content to 58 and 87 % in the treatments of 90
and 180 ppm Ni, respectively, and there was no significant
difference between 0 and 30 ppm Ni treatments in chlorophyll
content in the shoots (Fig. 2a).
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Carotenoid content in the shoots of both M and NM tall
fescue plants was also significantly (p<0.05) decreased after
growth in Ni-contaminated soil. The carotenoid content was
clearly enhanced in the treatments of 30 and 90 ppm when
plants were inoculated by £ mosseae compared to the non-
mycorrhizal plants, but not in the case of 180 ppm Ni where
the AMF was not effective in increasing carotenoid content
(Fig. 2b).

Carbohydrate content

Carbohydrate content in the roots of NM tall fescue plants was
significantly (p<0.05) increased in all Ni treatments compared
to the 0 ppm Ni treatment (Fig. 3). In contrast, M plants
showed no significant difference in the content of carbohy-
drate among all Ni treatments compared to 0 Ni. Also, no
significant difference was observed in root carbohydrate con-
tent between F. mosseae-inoculated and non-inoculated
plants.

Mineral concentrations

Root P concentration of the tall fescue plants was significantly
higher in all treatments as compared to that of the control
(non-mycorrhizal plants grown without Ni). However, no sig-
nificant difference (p<0.05) was observed regarding the P

concentration in shoots of both M and NM plants in all Ni
treatments compared to the control. Plants inoculated by
F. mosseae showed higher amounts (up to 30 %) of P in their
roots than in non- inoculated ones. In shoots, mycorrhizal
colonization significantly increased P concentrations (except
for Ni 180 ppm) of F. arundinacea (Fig. 4a, b).

Ni concentration significantly increased in roots and shoots
when the plants were grown in Ni-contaminated soil (Table 2).
Nickel content in roots ranged from 63 to 420 mg kg ' in the
different treatments. Colonization by F. mosseae significantly
reduced Ni concentrations in roots and shoots at all Ni levels.
Significant and positive correlations (p<0.05) were obtained
between the Ni concentration of roots and shoots of tall fescue
plants and Ni content in the soil (for both M and NM plants)
(Fig. 5). There was also a significant difference in Ni translo-
cation factor between M and NM plants. Inoculation with
F. mosseae led to significantly (p<0.05) lower root transloca-
tion of Ni to the aboveground parts than in non- inoculated
plants.

ABC and MET genes expression

Results for the expression of ABC and MET genes in roots and
shoots of tall fescue from representative experiments are
shown in Fig. 6. The RT-PCR data showed that the ABC gene
was highly expressed in roots of M tall fescue plants
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. =) a BNV 2 & NV
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Fig. 3 Root carbohydrate content of non-mycorrhizal (NM) and
mycorrhizal (M) plants of tall fescue after 90 days treatment with Ni.
Bars represent standard errors and different letfers indicate significant
differences between means (LSD test at p<0.05, n=3)

compared to NM ones (Fig. 6a). In NM plants exposed to 30
and 90 ppm Ni, the ABC gene was significantly upregulated to
2.4 and 1.7 times, respectively, compared to 0 Ni treatment but
not in 180 ppm Ni treatment. The expression of ABC gene in
roots of M plants was significantly increased at all concentra-
tions of Ni compared with 0 ppm Ni. In contrast, shoots of M
plants showed no significant difference regarding the expres-
sion of ABC gene in all Ni treatments as compared to Ni 0,
while the expression of this gene was significantly upregulat-
ed in shoots of NM plants at the Ni concentration of 30 ppm.
In NM plants, however, sharp decreases in the expression of
this gene under high Ni concentrations of 90 and 180 ppm, by
41 and 59 % respectively, were observed (Fig. 6).

Similar to ABC, the MET gene was upregulated in roots of
M tall fescue plants compared to the NM ones. In NM plants,
there was a significant difference between 0, 30, and 90 ppm
concentrations of Ni in the expression of this gene. In the
shoots, similar to ABC, M plants showed no significant differ-
ence in MET gene expression in all Ni treatments compared to
the Ni 0 treatment. However, as shown in Fig. 6d, expression
of the MET gene was upregulated at the Ni concentration of
30 ppm compared to Ni 0 in NM tall fescue plants.

