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Abstract: The effect of inoculation with the arbuscular mybizal (AM) fungi on the resistance of mercury (Hg)
lonkida (Nauclea orientalis seedlings were investigated using an artificiatlgntaminated river sand media at the
concentration of 0, 375 and 750 uM Hg at screerséwoMercury accumulation was lower in mycorrhigabts than in
non-mycorrhizal roots when Hg was added at thesrater50 uM. However, Hg accumulation and its tlacetion to the
leaves were very low, either in mycorrhizal or mageorrhizal seedlings. The amount of Hg retaineaaots was higher than

in leaves, irrespective of applying different HghcentrationN. orientalisseedlings have a high tolerance to Hg (> 70%).
Under these experimental conditiohs, orientalisshows a high resistance and capacity to retaimHgots. Mycorrhizal
symbiosis showed a significant effect of the resise to Hg oN. orientalisplants grown in Hg-polluted and Hg-unpolluted
media. Furthermore, the beneficial effects of tiM fingi observed in this study aroused an intaresbnsidering the role of
AM fungi in plant-based strategies of remediatiéhighly Hg-polluted soils.
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oxygen species (ROS) in many plants, such as tgmato
cucumber and alfalfa [6,7].

Mercury is ranked third on The Agency for Toxic The use of plants and soil microbes for remediatibn

Subtances and Disease Registry (ATSDR) 2011 Sutestar{i9-Polluted is an emerging area of interest becatse

Priority List - a listing algorithm prioritizes satances based Provides an ecologically sound and safe methochak
on frequency of occurrence at National Prioritiest (NPL) been proposed that plants can be used to remesiidte

sites - toxicity and potential for human exposwethe Polluted with ‘such element, either by stabilizafion
substances found at NPL sites [1]. Anthropogenitvities extrac.tlon_, and volatilization  [8-10]. Plan_ts Sl
and the agricultural soils because of the annugbitnof selection is a key aspect for the sucess of reriediaoils
toxic Hg [2]. HE" causes toxicity symptoms in higher plantsPOlluted and long-term reclamation of degraded sartdy
through adverse effects on biochemical and phygici accumulation in several plants has been studieth as
process [2], reduces chlorophyll levels in leavék dnd white clover [11], alfalfa [12], lentil, chlckpgaliﬁ] and
disturbs photosynthetic activity [4]. Change inakgt and €Ommon vetch [14]. However, very few studies hagerb
translocation of mineral nutrients have been regbim the conducted on the Hg accumulation in tropical treesh as

presence of Hg [5]. In addition, Hg triggers oxidatstress Nauclea orienta_lis N. orientalis is a pioneer _speci.es, a
by inducing production of §,, lipid peroxide, and reactive Nardy species with dry land reclamation potengiati gives

1. Introduction
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some services to the environment, such as to derdod

loss on riparian areas (erosion control), and isadrover
because leaf litter on decay replenishes soillitgrfiL5]. If

this tree species is proposed for phytoremediation
Hg-polluted soil, plant Hg uptake and resistancapoase
should be evaluated under controlled conditiongrpio

field establishment a screen to identify suitaldedidate
species.

An alternative solution is to combine the advansagé
microbe plant symbiosis in the plant rhizospher® ian
effective clean-up technology. Arbuscular mycorahi@M)
fungi are ubiquitous soil, forming symbiotic assditins
with roots of the majority of plant species [1&]hks been
addressed that mycorrhizal inoculation can affdot t

accumulation of metals such as Cu, Cd, Zn, and $s h
plants and enhance the tolerance of host plants o,

contamination of these metals in soil [17-19]. Heer the
behavior of Hg in mycorrhizal plants is still lagkd the
potential of AM fungi has not yet been fully expidrwith
respect to its Hg phytoremediation potentials. Tinst
report about the effects of mycorrhizal inoculatiom Hg
behavior in soil-plant system is done [20] andak tbeen
shown that Hg uptake was lower by mycorrhizal roafts
maize than by non-mycorrhizal roots.

