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NITROGEN SOURCE EFFECT ON COPPER
SPECIATION WITHIN ECTOMYCORRHIZAL
FUNGUS RHIZOPOGON RUBESCENS

Aim. The aim of this work was to study the effects of nitrogen source on the
speciation of copper accumulated by fungi and ectomycorrhizas grown in
the presence of copper phosphate. Materials and Methods. Ectomycorrhizal
fungus Rhizopogon rubescens and its symbiotic ectomycorrhizal association
with Scots Pine were grown in the presence of copper phosphate at different
nitrogen sources: either ammonium or nitrate. The coordination of copper
released from copper phosphate and bioaccumulated by fungus and ecto-
mycorrhiza was determined by using synchrotron-based X-ray absorption
spectroscopy (XAS). Results. XAS data showed that the change of nitrogen
source from ammonium to nitrate was shifting copper coordination by mixed
oxygen ligands towards oxalate coordination of copper. Conclusions. It
was found that the conditions of growth of fungi and mycorrhizas may
change the nature of ligands available for sequestering toxic metals and
coordination of copper within ectomycorrhizal fungus R. rubescens and its
symbiotic association with pine roots depended on nitrogen source.

Key words: fungi, ectomycorrhiza, copper phosphate, nitrogen, metal
speciation, bioaccumulation, X-ray absorption spectroscopy.

The ability of fungi to create mutualistic symbiotic associations with
plant roots (mycorrhizas) has major consequences for the biogeochemical
cycling of elements [7, 11, 13]. Mycorrhizal fungi solubilize phosphate and
essential metals for the host plant in the course of so called “heterotrophic
leaching” as a result of protonation, chelation and metal accumulation by
the biomass [1, 5, 13]. It has been previously shown that mycorrhizal fungi
were able to solubilize various toxic metal phosphate minerals resulted in
releasing mobile toxic metals into environment and their bioaccumulation
by fungi and mycorrhizas [2, 4].

Copper is one of the most common pollutants of the terrestrial environ-
ments. It has been reported that soluble fraction of copper in sludge-amended
soils found almost exclusively in low molecular weight complexes with
amino acids, small peptides or polycarboxylic acids is a major contributor
to copper mobility and bioavailability threatening lower trophic levels of the
food chain. Fungi can play a significant role in copper transformations and
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many soil fungi were able to withstand copper toxicity in heavily contami-
nated soils (500—11.500 mg Cu/kg soil) [3—5]. Nearly 60—70% of tested
mycorrhizal fungal cultures tolerated copper phosphate and cuprite with
more than half of them being able to solubilize copper phosphate and over
40% of them solubilizing cuprite [4].

Because of the amorphous state or poor crystallinity of metal complexes
within biomass and relatively low metal concentrations, the determination
of metal speciation in biological systems remains a challenging problem
with only a few studies on fungal biomass that mainly clarify the nature
of adsorption sites on cell walls [6]. However, synchrotron-based X-ray
absorption spectroscopy (XAS) provides the means for studying element
complexation in environmental samples varying from biological to min-
eralogical in nature and is increasingly used to study biological systems
giving information about the oxidation state of the target element and its
coordination environment, including the number and identity of neighbour-
ing atoms [9, 12].

The aim of this study was to elucidate the eifect ol nitrogen source
on copper speciation by fungal and ectomycorrhizal biomass using X-ray
absorption spectroscopy.

Materials and methods

Biomass used in present work was ectomycorrhizal fungus Rhizopogon
rubescens B320 in axenic culture and its ectomycorrhizal associations with
Scots pine (Pinus sylvestris). Fungus and ectomycorrhiza were exposed
to copper phosphate [Cu,(PO,),x2H,0O] at a final metal concentration
equivalent to 15mM. Axenic culture of fungus was grown at 23—25 °C in
sterile Petri-dish microcosms on top of cellophane membranes on modified
Melin-Norkrans medium for mycorrhizal fungi (MMN) [4] and harvested
after 2 months.

Formation of ectomycorrhiza was carried out under sterile conditions
using a test tube technique in autoclaved (120 °C, 60 min) glass tubes
filled with 30 ml vermiculite and peat mixture 5:1 and 10 ml of Ingestad
medium [13].

