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Abstract

It is known that many ectomycorrhizal (EcM) fungi are able to utilise complex organic sources of nitrogen. Two hypotheses we
using isolates of tropical EcM fungi grown in vitro: (i) EcM fungi isolated from mineral soils of tropical rain forests are less able to
organic sources of nitrogen than mineral sources; and (ii) nitrogen isotope discrimination patterns follow those of the nitrogen sourc
Pisolithus albus andTomentella sp. represented tropical EcM fungi and they were grown along withThelephora terrestris. All three species
were able to utilise bovine serum albumen as a nitrogen source andP. albus produced the greatest biomass on this source of nitrogen. N
was generally less well utilised than ammonium although all three species were able to grow on this nitrogen source. The nitrog
which led to the greatest biomass also led to the highest fungal nitrogen concentration inP. albus andTomentella sp., but notT. terrestris.
All three species discriminated against15N when grown on BSA and NO3 but there were interspecific differences in isotope discrimina
when grown on NH4. From a limited number of isolates, it was found that EcM fungi from tropical soils utilise protein nitrogen as w
mineral nitrogen and there can be considerable nitrogen isotope discrimination during the utilisation of all these nitrogen sources.
 2004 Elsevier SAS. All rights reserved.

Keywords: Bovine serum albumen;δ15N; In vitro growth; Nitrogen isotope discrimination;Pisolithus; Thelephora; Tomentella
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1. Introduction

Mycorrhizas are an intimate symbiotic association
tween plant roots and fungi. They are beneficial to
plant and can improve nutrient uptake, water relations
pathogen resistance. Mycorrhizal colonisation can impr
access to poorly mobile mineral nutrients such as phos
rus, and many ectomycorrhizas (EcMs) can also make
ganic sources of nitrogen available to the host plant ([35]
references therein). Nitrogen is the main limiting nutrien
boreo-temperate forest soils and, as early as 1894, F
(in [30]) proposed that colonisation by EcM fungi mig
allow access to organic forms of nitrogen which make

* Corresponding author. Present address: 14 Topcliffe Way, Cambr
CB1 8SH, UK.
E-mail address: fqb20@cam.ac.uk (F.Q. Brearley).

0923-2508/$ – see front matter 2004 Elsevier SAS. All rights reserved.
doi:10.1016/j.resmic.2004.09.003
the largest proportion of nitrogen in these soils. Many s
sequent studies have shown in vitro utilisation of orga
nitrogen by EcM fungi: both simple organic substan
such as amino acids, amides and peptides, and more
plex organic nitrogen sources such as the proteins gli
and bovine serum albumen (BSA) [1,2,4,5,10,12,24,29
39,41,42]. More recent studies have shown transfer of
similated organic nitrogen from EcM fungi to their ho
plants when they were grown in association, leading to
proved mineral nutrition and increased growth of the ho
[12,27,40,42]. EcM fungi can produce a wide range of nu
ent mobilising enzymes to obtain organic nutrients [19,
32,35], but different fungi have differing abilities to utilis
organic nitrogen sources (see above references). Thi
Abuzinadah and Read [1] to propose a simple classifica
of EcM fungal species as ‘protein’ or ‘non-protein’ fun
based on their ability to grow on the organic nitrogen sou

BSA.
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The nitrogen isotope signatures of fungi, a potential
dicator of nitrogen nutritional patterns, are poorly know
but they are affected by a number of processes and p
ways including the nitrogen source and concentration,
fungal uptake, transport and allocation [10,24,47]. St
ies have shown some EcM fungi to be more enriched
15N relative to their substrate compared to other fungi,
it was hypothesised that this was because they had a
to 15N-enriched organic matter pools within the substr
[13,14]. An alternative hypothesis relates to discriminat
patterns during transfer of organic nitrogen to the host pl
with 14N-enriched amino acids being preferentially tra
ferred whilst14N-depleted amino acids remain in the fung
tissue increasing itsδ15N value [16,38]. However, Emme
ton et al. [10] showed that fungal nitrogen isotope signatu
are unlikely to directly reflect that of the source and that d
crimination patterns of fungi grown in vitro are not eas
predicted. It is therefore instructive to further examine i
topic signatures of EcM fungi as they may help shed so
light on the physiology of nitrogen nutrition of these orga
isms.

