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INFLUENCE OF ARBUSCULAR MYCORRHIZAL FUNGUS GLOMUS INTRA-
RADICES ON ACCUMULATION OF RADIOCAESIUM BY PLANT SPECIES

The role of arbuscular mycorrhizal fungG#omus intraradicesn **‘Cs isotope uptake by different
plant species is studied. The impact of radiocaesin mycorrhizal development and functioning ofnpla
photosynthetic apparatus is considered. The pdigsibf mycorrhizal symbiosis application in phyé&me-
diation of radioactively contaminated areas is yred. It is found that colonization of plants watbuscular
mycorrhizal fungus resulted in significant decreasmdiocaesium concentration in their abovegropads,
while it did not have considerable impact on ttgigauclide uptake by plant root system.

Keywords radiocaesium, radioactive contamination of enwnent, arbuscular mycorrhiza, arbuscu-
lar mycorrhizal fungi, plant photosynthetic appasatmycorrhizal colonization, phytoremediation.

Introduction

The radiocaesium isotopes have been introducedhetenvironment via various routes for
last several decades. Altogether, roughly 1 EB4®(B@) of long-lived**'Cs was released to the
Earth’s biosphere in the XX — XXIcenturies that resulted in contamination of vasas all over
the world. About 90 % of radiocaesium was origidatem atmospheric nuclear testing, approxi-
mately 4 % was released by fuel reprocessing amteaufuel facilities and roughly 6 % — by
Chornobyl and Fukusima accidents. Nowadays-{f@s absorption by plants and its accumulation,
therefore, represents the main source of humansexedo this radionuclide. The principal route of
radiocaesium entry into biological food chain imréstrial ecosystems is the soil-to-plant pathway.
This radionuclide is expected to remain in the irgpzone of plants for decades and respectively to
be involved in biological migration chains. Howevéte mechanisms by which radiocaesium is
taken up by plant roots are not completely undecsto

Recently the alternative strategies, orientatecatda/the use of plants and micro-organisms,
separately or in combination, have been proposerefooving or immobilizing radiocaesium in the
soil [1]. Among these micro-organisms, mycorrhifzalgi received a particular attention. An esti-
mated 90 % of terrestrial plants exist in a synibiassociation with soil fungi forming mycorrhizal
associations [2]. Among them, the obligate arbwacuoiycorrhizal (AM) fungal symbionts are sup-
posed to have a principal role [3]. These fungiiarportant participants in the Cs cycle in the up-
per layers of soils. They have strong impact on iltglof radiocaesium in the soil and result to
unavailability of this radionuclide to the othemgoonents in ecosystems [4]. At the same time, it
was demonstrated [5] that AM fungi can transforrd anmobilize radionuclides and correspond-
ingly limit their toxicity and bioavailability to lants and spreading into the soils. Accordingly,
plants growing in contaminated soil could obtaindfé from their AM fungal symbiotic partners.

Nevertheless, the role of arbuscular mycorrhizagfion the acquisition of radiocaesium by
plants remains poorly understood and controver§ta. lack of clear results on the capacity of AM
fungi to accumulate or transport Cs could be ppalty attributed to different and inadequate ex-
perimental systems used in previous studies. Fumibre, the various AM fungi and plants studied
could also explain the controversial conclusionwibied, since AM fungi and plants have probably
different capacity to accumulate and transportaeasium. Consequently, the objectives of this
work were to identify the capacity of AM fungi take up and transfer caesium isotopes to their
hosts as well as to estimate the influence of addas mycorrhiza on radiocaesium uptake by
plants and impact of radiocaesium on developmeAifungal symbioses.
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M aterials and methods

Four plant specied(antago lanceolata, Medicago truncatula, LoliunrggeneandHelian-
thus annuuscapable to form efficient association with a broadge of AM fungi were selected for
our study. The plants were cultivated in the presasr absence of AM fung@lomus intraradices
(strain BIO, obtained from BIORIZE, Dijon, Francd)he *“Cs isotope (obtained from “POLA-
TOM” Radioisotope Centre, Otwocdwierk, Poland) was added to sterilized substratpats in
form of CsCl water solution**'Cs activity concentration was adjusted to 100 0@DpRr pot
(77 000 Bg-kd). The plants were grown in transparent Sun baggn@" Aldrich, Poznan, Po-
land) in a growth chamber at 20 °C, with a photmaepf 12 h light and 12 h darkness, at photo-
synthetic photon flux density 30 + 6 prislih®)™” and harvested each three months.