Discussion

It has been previously reported that plants undergo growth
reduction under nickel stress (Amir et al. 2013; Doubkova
and Sudova 2014). Both root and shoot growth of
F arundinacea plants also significantly decreased with rising
Ni concentration in soil, but the detrimental effect on root
growth was more pronounced. Mycorrhizal symbiosis has
long been identified as a key factor for plant growth and de-
velopment under stress environments (Smith and Read 2008).
AMF contribute not only to plant uptake of macronutrients
and micronutrients but also to metal stress alleviation
(Gamalero et al. 2009). For example, Latef (2011) reported
that AMF inoculation promoted the biomass production of
mycorrhizal pepper plants as compared to non-mycorrhizal
ones in response to increasing soil Cu concentrations. In the
present study, mycorrhizal tall fescue plants inoculated with
F. mosseae also showed higher growth indices compared to
NM plants, and these were higher at lower concentrations of
nickel.

It is known that changes in the content of chlorophyll and
carotenoids, and the proportion of pigments, are important
indicators of environmental stress. Gajewska and
Sktodowska (2007) reported that chlorophyll a and b, total
chlorophyll, and the ratio of chlorophyll a/b decreased in the
leaves of wheat under Ni stress. High concentrations of Ni
could decrease the absorption of essential nutrients such as
iron and manganese in plants, resulting in the reduction in
chlorophyll concentration (Yusuf et al. 2011). Singh and
Pandey (2011) reported that the carotenoid content of lettuce
was reduced under increased nickel concentrations, while the
carotenoid content of safflower was reported to increase in
response to the application of 100 mM copper (Ahmed et al.
2013). A carotenoid increase represents an increase in the non-
enzymatic antioxidant defense of a plant. In the current study,
F. mosseae not only improved nutrition and water absorption
but there was also a significant increase in the content of leaf
pigments (chlorophyll, carotenoid) under Ni stress, which is
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mycorrhizal (M) plants of tall ) 3‘ be e
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errors and different letters ~ 14 o o ) o ! o
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Table 2 Nickel concentration in roots and shoots of fescue and transfer index after 90 days, inoculated with Funneliformis mosseae (M) or without
(NM), treated with four levels of nickel

Treatment Ni concentration (mg/kg) Translocation factor

Root Shoot

NM M NM M NM M
0 63.33+11.71e 65.03£6.3¢ 125.33+5.03d 48.66+6.1f 1.82+0.02a 0.78+0.03¢
30 157+9.84d 143.13+£14.94d 136.66+6.11d 89.16+8.28¢ 0.87+0.06b 0.73+0.01¢
90 346.66+25.16b 161.83+17.32d 233.33+20.81b 121.56+23.79d 0.73+0.01d 0.61+0.03d
180 420+26.45a 226.66+15.27¢ 261.16+16.78a 186.65+5.78¢ 0.62+0.07¢ 0.5+0.03¢

consistent with the previous observations on other plants
(Latef 2011; Baslam et al. 2013). Increased amounts of carot-
enoids in mycorrhizal tall fescue plants could be effective in
reducing the impact of nickel stress since, as antioxidants,
carotenoids have the ability to quench singlet oxygen and to
scavenge free radicals (Kagan et al. 2002).

Heavy metals may interfere with plant nutrient uptake by
altering plasma membrane permeability and by affecting ele-
ment transport processes across the membrane (Gussarsson
1994). The increased root P concentration of F. arundinacea
plants under metal exposure is consistent with results reported
by other workers showing enhanced P concentrations with
increasing levels of cadmium in Sedum alfredii and maize
(Yang et al. 2004; Aghababaei et al. 2014). Increased levels
of root P in tall fescue in the presence of Ni could result from
damage in the plasma membrane of root cells by metal
exposure and altered membrane permeability, resulting in
facilitated P uptake by roots. F. mosseae further improved
the P nutritional status of tall fescue plants exposed to Ni
stress which is consistent with the previous study of Amir
et al. (2013) on other plant species. Mycorrhizal colonization
can increase the P concentration in plants by enhancing facil-
itated uptake through an extensive extraradical hyphal net-
work allowing the exploration of more volume of soil for
minerals compared to NM plants (Smith and Read 2008).