The interaction between AM fungi, tree speciestisasiN.

orientalis) and Hg was the subject of this study because Qf

the possibility of the beneficial effect of mycamhe in
improving the resistance of plants against Hg titxid he
study was carried out to determine the resistamétgtstress
in N. orientalisseedlings inoculated with AM fungi grown
on artificial Hg-polluted river sands media in paperiment.
Such knowledge would help clarify the potential tode
species M. orientali§ and AM fungi as phytoremediation
agents of Hg-polluted soils.

2. Materials and Methods

2.1. Plant Culture in River Sands at Different Rates of Hg

ranged for 5.5 to 6.0. A factorial experiment with
completely randomized design with three replicdtas
each treatment was used. Hg treatments were 0aBd5
750 uM, supplied as Hgglsalt and applied taN.
orientalis seedlings, either with or without AM fungi
inoculation treatments. The experiment was carmigdin
screen house of Forest Microbiology Laboratory,
Research Center of Rehabilitation and Forest
Conservation, Bogor, under the following conditions
28°C-33°C temperature and 80% - 95% humidity.

2.2. Harvesting

Plants were harvested after 30 days to Hg expcsute
divided into roots, stems and leaves. All planteriat was
horoughly washed with tap water followed by a
bsequent rinse in 20 mM EDTA solution for 1 m@and
then in deionized water for 2 minutes. Total fresfight of
each tissue was determined, then a representalrgsp
were oven-dried to constant weight at 70°C for gsdarior
to preparation for measuring dry weights and notsie
analysis, and at 50°C before preparation for Hgyaisa
The rest of the material plants was frozen in bigh, and
stored at -20°C before chlorophyll and malondiajdizh
(MDA) concentration analyzing. Water content was
determined based on the difference of fresh weaglhtdry
eight.

2.3. Analytical Determination

Dried plant sample was acid digested using 25 mL of
deionized water, 3.5 mL of concentrated HN{dd 0.5 mL
of HCIO,, added to 0.5 g dry weight (DW) in a test tubee Th
digested solution was analyzed for mercury conetiotn
using inductively coupled plasma-optical emission
spectrometry (ICP-OES, Spectro Genesis) excitataonm
calibration was performed by using standard Hg tamiu
[22]. Total Hg and nutrient (P, Ca and Mg) concatibn
were determined by ICP-OES. Chlorophylls was exttc
and estimated according to Arnon in [23]. Lipid

Eleven-months old seedlings of non-mycorrhizal and Peroxidation in plant tissues was based on an estirof

mycorrhizalN. orientaliswere obtained from the nursery.
Each plant was grown in a PVC pot (10 cm in diamete
and 30 cm in height), containing 5 kg coarse risands
(1-2 mm) as substrate. Mycorrhizal inoculum (25 g)
(Laboratory of Forest Biotechnology, Research Gelfiate
Biological Resources and Biotechnology, Bogor
Agricultural University collection) was inoculatetb
mycorhizal seedlings for second inoculation andl&ted
mycorrhizal inoculum (25 g) and its filtrate (10 nelach
pot) was applied to non-mycorrhizal seedlings. All
seedlings were maintained by adding the nutriehtism

for 8 weeks. The composition of the nutrient solotivas
as follows (mmol [}) [21]: Ca(NQ), 1.5; KNO; 4.0;
KH,PO, 1.5 and MgS® 1.0. Micronutrients were
supplied (umol [}): Fe-EDDHA 36; MnSQH,O 33:
ZnSQ,.7H,0 1.6; CuSQ@5H,O0 1.6; HBO; 46 and
(NH)eM07054,,4H,0 0.1. The pH of nutrient solution

malondialdehyde (MDA) concentration, as describgd b
Heath and Packer in [12]. Mycorrhizal colonizatioms
determined following [24].

2.4. Calculation and Statistical Analysis

Some variables were calculated to study the resistto
mercury stress dfl. orientalisseedlings [7, 25]:

nmol Hg plant™?!