The activity concentration of“Cs in roots and shoots of plants was determinedguai
gamma-spectrometer with semiconductor p-type coaigh purity HP-Ge detector with a relative
efficiency of 15 % and resolution of 2.5 keV at38leV, shielded by 10 cm of lead with inner
lining with 2 mm Cd and 18 mm Cu.

For the estimation of mycorrhizal colonization, ttoots of plants were carefully washed
with tap water, softened in 10% potassium hydrox@e24 hours, washed in water again, acidified
in 5% lactic acid in water for 12 — 24 h and stdimeth 0.01% aniline blue in lactic acid (to visual
ize AMF) for 24 h at room temperature. The roogfments were mounted and squashed on the
slide covered with lactoglicerole. The parametdr&M colonization were assessed according to
the method developed in [6] that assumes six lesetaycorrhizal colonization (from 0 to 5). The
relative mycorrhizal root length (M%), intensity ©dlonization within individual mycorrhizal roots
(m%), relative arbuscular richness (A%) and arblgscichness in root fragments where the ar-
buscules were present (a%) were evaluated usingnNiclipse 800 light microscope equipped
with Nomarski contrast and fluorescence.

The photosynthetic activity of plants was evaluaisohg a Plant Efficiency Analyzer fluo-
rimeter (Hansatech Instruments, UK) estimating @pbyll a fluorescence transients of intact
plant leaves. The CH fluorescence transients (OJIP transients) weraded by a red light pulse
(peak at 650 nm) of 600 Wi? intensity provided by an array of three light-ging diodes. The
transients were recorded for 1 s with 12 bit retsohy starting 10 us after the onset of illuminatio
Each transient was analyzed according to the HPHased on the theory of energy fluxes in
biomembranes [7]. The selected original data weoegssed by means of their utilization for the
calculation of biophysical parameters by the J&-gguation, and the number of biophysical pa-
rameters were calculated. Among them, the most itapbparameters are the performance indexes
Plas (evaluated on the base of light absorption) anrgyRiotal performance index). Btand Phtal
comply all basic biophysical parameters and reprtetbe photosynthetic system vitality.