After successful colonization, uniform pine seedlings were carefully
taken out from the tubes, washed with sterile water and transferred into
sterile square Petri dishes mesocosms. Square Petri dishes were filled with
Ingestad agar amended with copper phosphate to a final metal concentra-
tion equivalent to 15mM. The roots of mycorrhizal seedlings were placed
over sterile cellophane membrane on top of the agar medium. The upper
cellophane membrane and an autoclaved piece of foam, soaked in sterile
water, were placed on top of the roots to prevent them from desiccation
and to fix the position of the root system. The shoot was kept outside by
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means of a hole in the side of the plastic dish and sealed around the stem
with sterile lanolin.

Mesocosms were incubated for at least 3 months in the growth chamber
with 200 pmolxm?2xs' PAR, at least 60% relative air humidity and at day/
night regime of 18/6 h and a temperature of 23/15 °C. In the experiments
with axenic fungal cultures and the R. rubescens/P. sylvestris associations
we also used a nitrate-only version of MMN and Ingestad media substituting
KNO, (0.8 g-1"and 17.34 mg - I') for (NH,),HPO, and NH,NO,, respectively.

Freshly harvested biomass, enclosed in cellotape and quenched in liquid
nitrogen, was used for X-ray absorption spectrometry.

XAS investigates atomic local structure and electronic states by measur-
ing absorption of the electromagnetic radiation by electrons as a function
of energy, and is usually performed at synchrotron radiation sources (SRS),
provided intense and tunable X-ray beams.

X-ray absorption spectra at Cu K-edges were collected on Station 7.1
at the CCLRC Daresbury SRS operating at 2 GeV with average current of
140 mA, using a vertically collimating plane mirror and a sagitally bent
focussing Si(111) double crystal monochromator detuned to 80% transmis-
sion to minimize harmonic contamination. Sample data were collected with
the station operating in fluorescence mode using a 9-element solid state Ge
diode detector with high count-rate XPRESS processing electronics. The
monochromator was calibrated using a 5 mm Cu foil. The experiments were
performed using a liquid nitrogen cooled cryostat. Single scans were col-
lected for the model compounds, and 3—4 scans were collected and summed
for each sample. Background-subtracted EXAFS spectra (Extended X-ray
Absorption Fine Structure) were analysed in EXCURV98 using full curved
wave theory. Fourier transformation of EXAFS spectra were used to obtain
an approximate radial distribution function around the central metal (Cu —
the absorber atom): the peaks of Fourier transformations can be related to
the “shells” of surrounding back scattering atoms characterised by atom
type, number of atoms in the shell, the absorber-scatterer distance, and the
Debye-Waller factor (26?). The data were fitted for each sample by defining
the theoretical model and comparing the calculated EXAFS spectrum with
the experimental data. The shells of backscatterers were added around the
absorber and by refining an energy correction Ef (the Fermi energy), the
absorber-scatterer distance, and Debye-Waller factor for each shell, a least
squares residual (the R-factor was minimised). Where appropriate, multiple
scattering effects were included in the fits.

Results and discussion

In the present study, all tested samples of fungal and ectomycorrhizal
biomass grown in the presence of copper phosphate showed Cu coordi-
nation with oxygen ligands (tab. 1). The effect of nitrogen source on the
coordination of accumulated copper was examined for both ectomycorrhizal
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Table 1. Cu K-edge EXAFS parameters®.
Sample Scatterers r/E 20% / E? | Residual

Biomass of axenic R. rubescens exposed to copper phosphate:

4 x0 1.96 0.012
. . 2x 0 2.31 0.022
Grown on nitrate MMN agar medium 4% C 979 0019 29.8

2 x Cu 3.82 0.039

Grown on ammonium MMN 4x0 1.94 0.013 97 1
agar medium 2x0 2.37 0.037 '
Biomass of R. rubescens/P. sylvestris ectomycorrhizas

exposed to copper phosphate:
4x0 1.99 0.021
Grown on nitrate Ingestad agar 2x0 2.39 0.028 979
medium 4 x C 2.78 0.006 '