Hg uptake (nmol Hg g~ DW) = ZDW

where DW is the entire-plant dry weight.

nmol Hg leaves™?!

gDW

Hg translocation (nmol Hg g~ DW) =

where DW is the entire-plant dry weight.
Concerning uptake and translocation, the same guoee
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was used for P, Ca, and Mg [25]. Tolerance inddy ¢t
mycorrhizal and non-mycorrhizal seedlings
treatments were determined based on roots dry Wwitéh
as:

DW of roots at Hg treated

TI (%) = X
(%) DW of roots at non Hg treated of the same treatments

100

A statistical analysis for means comparison wasiexr
out using ANOVA and least significant differenceS(R) test
with CoStat 6.400.

3. Results and Discussions
3.1. Mercury Accumulation by N. Orientalis Seedlings

115

plants). This result shows that at the highest entration

to Hgof Hg, the AM fungi could limit Hg store in root$his is in

agreement with [20] result that mycorrhizal inodida
significantly decreased Hg concentration in maipets
with Hg at the rates of 2.0 and 4.0 mgkdyphae of AM
fungi, which contain free amino, hydroxyl, carbgxghd
other groups [16], colonize outside and inside thets.
Outside the roots, the hypahe and root surfacedcadsorp
Hg so that Hg translocation into roots could beibiibd,
and inside the roots, it change cell wall composeuit
plant, hence possibly enhancing the sequestratioHgo
[20]. In line with this, buffering heavy metal-stressdha
been assigned, at least partly, to selective imizaktion of
heavy metals in those root tissues that contaimgdl
structures [29] or to the high metal sorption cityaaf the

Hg accumulation in roots dfl. orientalisseedlings was extraradical mycelium of AMF [30].

significantly increased consistently with incregsiof Hg
rates (Table 1), either within non-mycorrhizal
mycorrhizal seedlings. Hg concentration in the soaias
53- to 1,633-fold and Hg content in the roots was tb
1,513-fold higher than the control (without Hg treant).
In line with this, Hg accumulation in roots wastd-10-fold
the concentration found in shoots of several pkpecies
such asB. chinensig7], Brassica napu$27] andZea mays
[28].
However,
accumulation in

at the 750 pM of Hg treatment,

This finding supports results from numerous studies
orreporting that AM fungi often protect plants agaihggh

accumulation of toxic elements in the shoots, asvas
reported for Cu [17], Al [31], Cd [17,32], Zn [33Pb
[17,34], U [35] and As [36]. In addition, glomalirgn
insoluble glycoprotein which is contained in hypheaed
spores of AM fungi, had a high binding capacity @, Cd
and Pb [17], hence it could act as a biostabiliperthe
remediation of polluted soils. Glomalin could bexsiered

Hgfor Hg sequestration in hyphae and spores of AMyiff@s
roots of mycorrhizal seedlings wasvell. This presumption need to be investigated urthier

significantly decreased by 87% of Hg concentratiod 84% research.

of Hg content when compared to control (non-mydagah

Table 1. Hg concentration and Hg content in roots and Eswf N. orientalis seedlings grown for 30 daysiwer sands treated with different Hg
concentrations and mycorrhizal inoculation.

Arbuscular mycorrhizal inoculation
Hg (M) Y

Without With Without With
Hg concentration (ng Hg'oDW)

ROUISESSSssssss T LERVES s==mmmmmsmmammam=s

0 0.42+0.13d 2.06 £0.87c nd nd
375 423.43 £74.90 a 383.37 £121.10 ab nd 0.13+0.13
750 685.99 + 16.82 a 109.09 +23.79 b 210+1.34 8.00 £ 0.96

Hg content (ng Hg)

ROUISESSSssssss T LERVES s==mmmmmsmmsmmmm=s

0 3.14+1.02d 14.62 £ 5.03c nd nd
375 2900.04 £ 1112.77 a 2307.52 £991.22 ab nd 0.53+0.53