Results and discussion
¥Csuptake by plants

P. lanceolatainoculated withG. intraradicescontained 66846 + 11029 Bqkgf **/Cs in
their shoots, that is considerably lower in comgiariwith the radionuclide activity concentration in
nonmycorrhizal plant shoots (87500 + 12333 Bi)kd\t the same time-*/Cs activity concentra-
tion in roots of mycorrhizal and nonmycorrhiZal lanceolatawas not differed significantly, alt-
hough the slightly higher radiocaesium content£1B) %) was found in roots of nhonmycorrhizal
plants (Fig. 1A). Due to the higher biomass of nyicizal P. lanceolatathe**Cs activity in roots
and shoots of single mycorrhizal and nonmycorrhitaht (Bq-plarit, dry weight) and correspond-
ingly the total radiocaesium activity in a singlamt (i.e. shoots plus roots) were not differed-sub
stantially (p < 0.05). The root/shoot ratios'8{Cs activity concentration iR. lanceolatacolonized
with G. intraradiceswere slightly (about 11 %) higher as comparedhwsé of nonmycorrhizal
ones. As it is known [8], the higher root/shooiaatof caesium content in plants indicates the re-
duced root to shoot translocation of this elem#mits the tendency of the mycorrhiza to reduce ra-
dionuclide translocation frof. lanceolataroots to shoots was revealed.
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The colonization oM. truncatulawith G. intraradicesalso caused a significant reduction of
radiocaesium uptake in plant shoots. THE%s activity concentration in aboveground part of my
corrhizalM. truncatulawas 86888 + 20022 Bqg-Rgwhereas shoots of nonmycorrhizal plants con-
tained 132100 + 15505 Bq-kgf this radionuclide. At the same time, the myhiza resulted in
considerable (19 = 6 %) increase of radiocaesiutivigcconcentration inM. truncatularoots in
comparison with that in nonmycorrhizal plants (§ég 2B). The distribution of**Cs activity be-
tween aboveground and underground parts of myaairiaind nonmycorrhizall. truncatulawas
differed. Thus, the radionuclide activity concetitna in roots of mycorrhizaM. truncatulawas
46 + 15 % lower than in their shoots. The oppostelency was observed in case of nonmycorrhi-
zal plants, wheré*Cs activity concentration in shoots was 24 + 9 ghhbi than in roots (see Fig.
2B). No statistically significant differences wei@und between dry masses of mycorrhizal and
nonmycorrhizal plants, although both roots and shod AM inoculatedM. truncatulagrown on
134Cs spiked substrata had slightly higher weight @@l and 12 % correspondingly) as compared
to those of nonmycorrhizal plants. The colonizatdrplants grown on radioactively contaminated
substrata also led to moderate (about 10 %) inerefitheir shoot length. The evaluatétCs ac-
tivity in shoots of single mycorrhizal alfalfa was3 + 0.6 Bq, whereas shoots of nonmycorrhial
truncatulacontained significantly higher amount of radiocass(12.3 + 0.6 Bg). On the contrary,
the radionuclide activity in roots of mycorrhizdfadfa was substantially higher (3.1 £ 0.1 Bq) as
compared to that of nonmycorrhizal plants (2.32Bq). Consequently, mycorrhizil. truncatula
had significantly lower total activity of radiocaes (12.4 + 0.7 Bg) when compared to that of
nonmycorrhizal plants (14.6 £ 0.8 Bq). The radididectranslocation from underground to above-
ground parts of plants was more intensive in cdseoomycorrhizal alfalfa. Their root/shoot ratio
of 13/Cs activity concentration was 0.81 + 0.28 beingsiserably lower in comparison with that of
mycorrhizalM. truncatula(1.45 £ 0.41).

The harvested plants bf perennemycorrhizal withG. intraradiceshad more than two fold
lower *‘Cs activity concentration both in their roots ahdats as compared to those of nonmycor-
rhizal plants. The*‘Cs distribution withinL. perennedemonstrated that the radionuclide activity
concentration in aboveground parts of both mycaahand nonmycorrhizal ryegrass was about
three times lower when compared to that of plamtenground parts (see Fig. 1C). Dry weights of
mycorrhizal and nonmycorrhizél. perenneand their shoot length were not differed consiblgra
however the biomass of plants colonized wihintraradicesand grown on substrata spiked with
134Cs was slightly (less than 10 %) higher when corgbép that of nonmycorrhizal species. Hence,
the colonization withG. intraradicesresulted in considerable decrease™8€s activity (Bq per
plant) in shoots (76 + 23 %) and roots (53 = 16d¥¥ingle mycorrhizal ryegrass as compared to
that of nonmycorrhizal plants.

As opposed to plant species considered above,dlbeization ofH. annuuswith G. intra-
radicesresulted in significant increase bfCs uptake by plants. Thus, the radiocaesium agtivit
concentrations both in underground and abovegr@ants of mycorrhizal sunflowers were nearly
10 fold greater when compared to those of nhonmpaal plants (see Fig. 1D). At the same time,
roots of both mycorrhizal and nonmycorrhizal suwios had about 50 % high&fCs activity con-
centrations when compared to plant shoots.