Stresses such as salinity, drought, low temperature, and
toxicity of heavy metals may all directly or indirectly lead to
the accumulation of reactive oxygen species, and may cause
the accumulation of soluble sugars in response to stress

450 4

conditions as one of the possible mechanisms of adaptation
(Roitsch and Ehnef8 2000). However, Alaoui-Sosse et al.
(2004), for example, showed that copper stress increased the
amount of soluble sugars in the leaves of cucumber, while
Alsokari (2009) reported that total soluble carbohydrates and
chlorophyll decreased in leaves of Sorghum under Cd stress
during the growth period. In the present study, the presence of
Ni in soil increased the level of soluble carbohydrates in roots
of NM tall fescue plants for all concentrations of nickel, but
soluble carbohydrates remained unchanged in roots of plants
exposed to Ni stress in the presence of the AMF F mosseae.
Contrary to these results, Demir (2004) reported that inocula-
tion of pepper plants with Glomus intraradices increased fruc-
tose, glucose, and sucrose as well as the phosphorus content,
dry matter, and chlorophyll ¢ and b in shoots of plants.
Considering the involvement of soluble carbohydrates in vac-
uoles as antioxidants (Van den Ende and Peshev 2013), the
increased sugar content in NM tall fescue plants could con-
tribute to the reduction of oxidative stress caused by Ni.
Reduction of oxidative stress could also result from the im-
proved phosphorus content and therefore improved photosyn-
thesis in NM plants. The decrease in sugar content in NM
plants at the highest Ni concentration (180 ppm) was probably
due to the decrease in photosynthesis, which was also evident
by the reduction in total chlorophyll content.

The concentration of Ni in both roots and shoots of tall
fescue plants inoculated with F mosseae was lower than in
non-inoculated plants. Decreased Ni concentrations in mycor-
rhizal plants have been well documented (e.g., Vivas et al.

a 300 4
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2006; Amir et al. 2013). Since AMF inoculation increased
shoot dry weight of tall fescue, decreased Ni concentrations
could be due to a biomass dilution effect, as observed for
arsenic or Ni in other plants by Dong et al. (2008), Jianfeng
etal. (2009), and Orlowska et al. (2011). Previous studies have
also shown that AMF could improve plant tolerance to Ni
stress by decreasing metal accumulation and translocation to
shoots (Vivas et al. 2006; Amir et al. 2013). In tall fescue
plants, translocation of Ni from roots to shoots was inhibited
by F mosseae (M plants), and the translocation factor was
decreased under all levels of Ni. Hildebrandt et al. (2007) also
showed that roots of mycorrhizal plants retained toxic metals
so that metal transfer to the shoots was restricted, and sug-
gested that AMF could filter out toxic metals by accumulating
them in their mycelia. However, a positive effect of mycorrhi-
za on Ni uptake and its translocation to shoots has on the
contrary been reported in other plants by Turnau and
Mesjasz-Przybylowicz (2003) and Lagrange et al. (2011). It
is known that metal uptake rates directly influence metal tol-
erance and sensitivity (Clemens 2001). The tufted root system
in tall fescue may help to immobilize soil pollutants
(Soleimani et al. 2009), accumulate Ni, and therefore contrib-
ute to tolerance of high metal concentrations (180 ppm).