750 4749.53 + 1707.50 a 651.13 + 161.07 b 12.44 +7.46 51.92 + 10.35

Significant differences among Hg treatments arecatéd by different letter (mean + SE, n = 3; LS®'st, p<0.05). nd = not detected

The very small of Hg concentration and conteneaves main organs for Hg retention idalimione portulacoides.
of N. orientalis either in non-mycorrhizal or mycorrhizal Various studies have indicated that only a very Isma
seedlings, showed that Hg accumulation in leaves wamount of Hg is translocated to plant shoot afieotr
inhibited (Table 1). However, there is a tendertegttHg uptake and Hg in shoots mainly comes from the wptak
concentration and Hg content were higher in leavkes air Hg [7,11,38,39]. Metal retention in roots car h
mycorrhizal seedlings than non-mycorrhizal seedlingstrategy for protecting the more sensitive aeratpfrom
when the highest Hg was applied. This result indsdhat the deleterious effects induced by metal stres} §d it
AM fungi play an important role in accumulationtd§ in  has been reported that in most plant species, notalare
plant. preferably retained in root tissues and only srpalitions

Hg uptake by seedlings and Hg translocation of toot are translocated to leaves. Hg accumulated by miyizat
shoot were very limited as well (Table 2). Thessults are  and non-mycorrhizal seedlings was mostly distriduie
in agreement with previous studies [37], that rawdse the root tissues, suggesting that an exclusion strategyHg
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tolerance widely exists in them. In addition, evation of

plants) and water content in non-mycorrhizal and

Hg from soil/growth medium to atmosphere was pradot mycorrhizal seedlings of. orientalis when compared to

by mycorrhizal treatment [20].

3.2. Effects on Plant growth and Nutrient Distribution

Early and direct phytotoxic symptoms of heavy mgtal €XPOsUre. In

such as Hg, are the reduction in cell proliferatiand

the control (without Hg treatment) (data not shawit)
means that there was not a reduction of plant dreoatised
by Hg application up to 750 uM during 30 days of Hg
line with observations on growth, the
non-mycorrhizal and mycorrhizal seedlings have ghhi

inhibiton of growth, and are frequently used as delerance to Hg (>70%) (Table 3). There were naicity

phytotoxic index, followed by analyzing
physiological parameters [41,42]. Hg treatment eduso
significant differences in biomass (fresh and dsight of

several

symptoms irN. orientalisseedlings grown for 30 days after
Hg exposure.

Table 2. Hg uptake and translocation M. orientalis seedlings grown for 30 days in risands treated with different Hg concentrations amgtorrhizal

inoculation.
Arbuscular mycorrhizal inoculation
Hg (M) Without With Without With
Hg uptake* (nmol'gdW) Hg translocation* (nmol'dDW)
0 nd nd nd nd
375 nd nd nd nd
750 0.016 + 0.006 0.040 + 0.005 0.003 + 0.002 0.013 + 0.001

* Mean = SE, n = 3; nd = not detected

Roots of inoculated plants were extensively colediby
AM fungi, while non-inoculated controls
non-mycorrhizal (Table 3).
colonization was slightly reduced in the presentcél@ in
river sands substrate. This result
concentrations of Hg in the substrate was slighdym to

AM fungi. Reference [26] reported that sensitivitiy AM

remained symbionts to heavy metal contaminated soil exprkssea
The percentage of AMreduction in root colonization. In contrast, [2@ported

that addition of Hg in soil did not significantiyfluence

indicates tHag t root colonization rate in maize.

Table 3. Tolerance index and AM colonization of N. orieistaleedlings grown for 30 days in river sands edatith different Hg concentrations and

mycorrhizal inoculation.