The presence df“Cs did not have appreciable impactténannuusgrowth parameters, and
the most distinct was the mycorrhiza influence. §/ithe mycorrhizaH. annuusgrown on radioac-
tive and clean substrata produced correspondir@gjlgnt 11 % longer shoots as compared to those
of nonmycorrhizal plants. The shoots dry weightryfcorrhizalH. annuusgrown both on radioac-
tively contaminated and non-polluted soil exceesigistantially (about 70 and 80 % respectively)
shoots dry weight of nonmycorrhizal ones. The degmef*‘Cs translocation from roots to shoots
of mycorrhizal and nonmycorrhizal. annuuswere not differed considerably due to similar
root/shoot ratios of the radionuclide activity centration (1.54 £ 0.10 and 1.47 £ 0.21 correspond-

ingly).
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Fig. 1.1%'Cs activity concentration (Bg-Ryin roots and shoots #flantago lanceolatgA), Medicago
truncatula(B), Lolium perenngC) andHelianthus annuug¢D) mycorrhizal or not wittGlomus intraradices
and grown on substrata spiked witfCs (77 000 Bg-K§. The results are presented as mean * standard
deviation.The different letters above bars mean statisticgipificant differences (p < 0.05).

Functioning of plant photosynthetic appar atus

The spiking of soil with radiocaesium did not hareappreciable impact on functioning of
photosynthetic apparatus of studied plant spe@ies.most of photosynthesis biophysical parame-
ters both in mycorrhizal and nonmycorrhizal plari#tivated on substrata witi“Cs were not var-
ied considerably as compared to those of contresgnonmycorrhizal, without radiocaesium). The
exception was observed only in casévbftruncatulagrown on radioactively contaminated substra-
ta that demonstrated the distinct negative respohgant photosynthetic apparatus to the radio-
caesium impact. Thus, alfalfas mycorrhizal w@dhintraradicesand cultivated on substrata spiked
with *3/Cs had considerably lower efficiency of trappeditexcmovement into electron transport

chain {yeo = ETo/TRg) and maximum yield of electron transpape§ = ETo/ABS) when compared

to those of control plants from clean substrataoAthe total and absorption vitality indexesP!

and Plza) of these alfalfas were respectively 33 + 13 aBdt419 % lower than those of control
plants (see Fig. 2B).

In turn, the fungal colonization of plant speciesvgn on radioactive substrata had consid-
erable positive impact on functioning |bf annuusphotosynthetic apparatus (see Fig. 2D). In this
case, the AM inoculation of plants cultivated odioactive soil improved considerably vitality in-
dexes of sunflowers. Thus,Rlof mycorrhizalH. annuuswvas correspondingly 41 + 11 and 36 = 13
% higher than those of nonmycorrhizal plants gramrsoil with'*/Cs and control plants. In turn,
Plotar Of mycorrhizal sunflowers exceeded considerabbséhof nonmycorrhizal plants cultivated
on radioactive substrata as well as control plétst 10 and 45 + 12 % respectively, see Fig. 2D).
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Fig. 2. Biophysical parameters of photosynthesBlaftago lanceolatdA), Medicago truncatuldB), Loli-
um perenngC) andHelianthus annuugD): nonmycorrhizal (control) plants grown on aiesoil (-Cs, -M)
and plants mycorrhizal witdlomus intraradicesind cultivated on substrata spiked witics (+Cs, +M).

Values on plots are presented in relative unitsraotchalised on those of the control plantsmeans statis-

tically significant difference (p < 0.05).

Arbuscular mycorrhizal colonization of plants

Both treated with radiocaesium and control plamcgs were characterized with high my-
corrhizal frequency (F%) that exceeded 90 %. The @llbnization was uniform in all studied root
fragments, and the intraradical structures of tMefAngus were morphologically typical for Arum-
type mycorrhizae. The intraradical hypheaGfintraradiceswithin the roots propagated between
cortical cells at the long distances and formeerétbranches, which penetrated cells and producec
arbuscules inside them (Fig. 3). The presence ofenaus intercellular vesicles was characteristic
for nearly 80 % of studied root fragments. The sparfG. intraradicesthat have thicker walls in
comparison with vesicles were found only in sevevat fragments. A very low number of intracel-
lular hyphal swellings were observed in plant roots