EcM fungi are most common in temperate and bor
forests composed of predominantly EcM tree families s
as Betulaceae, Fagaceae and Pinaceae. In these fores
trogen mineralisation rates are low [6] and there is a d
layer of organic matter [31,46]. However, EcM trees are a
found in mixed arbuscular mycorrhizal/EcM communities
the tropical rain forests of Southeast Asia [20–22,26,36
where members of the Dipterocarpaceae and Caesa
aceae form EcM associations. In these rain forest soils
trogen mineralisation rates are higher than in temperate
boreal forests [6,44] and a greater proportion of soil nitro
is available in the inorganic forms of ammonium and nitr
(e.g., 90% in an Australian rain forest soil [33]). We the
fore hypothesised that fungal isolates from tropical fore
where the soil has a lower proportion of its available nitrog
in an organic form, may be less able to utilise these org
nitrogen sources.

In this paper, we examine the utilisation of various nit
gen sources by fungi isolated from tropical forest commu
ties and test, firstly, the hypothesis that they will grow be
on inorganic nitrogen sources when compared with org
nitrogen sources. Secondly, we examine change in nitro
isotope discrimination following growth on these differe
nitrogen sources.

2. Materials and methods

2.1. Study species

Three EcM isolates were chosen: two tropical isola
(Pisolithus albus (Cooke & Mass.) Priest) and one temp
ate isolate for comparative purposes (Thelephora terrestris
Ehrh. ex Fr.). P. albus (Pisolithaceae) was isolated from

fruiting body underAcacia mangium Willd. (Mimosaceae)
-

s

i-

-

in Gemas, Negeri Sembilan, Malaysia and was include
Martin et al. [25] on the phylogeny ofPisolithus species.
Tomentella sp. (Thelephoraceae) (J. Díez pers. comm.)
isolated from the roots ofShorea parvifolia Dyer (Diptero-
carpaceae) in a nursery in Lentang, Pahang, Malaysia.T. ter-
restris (Thelephoraceae) was obtained from R. Jackson
the culture collection of D.J. Read) who isolated it from
nursery in Reading, Berkshire, UK. All three cultures a
maintained in the collection of D.J. Read at the Univers
of Sheffield.

2.2. Culture solution

The effect of different nitrogen sources on fungal grow
was examined by using a basal, nitrogen-free, Modi
Melin Norkrans (MMN) solution (500 mg l−1 KH2PO4; 155
mg l−1 MgSO4·7H2O; 50 mg l−1 CaCl2·2H2O; 25 mg l−1

NaCl and 7.2 mg l−1 FeCl3·6H2O) modified with either am
monium sulphate [(NH4)2SO4], calcium nitrate [Ca(NO3)2·
4H2O] or bovine serum albumen (Sigma–Aldrich Compa
Ltd., Poole, Dorset, UK) to provide 100 mg N l−1. For am-
monium and nitrate, the chemicals were added to the s
tion and the pH was adjusted to 4.7 (with HCl or NaO
prior to sterilisation by autoclaving. For BSA, the soluti
was autoclaved, BSA was dissolved in distilled water a
added by filter sterilisation through a 0.2 µm Millipore fi
ter; the pH was then adjusted to 4.7 with sterilised HCl a
NaOH. Carbon was added to all solutions prior to ste
isation asD-glucose (5 g l−1) to create a C:N ratio of a
least 20:1.