)
N

Q

I

Ni concentration (mg/kg)

(D)

In higher plants, several specialized peptides are involved in
heavy metal ion homeostasis and detoxification. Gene expres-
sion of several ABC transporters, such as At-ATM3, At-PDRS,
or At-PDR12, in Arabidopsis is stimulated by lead (Lee et al.
2005; Kim et al. 2006, 2007). Transient expression of the
Arabidopsis metallothioneins At-MT2a and At-MT3 has been
shown to enhance the resistance of Vicia faba guard cells to
cadmium (Lee et al. 2004). Also, the expression of Brassica
Jjuncea BjMT2 in Arabidopsis thaliana seedlings increased
plant tolerance against cadmium (Zhigang et al. 2006). Kim
et al. (2007) proposed that At-PDRS8 confers cadmium resis-
tance in Arabidopsis by pumping the metal out of the roots.
However, there have been few reports concerning the effects of
Ni on ABC and MET gene expression in plants. It was found
that MET could be induced by Ni in some ecotypes of
Arabidopsis (Murphy and Taiz 1995). In the present study,
expression of the putative tall fescue 4BC transporter and
MET type 1l genes in roots significantly increased in the pres-
ence of Ni (except at 180 ppm) compared to the Ni 0 treatment.
In shoots, transcript accumulation of these two genes increased
only at 30 ppm Ni but decreased in the two other treatments (Ni
90 and Ni 180 ppm) for the 4ABC gene. High concentrations of
heavy metals may reduce the protein pool (Singh et al. 2010),
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as a result of modifications in gene expression (Kovalchuk
et al. 2005), increase in ribonuclease activity (Gopal and
Rizvi 2008), and stimulation of protease activity (Jana and
Choudhuri 1982). However, the appearance of necrosis on
the leaf tips and margins at concentrations of 90 and 180 ppm
Ni asserts that these concentrations were toxic for tall fescue
plants, or that leaves were more sensitive than roots.

AMF colonization of roots has been reported to have a sig-
nificant impact on the expression of several plant genes coding
for proteins presumably involved in heavy metal tolerance/
detoxification (Rivera-Becerril et al. 2005; Hildebrandt et al.
2007; Cicatelli et al. 2014). Cicatelli et al. (2010) showed that
inoculation of Populus alba with F. mosseae or G. intraradices
caused induction of MET genes in Cu- and Zn-polluted soil,
while the mycorrhizal symbiosis attenuated Cd stress in Pisum
sativum by increasing transcripts of the PSMTA MET gene
(Rivera-Becerril et al. 2002). The current research is the first
attempt to study the role of Ni and AMF in the expression of
putative ABC transporter and MET type II genes in tall fescue
plants. Transcript accumulation of these two genes was unrelated
to the presence of £ mosseae in tall fescue, since it was similar in
roots and shoots of both M and NM plants in the absence of Ni.
However, transcript levels of ABC and MET in roots of tall fescue
plants were higher under Ni stress in M plants than in non-
inoculated plants, although an obvious increase did not occur
in the shoots of M plants as compared to NM counterparts.

In conclusion, Ni entrance into roots and translocation to
the shoots of F. arundinacea was reduced by F. mosseae at
concentrations of Ni greater than 30 ppm. Reduction in Ni
translocation to the shoots may be related to the activation of
mechanisms in M roots, viz chelation of Ni and/or compart-
mentation within vacuoles. While F. mosseae increased levels
of ABC and MET transcripts in the roots of tall fescue, its
reduction of Ni translocation probably made metal levels in-
sufficient for the expression of these genes in the shoots.
Many metal transporters in organisms are regulated at the
transcriptional level by extracellular metal concentrations via
transcription factor proteins (Radisky and Kaplan 1999). The
ratio of ABC to MET expression was about 2-3 in the mycor-
rhizal roots of tall fescue, reflecting a relatively higher tran-
scription rate of the ABC gene and suggesting that these genes
are transcriptionally controlled, with their regulation probably
mediated by Ni-sensitive transcriptional factors. The identical
response of the two genes in roots to Ni could be explained by
the interaction of the same regulatory protein, or proteins, with
their promoter elements, while their dose-dependent expres-
sion in shoots may reflect the involvement of £/ mosseae in Ni
partitioning between the roots and shoots, so that transcript
accumulation is indirectly related to the presence of the my-
corrhizal fungus. The results presented here highlight the im-
portance of mycorrhizal colonization in the reduction of Ni
transport from roots to shoots of tall fescue, which alleviates
Ni-induced stress in this plant.
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