The most of AM colonization parameters of planthicated on substrata spiked witf{Cs
and non-polluted soil were not differed signifidsr(Fig. 4 A, C, D). Although, in case ®. trun-
catulathe presence of radiocaesium resulted in condbtefabout 30 %) decrease of mycorrhizal
colonization intensity for all and individual myebizal plant roots (M,% and m,% corresponding-
ly) when compared to those of control plants (Big).
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Fig. 3. Arbuscules and vesicles@lomus intraradicesvithin roots ofPlantago lanceolat¢A)
andMedicago runcatulgB) cultivated on substrata spiked witiCs (77 000 Bq-K9.
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Fig. 4. Arbuscular mycorrhizal colonization paraerstofPlantago lanceolatgA), Medicago trun-
catula(B), Lolium perennéC) andHelianthus annuufD) inoculated withGlomus intraradices
F% - frequency of mycorrhiza; M% - mycorrhizal colzation intensity for all roots; m% - mycorgai
colonization intensity within individual mycorrhizeoots; A% - arbuscular richness for all roots;
a% - arbuscular richness in root fragments whezeathuscules were present, medians. Plants were
cultivated on unspiked substrata (- Cs) and sufastreated with*‘Cs (+ Cs). The different letters
above bars mean statistically significant diffees@p < 0.05).

The principal goals of the research were to compiagossible influence of mycorrhiza on
various AM fungal symbionts cultivated on the sasn®strata under the impact 6fCs. Our re-
sults suggest that inoculation with AMF changedssamtially the uptake df“Cs by studied plant
species and influenced the translocation of caessatopes within the plants. The arbucular my-
corrhiza resulted in considerable decreas€“6fs activity concentration in shoots ®f lanceolata
M. truncatulaandL. perennevhen compared to nonmycorrhizal ones. The mosifggnt (about
threefold) reduction of**Cs activity concentration was found in shoots otomhizalL. perenne
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This result contradicts to the data obtained bywBb found that inoculation with arbuscular my-
corrhiza significantly enhanced uptake"¥Cs by ryegrass.

The exception in our study wik annuuswhere the AM colonization led to nearly tenfold
increase of*/Cs activity concentration both in plant roots ahdats. The sunflower was previous-
ly shown to be an effective hyperaccumulatorrB€s and®Co [10], although the ability of this
plant to form mycorrhiza has not been studied. un easeH. annuusrevealed its ability of*‘Cs
hyperaccumulation only in the presence of the mygoa. Also,H. annuuswvas only plant species
in our experiment whose shoot biomass was signmifigeaffected by the impact of AM fungus.
Such contradictory findings demonstrate that bkemwledge of Cs potential uptake mechanisms
are needed to facilitate the design of counternreaso reduce or enhance the transfer of radiocae-
sium into plants.

Conclusions

In summaryM. truncatulawas suggested to be the most sensitive plantespeeiative to
the radiocaesium impact. Due to considerable réslucf caesium in their shoots this plant species
as well asP. lanceolataandL. perennecould not be applied in phytoremediation, but theay be
potentially used in phytostabilization of the raatitively polluted ecosystems.

On the other hand, the use léf annuuswith its Cs hyperaccumulation properties condi-
tioned by mycorrhiza for the phytoremediation scadjuestionable. In our study, the evaluated total
activity of **)Cs accumulated in biomass of sunflowers grown i@ pot (two plants) during three
months was 221 Bq. This is only 2.2 % from totalioaaesium activity in the pot (100 000 Bq).
Extrapolating these data for a longer term andrasgy the plant active growth period is about 6
months per year, we can roughly estimate that péad decades are needed to remove radiocaesi:
um completely from the soil. This assumption doestake into consideration the natural factors,
such as the radiocaesium migration, inhomogenestigbdition in soil and possible leaching of the
radionuclide below the 3040 cm (i.e. outside of root zone) as well as pmaémmpact of another
AM fungi and various soil microorganisms on theioadclide uptake by plants.