2 x Cu 3.79 0.028
4 x0 1.94 0.012
2x0 242 0.054 33.7
2 x Cu 3.79 0.034

* r is the copper—scatterer distance in Angstroms (+0.02 E inner shells, +0.05 E
outer shells). 20% is the Debye—Waller type factor (+15% inner shells, +30% outer
shells). Residual is a least squares residual from fitting the spectrum of the model to
the experimental data

Grown on ammonium Ingestad agar
medium

fungus R. rubescens in axenic culture and in its mycorrhizal association
with Scots pine (tab. 1, fig. 1). The nitrogen source is a factor that can
affect organic acid production by fungi with nitrate considerably increas-
ing oxalate excretion [10, 14]. Biomass of both axenic R. rubescens and its
ectomycorrhizal association grown on nitrate and copper phosphate gave
the best fit to the inner shell with a coordination shell of 4 oxygens bound
to the copper at a distance of 1.96 E and two oxygens bound at 2.31 E. This
is a typical distortion from perfect octahedral symmetry for a six-coordinate
copper (II) centre, and is known as a Jahn-Teller distortion [8]. The EXAFS
contributing to two further peaks in the Fourier transform were best fitted
with 4 carbons at 2.72 E and 2 coppers at 3.82 E, showing carboxylate
coordination close to oxalate (tab. I, fig. 1 d, h).

[f ammonium was used as a nitrogen source, the best fit to the inner
shell was with a Jahn-Teller distorted coordination shell of 4 oxygens at
1.94 E and two oxygens at 2.42 E. There was a small outer shell best fitted
with two coppers at 3.79 E. However, attempts to fit phosphorus atoms at
3.1 E (phosphate) or carbon atoms at 2.7 E (oxalate/carboxylic acid) did
not improve the fit (tab. 1, fig. 1). For other samples of biomass grown
on ammonium-containing medium, the fit with carbons was slightly bet-
ter and more consistent with oxalate coordination than with phosphate,
but was not conclusive probably indicating mixed carboxylate/phosphate
coordination of copper.
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Fig. 1. Copper coordination within fungal biomass:

Fourier transforms of Cu K-edge XANES, EXAFS (solid lines) and fits (broken lines) for
standard compounds (a) Cu(acetate), (b) Cu(gluconate), (¢) Cu(malate), (d) Cu(oxalate),
(e) Cu(phosphate), and (f) Cu(I)oxide. Samples are R. rubescens exposed to copper
phosphate grown on MMN agar medium with (g) ammonium or (h) nitrate.
Insert: model of Cu oxalate coordination within biomass of R. rubescens grown on media
containing nitrate.

Thus, the conditions of growth in both in vitro and ex vitro may
change the nature of ligands provided by fungal and mycorrhizal biomass.
The change of nitrogen source from ammonium to nitrate may increase
the proportion of oxalate excretion and subsequently shiit towards oxalate
coordination of toxic metal (copper) within fungal and mycorrhizal biomass.
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BMJIUB J)KEPEJIA HITPOTEHY HA XIMIYHE 3B’I3YBAHHSI
KYINIPYMY EKTOMIKOPU3HUM IT'PUBOM RHIZOPOGON
RUBESCENS

Pegepar

Mera. Metoto uiei poboTu 6ys0 BUBUEHHS Aii HKepesa HiTpOreHy Ha
3B’I3yBaHH$ KynpyMmy, 6i0akyMy/JJbOBaHOT0O rpubamu Ta eKTOMiKOPH3010, 110
Oy ¥ BHPOILEHI y MpUCYTHOCTI ¢ocdaty Kynpymy. Martepianau i meToau.
Extomikopusuuii rpud Rhizopogon rubescens ta itioro cuM6ioTHUHA €KTOMIKO-
pH3Ha acouialis 3 COCHOK 3BUYAWHO0 OyJM BUPOLLEH] Y TPUCYTHOCTI ocdarty
KYyNIpyMy Ha Pi3HUX J’KepeJax HiTporeHy: amoHito ado Hitpari. Koopaunauis
KyIpyMy, 3BiJibHEHOro 3 gocgaTy Kynpymy Ta 0i0akyMyJbOBAaHOIO TpUOOM
Ta eKTOMiKOpPH3010, BU3HAUa/aCh 3 BAKOPUCTAHHAM CHHXPOTPOHHOI pEHTreHO-
abcopobuiniHoi crekTpockomii (XAS). Pe3dyabratu. ani XAS nokasanu, 1o
nepemiHa [KepeJia HiTPOreHy 3 aMOHII0 Ha HITpaT 3MiHIOBaJia KOOPAUHALLIO
Ky[IpyMy HEOIHOPiNHUMU OKCHUT'€H-BMICHUMH JiraHIaMu Ha OKcajaTHy. Bu-
CHOBOK. BCTaHOBJ/IEHO, 1110 YMOBM 3pOCTaHHS rpuba Ta MiKOPH3U MOXKYTb
3MiHIOBATH MPUPONY JiraHiB, HASBHUX /AJ5 3B’sI3yBaHHS TOKCUUHUX MeTaJliB.
Koopaunauisi kynpymy B eKTOoMiKopusHoMy rpubi R. rubescens Ta B Horo
CUMOIOTHYHIN acoliallii 3 KOpeHsIMHA COCHM 3aJ/ierKaJjia Bill JxKepeJsa HiTPOreHy.