Hg (uM)

Arbuscular mycorrhizal inoculation

Without With Without With

Tolerance index* (%) AM colonization (%)
0 100.0 100.0 0 78.1
375 89.1 71.1 0 66.0
750 95.9 77.2 0 58.5

* The tolerance index was based on root dry weight
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Figurel. P translocation in seedlings of N. orientalis tea@with arbuscular mycorrhizal inoculation (a) (amet SE, n = 9) and different Hg concentration
(b) (mean = SE, n = 6). Significant difference amaty treatments and AM inoculation are indicateddifferent letter (LSD's test, p<0.05).

Another interesting result in Table 3 was thatghesence
of AM fungi could increased 8.6% of tolerance indsfx
seedlings treated with 750 pM Hg compared with kegsl
treated with 375 pM. This result emphasizes that fiNgi
could be potentially effective in protecting seadh
exposed to high levels of Hg concentration. The fgi

ability to alleviate heavy metals stress of plagtswn in
heavy metal contaminated soil was previously probgd
[31,43]. The highly AM colonization in seedlingsated
with Hg indicated that AM fungi still function in Hg
substrate.

In addition, still

AM fungi affected uptake and
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translocation of nutrients (P, Ca and Mg) as wéll.
translocation was increased significantly in seegitreated
with AM inoculation as single factor (Fig. 1A). Aflngi
increased P translocation in plant 35% higher tbamtrol
(without AM inoculation). Previous research repdrthat
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highest of Hg application (Table 4). Nutrient uma&nd
translocation to shoot depend on water movemexylam,
and a reduction of water absorption could alsoudist
micronutrients distribution [5]. Water content iach tissue
of seedlings did not decrease during Hg exposndirdctly,

AM fungus Glomus mosseaéncreased the absorption of P showed that water movement within the seedlings mads

for plant growth on red clovef(ifolium pratensgtreated
with different Zn rate levels [44].

On the other hand, P translocation to leaf wasfsigntly
increased 40% in seedlings treated with the higbEstg
application (Fig. 1B), higher than control (withdtd). This
result indicates that increasing P translocatiohetd was
induced by the highest of Hg application. In additiAM
inoculation caused significantly increased in Ca duhg
uptake and translocation ®f. orientalis treated with the

disturbed by Hg application. Therefore, nutrients
distribution (especially P, Ca and Mg) N. orientalis
seedlings were not inhibited. In reference [5]edahat the
increase of some nutrients in response to tracéc tox
elements could be a strategy to avoid toxicity langs,
although a contribution of concentration effectteafHg
application cannot be ruled out. The role of AMduim the
increase of plant nutrients could also be an ingrt
strategy to enhance the resistance to Hg stress.

Table 4. Ca and Mg uptake and translocation h orientalisseedlings grown for 30 days in river sands treatsith different Hg concentrations and

mycorrhizal inoculation.

Arbuscular mycorrhizal inoculation

Hg (LM)

Without With Without With
Ca uptake (nmol Hg'yDW) Ca translocation (nmol Hg'gdOW)

0 55.3+2.2b 53.4+£3.7 bc 94.8+45b 96.7+13.1b
375 42.0+25d 445+ 0.9 cd 80.4+7.7b 90.0+ 3.3b
750 41.8+50d 675+15a 79.3+£9.40b 136.5+12.6 a

Mg uptake (nmol Hg g DW) Mg translocation (nmol Hg5DW)

0 16.7+1.3b 16.2+06b 78.0+7.1b 79.4+£8.1b
375 16.5+15b 17.7+£0.2b 85.1+3.0b 97.2+3.0b
750 159+0.4b 241+12a 827+76b 131.9+10.3a

Significant differences among Hg treatments arécatdd by different letter (mean + SE, n = 3; LSi&'st, p<0.05)