The number of authors proposed using of AM fungpliyytoremediation strategies for radi-
ocaesium contaminated areas to enhance radionuelideval by plant biomass ([1, 11, 12]). On
the other hand, the effects of AM fungi on Cs acalation could be applied in strategies to devel-
op crops with smaller soil-to-plant transfer fastevhich accumulate less Cs ([8, 12, 13]). Such
plant species may be potentially grown within aredth moderate radiocaesium contamination
levels and further used in agricultural purposkthe radionuclide content in their biomass does no
exceed the prescribed permissible levels. Our tesi@monstrated the capacity of AM fungi to in-
fluence the acquisition and accumulation of caesaotopes by plants by immobilizing, transport-
ing and affecting the root-to-shoot translocatidevertheless the AM fungal ability to take part in
phytoremediation strategies still remains questi#and needs for further researches.
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C. B. lyouak

BIIJIMB APBY CKYJISAPHOI'O MIKOPU3HOI'O 'PUBA GLOMUS INTRARADICES
HA HAKOIIMYEHHSA PAJIOHE3IIO POCJIMHAMU

JlocimkeHo poib apOycKyaspHOro MikopusHoro rpuba Glomus intraradicesy makomwuenHi i30To-
ny *'Cs pisuumu Bumamu pocnus. PO3rIsSHYTO BIUIMB pajiones3ito Ha PO3BMTOK MIKOPH3H Ta (hYHKIIOHY-
BaHHS ()OTOCHHTETUYHOTO amapary pociivH. [IpoaHarizoBaHO MOXKIUBICTE 3aCTOCYBAHHS MiKOPH3HOTO CHM-
6103y y diTopeMemiarii pamgiaiiuo 3a0pyIHEHAX TEPUTOPiK. Y CTAaHOBIICHO, 110 KOJIOHI3aIlis pOCIUH apOyc-
KYJISIPHUM MIiKOpHU3HHM TpuOOM HpHU3BeENa 0 CYTTEBOIO 3MEHIIEHH KOHLEHTpaLii pagionesito B iXHiil Ha-
3eMHi{ YacTHHI i BOJHOYAC HE Majla 3HAYHOTO BIUIMBY Ha HAIXOKEHHS PaJioOHyKJIila 10 KOPEHEBOI CHCTe-
MH POCIIHH.

Krrouosi crosa:. pamionesiid, pagioakTUBHE 3a0pyIHEHHS JOBKIUISI, apOyCKyIIpHA MiKOpH3a, apOyc-
KYJISIpHI MiKOpHU3HI rpruOH, POTOCHHTETHYHMI arnapat pocivH, MiKOPH3HA KOJIOHI3allisl, ¢piTopeMemiaris.

C. B. lyouak

BJIUSHUE APBYCKYJAPHOI'O MUKOPU3HOI'O I'PUBA GLOMUS INTRARADICES
HA HAKOILVIEHUE PAJIMOLE3USA PACTEHUAMU

HccnenoBana poib apOycKyIsipHOro MUKopu3Horo rpuda Glomus intraradices HakorieHHH H30-
toma **!Cs pasmuussive Bugamu pactenuii. PaccMOTpEHO BIHMSHHE PAJHOLE3Hs HA Pa3BHTHE MHKOPH3BI H
(byHKIIMOHUpOBaHUE (HOTOCHHTETUYECKOTO ammaparta pacteHuil. [IpoaHanmu3upoBaHa BO3MOXHOCTE MpHMe-
HEHHSI MUKOPU3HOTO CHMOMO03a B pUTOpEMEINALINN PAAHUOAKTHBHO 3arpsiI3HEHHBIX TEPPUTOPUI. Y CTaHOBIIE-
HO, YTO KOJIOHM3alMsi apOyCKYJISPHBIM MHKOPHU3HBIM I'pUOOM TpHBeNa K CYIIECTBEHHOMY YMEHBIICHHIO
KOHIICHTPAIINH PAgroIe3rsl B UX HA/I3€MHOM 9acTH W OJHOBPEMEHHO HE MMeJia 3HAUUTETHHOTO BIUSHUS Ha
MOCTYIIEHUS paANMOHYKIINAA B KOPHEBYIO CUCTEMY PACTEHHH.

Knioueswie cnosa: paguonesuii, painOaKTUBHOE 3arpsi3HEHUE OKPYKalOMIeH cpellbl, apOycKyspHas
MHUKOpH3a, apOyCKYISIpHbIE MUKOPHU3HBIE TPHOBI, (POTOCHHTETUYECKHHA anmapaT pacTeHUH, MUKOPU3HAs KO-
JOHM3anusA, GUTOpPEMETUAITHS.
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