KnmovyoBi cuaoBa: rpubu, ekromikopusa, ocdar Kynpymy, HiTpo-
reH, XiMiuHe 3B’sI3yBaHHSA MeTasly, OioakyMmyJsilisi, peHTreHo-abcopOuiiiHa
CIIEKTPOCKOTIif.
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BJIMAHUE UCTOYHUKA A3OTA HA XUMHYECKOE CBA3bIBAHUE
MEJH 9KTOMUKOPU3HbIM T'PUBOM RHIZOPOGON
RUBESCENS

Pegepar

Lleab. Llenbio nanHo# paboThl ObLIO H3yYeHHUe AeHCTBUS UCTOUHHUKA a30-
Ta Ha CBSI3bIBaHUE MeaH, OM0AKyMYJHPOBAHHOU TPUOAMU U SKTOMHKOPHU3OH,
KOTOpble OBbLIM BbIpallleHbl B MPUCYTCTBUU (ochaTta mMenu. Marepuadabl u
MeTO/bl. DKTOMUKOPHU3HBIH Irpubd Rhizopogon rubescens u ero cumbuoTHuec-
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Kasi SKTOMHUKOPHM3HAsl aCCOLMALUA C COCHOM OOBIKHOBEHHOH BBIPALIMBAJUCH
B MPUCYTCTBUM (pocaTa Meau Ha pas3/MUHbIX UCTOUYHHUKAX a30Ta: aMMOHHH
unu Hutpate. Koopaunauusi menu, ocBoOOKIEHHOH u3 docdata Meau u
OMOAaKKyMYJHPOBAHHOU TPUOOM U SKTOMUKOPHU30U, OMpenesaach ¢ UCIOJb-
30BaHHWEM CHHXPOTPOHHOH peHTreH0-abcopOLUMOHHOU crieKTpocKonuu (XAS).
Pesyabtarbl. [lanubie XAS nokasasu, 4To mepeMeHa UCTOYHHKA a30Ta C aM-
MOHHS Ha HUTPAT U3MEeHs/1a KOOPAMHALMIO MeId CMelUaHHBbIMU KMCJI0POI0CO-
Jep>KallMMU JUTaHAaMHU Ha OKcasnaTHyoo. BblBOA. ¥ cTaHOB/IEHO, YTO YCI0BUS
pocta rpu6a 1 MUKOPHU3bl MOTYT U3MEHSITh [IPUPOY JUIaHI0B, JOCTYIHBIX 1J15
CBSI3bIBaHUSI TOKCHYHBIX MeTasaoB. KoopauHauus Menud B 3KTOMUKOPU3HOM
rpube R. rubescens v ero CUMOMOTHUECKOH acCOLUMALMKU C KOPHSIMH COCHbI
3aBHceJia OT UCTOUYHHUKA a30Ta.

KnoueBbie caoBa: rpubsl, 3KTOMUKOPU3a, pocdaTt Meau, a3oT, Xu-
MHUYECKOe CBSI3bIBAHHE MeTaJl1a, OMOaKKyMYJISILHS, pEHTIeH0-a0CcopOLMOHHAS
CHEKTPOCKOIHUS.
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