2.3. Growth conditions and harvesting

Prior to initiation of the study, the fungal cultures we
maintained on solid MMN in the dark. To start the stu
a 6 mm disc of inoculum was cut from the edges
actively growing (c. 1 month old) cultures with a ste
ile No. 3 cork borer. The disc was transferred aseptic
into a 250 ml Erlenmeyer flask containing 25 ml of st
ilised MMN with 100 mg l−1 of the required N sourc
(471 mg l−1 of (NH4)2SO4, 843 mg l−1 of Ca(NO3)2·4H2O
or 641 mg l−1 of BSA). The flasks were sealed with co
ton wool and aluminum foil, transferred into one of tw
replicate incubators and maintained at 25◦C in the dark.
25◦C was found to be the optimum temperature for
growth of Tomentella sp. in prior experiments (M. Pata
hayah, F.Q. Brearley and S.S. Lee, unpubl. data). Fu
mycelium was harvested after two, four and six weeks w
four replicates ofP. albus, eight replicates ofTomentella
sp. and six replicates ofT. terrestris from each N source a
each harvest. The mycelium was filtered through pre-dr
pre-weighed filter papers and then oven dried at 80◦C for
48 h. Total fungal biomass was calculated as the dried
gal biomass minus a mean of the initial weight of fun
inoculum plus agar added to the flasks at the beginnin

the study.
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2.4. Fungal tissue analyses

Fungal mycelium (and initial nitrogen sources, as po
dered chemicals) were analysed for nitrogen concentra
andδ15N by bulking the samples for each species and ni
gen source at each of the three harvest dates, and grin
in liquid nitrogen. They were subsequently analysed usin
PDZ Europa ANCA-GSL preparation module connected
a 20-20 isotope ratio mass spectrometer (PDZ Europa
Northwich, Cheshire, UK). The isotope ratio was calcula
as:

δ15N (�) = (Rsample/Rstandard−1) × 1000,

whereR is the isotope ratio of15N/14N of either the sample
or the standard (atmospheric nitrogen).

2.5. Statistical analyses

Fungal biomass and nitrogen concentration were anal
using one-way ANOVAs for each time point; if the resu
were significant (P < 0.05), the means were compared u
ing Turkey’s test. Box-Cox transformations were carr
out as required to normalise treatment distributions o
equalise heterogeneous variances. Nitrogen isotope r
were analysed by a one-samplet-test to determine differ
ences from the nitrogen isotope ratio of the nitrogen sou
within the MMN solution. Two flasks became contamina
and were therefore not included in the analyses. Minitab 1
was used for all analyses (Minitab Inc., State College, Pe
sylvania, USA).

3. Results

3.1. Biomass accumulation

All three species were able to grow on all three nitrog
sources (Fig. 1).P. albus had a rapid growth rate and th
biomass of fungi grown on BSA was at least 50%, and o
more than 100%, greater than the biomass of fungi gr
on either ammonium or nitrate at all three harvests (Fig.
Tomentella sp. andT. terrestris had slower growth rates an
increased little in biomass between the 4- and 6-week
vests (Figs. 1b and 1c). The growth on all three nitro
sources was similar for both species although the biom
of Tomentella sp. on nitrate was lower at the 6-week h
vest than at the 4-week harvest (Fig. 1b) and growth
T. terrestris only began after 2 weeks, thereafter incre
ing in biomass comparable to that on BSA and ammon
(Fig. 1c).

3.2. Nitrogen concentration

The nitrogen concentration of fungal mycelium had sim
lar patterns to the biomass, with faster growing fungi hav

a greater nitrogen concentration.P. albus had a very high ni-
g

s

Fig. 1. Biomass of three ectomycorrhizal fungal species grown on t
different nitrogen sources for six weeks. All values are means (±SE). Let-
ters at the same harvest for each species indicate differences accord
Turkey’s test atP < 0.05.

trogen concentration when grown on BSA; when grown
NH4 or NO3 the nitrogen concentration was less than h
of that on BSA (Table 1).Tomentella sp. had the highes
nitrogen concentration when grown on BSA and NH4; the
concentration when grown on NO3 was only around a third
of these two values (Table 1).T. terrestris also had its high-
est nitrogen concentration when grown on BSA, with v

low concentration when grown on NH4 or NO3 (Table 1).