3.3. Effect of Mercury and Arbuscular Mycorrhizal Fungi
on Chlorophyll and Lipid Peroxidation

Chlorophylls and MDA have been used as biomarkers,

which can be used in the early diagnosis of metatity
[45]. Mercury inhibits enzymes involved in chlorggih
synthesis [46] and consequently, reduced chlordpényegls
have been observed [4]. In this research, chlorbgayb
and total) concentration iN. orientalisseedlings remained

unchanged during exposure to Hg treatment (data not

shown). This means that the process of photosyisties
not impaired by Hg up to 750 uM on river sands raetihis
result was contrasts with
chlorophyll a concentration iR. induratusandM. vulgare
were decreased significantly, while chlorophyll évdls

remained unchanged by 5, 10, and 50 pM Hg ratesiwh

cultivated after Hg exposure for 2 months. Thereewsot
toxicity symptoms in leaves &f. orientalisseedlings during

30 days of Hg exposure. Enhancement of chlorophyll

concentration was observed iN. orientalis seedlings
inoculated with AM fungi (Fig. 2). AM fungi resultein
significant increased chlorophyll b concentration 1%
when compared to the control (non-mycorrhiza). éased
chlorophyll b concentration could increase the asogy

research as in [5] which

pigment that collects the energy to pass on toroplwyll a.

1,60 IF
1.40 a

Without With

Chlorephy]l b concentration (mg g F\V)

Arbuscular iy corrhizal inoolation

Figure 2. Chlorophyll b concentration of seedlings inocathtwith

grbuscular mycorrhiza (mean = SE, n = 9). Signifitdifference for each

AM inoculation treatments are indicated by diffdrégiter (LSD’s test,
p<0.05).

Exposure of plants to non-redox-reactive heavy meta
such as Hg, resulted in oxidative stress as inglichy lipid
peroxidation, HO, accumulation, and an oxidative burst
[47]. Lipid peroxidation reflected the toxic effsadf Hg on
the cell membrane in tissues [7]. In this reseaimfly
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malondialdehyde (MDA) was measured as a variable of It indicates that the inoculation of AM fungi tdl.
lipid peroxidation. Roots oN. orientalisseedlings did not orientalis seedlings minimized the increased of lipid

show any significantly increased in lipid peroxidatwhen
Hg treatment is applied as a single factor (datashown). It
showed that oxidative stress was not observedats neith
Hg application, even though Hg was accumulatedaots:
On the other hand, MDA concentration in roots
mycorrhizal seedlings was significantly decreasgd’ 8%
when it was compared to the control (non-mycorihi#g.

3). It means that lipid peroxidation was reduced A

fungi, consequently, the oxidative stress in ramisld be
minimized.

peroxidation when Hg concentration was increased.
However, in  non-mycorrhizal seedlings, MDA
concentration in leaves increased with increased Hg
concentration. At the highest concentration of WA
ofconcentration in leaves of non-mycorrhizal plantasw
increased significantly by 116% compared to the
mycorrhizal plants. In line with this, MDA levela tomato
plant tissues increase in response to Hg [4] amsexjuence

of higher lipid peroxidation.Although there was the
significant increase of MDA concentration, it didtrcause

toxicity in non-mycorrhizal seedlings. It revealathN.

. GO0 . orientalisis included Hg tolerance species.

E 50,0 ‘ Root ]

W 4. Conclusions

% 400 . | -y

B A major part of Hg accumulated biX. orientalis

% 300 seedlings was in root. Translocation of Hg to thead part

= of the plant (leaves) was limited so that the cotstavere

g 200 relatively constant even though the Hg concentnaitiothe

E 10.0 growth media was higher. Mycorrhizal symbiosis sadwa

= significant effect of the resistance to Hg stredsNo

2 00 orientalis plants grown in Hg treated and non-treated Hg
= media. N. orientalisseedlings have a high tolerance to Hg

With

Without
exposure (>70%). The recently results indicatepibiential

of N. orientalisand AM fungi to be used in the long-term
land reclamation strategy, including land use pseso
beneficial in areas Hg-polluted.

Arbuscular my corrhizal imoculation

Figure 3. MDA concentration in rootsof seedlings inoculated with
arbuscular mycorrhiza (mean * SE, n = 9). Signifitaifference among
AM inoculation treatments are indicated by diffdréetter (LSD's test,

<0.05).
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