F.Q. Brearley et al. / Research in Microbiology 156 (2005) 184–190 187

ks (i
tart of
Fig. 2. Nitrogen isotope discrimination patterns of three ectomycorrhizal fungal species grown on three different nitrogen sources for six weenitial
nitrogen sourceδ15N values shown as a dashed line). All values are the mean (±SE) of three bulked samples taken at each of three harvests after the s
the experiment. Significant differences in isotope signature from the initial source are indicated as:∗P < 0.05,∗∗P < 0.01,∗∗∗P < 0.001.
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Table 1
Nitrogen concentration (%) of fungal mycelium of three ectomycorrh
fungal species grown on three different nitrogen sources for six weeks

Nitrogen Pisolithus Tomentella sp. Thelephora
source albus terrestris

BSA 9.68± 0.72 2.64± 0.01 6.92± 1.57
a a a

NH4 4.79± 0.61 3.02± 0.38 0.83± 0.17
b a b

NO3 3.26± 0.71 1.00± 0.09 0.74± 0.22
b b b

All values are the means (±SE) of three bulked samples taken at each
three harvests. Letters within the same column indicate differences ac
ing to Turkey’s test atP < 0.05.

3.3. Nitrogen isotope discrimination

All three species discriminated against15N when grown
on BSA and on NO3 although this was only statistically sig
nificant for P. albus on BSA andT. terrestris on BSA and
NO3 (Fig. 2). There were no consistent patterns of discr
ination when grown on NH4, with P. albus showing dis-
crimination against15N andTomentella sp. andT. terrestris
showing discrimination towards15N, highly significantly in
the case ofT. terrestris (Fig. 2).

4. Discussion

4.1. Growth of the ectomycorrhizal isolates

This study has shown that all three species of fungi
amined utilised all three nitrogen sources to varying
grees. Ammonium is usually the most readily utilised
trogen source by EcM fungi [2,4,5,17,29,33,35,42] and
may be especially true in mineral soils with rapid nitrog
mineralisation rates. The results forP. albus were there-
fore somewhat unexpected in that the greatest biomass

produced on BSA. All three study species were able to
s

utilise nitrate to a certain degree, but a number of stu
[4,5,12,17,33,35,39] have shown a limited ability of cert
species to grow on this nitrogen source. Within the ce
nitrate is converted to ammonium by the action of nitrate
ductase before the ammonium is then assimilated into am
acids. It has been suggested that it is therefore energeti
less expensive to preferentially take up ammonium for di
assimilation into amino acids.

The isolate ofP. albus used in this study showed the gre
est growth on BSA and appeared to take up almost all of
2.5 mg of nitrogen supplied (25.7 mg× 0.0968 (% N)=
2.49 mg), demonstrating very efficient use of this protein
trogen. Abuzinadah and Read [1] categorisedPisolithus tinc-
torius as intermediate between ‘protein’ and ‘non-prote
fungi due to varying protein usage depending on cult
conditions. Subsequent experiments by Turnbull et al.
and Anderson et al. [4,5] have shownPisolithus species to
usually grow best on ammonium, but increasing protein u
isation ability was shown following an increased time sin
isolation, and also with decreased glucose concentratio
the culture solution.

Although there are probably over 60 species ofTo-
mentella (Kõljalg in [11]), there appears to be only on
report of in vitro growth of any members of this genus. T
is the report of Sharples and Cairney [34] who found t
the growth rate on BSA was approximately double that
both ammonium and nitrate. When their study was car
out, the fungal species was unidentified; it has now b
shown to have close affinities withTomentella [7]. This
is in agreement with our results presented here, indica
good protein-using ability of this genus. The association
fruiting bodies ofTomentella species with decaying plan
material suggests some ability to utilise these organic
terials [18]. Further evidence for the protein-using abi
of Tomentella species comes from Lilleskov et al. [23] wh
showed a decline in a number of unidentifiedTomentella
species when they were subjected to additions of inorg

atmospherically deposited nitrogen.
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Although it could be suggested thatT. terrestris, as a pio-
neer species [8], should have little access to organic sou
this does not appear to be the case here. Our results are
sistent with those of Finlay et al. [12] who showed the abi
of some isolates ofT. terrestris to grow on nitrogen obtaine
from a protein source.

4.2. Fungal nitrogen concentration

A number of studies have reported the nitrogen conc
tration of EcM fungi to be around 1.5–6.5% [1,14,38,4
with fruiting body caps often having a notably higher
trogen concentration (c. 2% higher in Taylor et al. [38
Some of the fungi grown on BSA in this experiment h
very high nitrogen concentrations although they were wit
the range of concentrations reported for non-EcM fu
[45]. It is interesting thatT. terrestris was able to take
up nitrogen from BSA but was not able to use this
trogen to produce greater biomass than on the othe
trogen sources. In the other two species, an increas
nitrogen concentration was associated with an increas
biomass accumulation. Eaton and Ayres [9] suggested
EcM fungi preferentially allocate carbon towards obta
ing nitrogen over allocating carbon towards growth. T
strategy may allow the fungus to maintain independ
growth in the event of sudden cessation of plant-derived
bon [9].

4.3. Nitrogen isotope discrimination

Differences in isotope discrimination patterns betwe
EcM fungi can be due to: (a) selective uptake of a giv
isotope; (b) consistent differences in discrimination patte
during uptake, assimilation and allocation; (c) difference
the proportion, and isotopic signature, of nitrogen retur
to the growing medium and (d) preferential transfer of14N
over15N from the fungus to the plant [10,24].

All three study species discriminated against15N when
grown on BSA and nitrate but there were no consistent
terns of discrimination when grown on ammonium. Our
sults are therefore in contradiction with those of Gebauer
Taylor [14] who found most fungi to be enriched in15N rela-
tive to their source; however one obvious difference betw
in vitro and in vivo studies is that there can be no transfe
nitrogen from the fungus to the plant so, when the fungu
grown in vitro, researchers are only able to examine inte
physiological processes. These results support the hyp
esis of Emmerton et al. [10] that15N abundance of funga
tissues is unlikely to directly reflect the isotopic signature
the original source as there is isotope discrimination du
both nitrogen uptake and assimilation. This is further c
founded by the fact that discrimination patterns are sou
and fungal-specific.

The discrimination against15N in BSA-grown fungi may
be due to a release of extracellular protein-degrading

zymes which are generally enriched in15N [47]. Consistent
,
-

t

-

discrimination against15N with nitrate uptake, also found b
Emmerton et al. [10], is probably related to discriminat
during nitrate reduction in the cell, but may also be due to
cretion of15N-enriched, non-reduced nitrate [47]. The m
likely explanation, given current knowledge, for incons
tent discrimination patterns during ammonium assimilat
are the potential differences in discrimination patterns
yet unmeasured) between the two main nitrogen assim
tion pathways, GS-GOGAT and GDH-GS [10,15,47]. T
operation of these two pathways is regulated by both fun
species and the nitrogen source and concentration [3,2
and may have considerable implications for isotope disc
ination patterns.

4.4. Comparison with related studies

These results contrast with those of Sangtiean
Schmidt [33] who found EcM fungal growth on BSA to b
poor when compared with growth on ammonium for fun
species isolated from an Australian rain forest (<25%), al-
though fungal species from aEucalyptus (Myrtaceae) fores
were more able to utilise BSA when compared with a
monium (<38%). Other subtropical fungi fromEucalyptus
forests in Turnbull and colleagues’ [42] study also show
a very limited ability to grow on BSA, with the exceptio
of an Amanita species. Lilleskov et al. [23,24] found a d
crease in the numbers of protein using fungi with increas
soil inorganic nitrogen and a decrease in the protein util
tion ability of fungi isolated from these soils. Taylor et
[39] also found similar patterns over a European nitro
deposition gradient.

4.5. Conclusions

Our original hypothesis, that fungi isolated from trop
cal forest communities will grow better on inorganic nitr
gen sources when compared with organic nitrogen sou
was not upheld as BSA was utilised equally well as amm
nium, and better byP. albus. It appears that these tropic
EcM fungi are able to effectively utilise a range of nitrog
sources and this ‘generalist’ nitrogen use may help to exp
their host species dominance in certain tropical rain fo
soils as they can make a wide range of nitrogen sources
mediately available to their host plant. Clearly more wo
with a much wider range of species, is needed before
hypothesis can be fully supported.
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