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Abstract Phosphorus (P) is a major limiting nutrient for
plants in boreal forest ecosystems where a substantial part
of the total P is sequestered in organic compounds. Some
ectomycorrhizal (ECM) fungi are known to produce
phosphomonoesterases, enzymes that degrade organic P
sources. Here, we test 16 ECM species for this enzymatic
activity by growing them on media containing orthophos-
phate, phytic acid or apatite. A method with an overlay gel
that determined both phosphomonoesterase activity and its
spatial distribution was developed. The phosphomonoester-
ase activity was not significantly higher when growing on
organic P; conversely some isolates only produced measur-
able enzyme activity when grown on apatite. Species-
specific variations with respect to phosphomonoesterase
activity as well as growth responses to different substrates
were found. The production of phosphomonoesterases was
found to be widespread in ECM fungi and the enzyme
activity did not need induction by organic P. The enzyme
activity was highest in the central parts of the myecelia,
potentially reflecting breakdown and recycling of phospho-
lipids from old hyphae or potentially higher mycelial density.

Keywords Ectomycorrhizal fungi - Acid phosphatase -
Phosphomonoesterase - Organic phosphorus use
Introduction

Phosphorus (P) is an essential element for all cells, being
present in both nucleic acids and phospholipids as well as
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in metabolites. In the boreal forest ecosystem, P is second
only to nitrogen as a major limiting nutrient for plant
growth (Dalal 1977). Phosphorus is present in soil in three
main forms: in solution as orthophosphate (PO,>"), ioni-
cally bound in primary and secondary minerals or bound in
organic compounds (Jennings 1995). The major part of soil
P, sometimes as much as 90%, is sequestered in organic
forms as phosphomonoesters and phosphodiesters (e.g.
nucleic acids and phospholipids, Cosgrove 1967). Inositol
phosphate is the dominant form of phosphomonoesters and
constitutes a minor component of fresh litter, but accumu-
lates during decomposition to make up 20—50% of the total
organic P in soil (Richardson 1994; Schachtman et al.
1998).

Ectomycorrhizal (ECM) fungi are known to improve
nutrient acquisition by increasing the absorptive surface
area and are able to release nutrients from organic
substrates by the production of extracellular or wall-bound
enzymes (Lindahl et al. 2005). P acquisition by trees has
been shown to be improved significantly by ECM fungi
and, in laboratory experiments, colonised plants have a
higher P status than their non-mycorrhizal counterparts
(Bougher et al. 1990; Colpaert and Van Laere 1996).

Acid phosphatases (E.C.3.1.3.2) or phosphomonoes-
terases are the enzymes primarily responsible for degrada-
tion of the organic P resources in soils (Burns and Dick
2002). These enzymes cleave phosphate-ester bonds to
release inorganic P from a range of substrates such as
inositol phosphate, polyphosphates and phosphorylated
sugars (Burns and Dick 2002).

There is some indication that phosphomonoesterase
activity is not dependent upon activation by organic P.
Joner et al. (2000) and Olsson et al. (2002) found that
phosphomonoesterase activity in arbuscular mycorrhizal
fungi was not induced by either phosphorus limitation or
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the presence of organic P substrate. Likewise, Antibus et al.
(1992) found no general difference in enzyme production
after growth on inorganic and organic P sources when
growing eight ECM isolates on these two substrates.

Ultimately, all P is derived from mineral sources with
apatite (Ca;o(PO4)s(OH,F,Cl),) as the predominant, primary
mineral in the Earth’s crust. P in free form is rapidly
immobilised in soil by sorption onto clay minerals or
hydrous oxides of Al, Fe and Mn. Many ECM fungi are
able to use apatite as a P source (e.g. Wallander et al. 1997)
and some (e.g. Suillus spp. and Paxillus involutus) are
known to produce a wide range of low molecular mass
organic acids that can act as weathering agents (Machuca
et al. 2007; Landeweert et al. 2001).

The methods commonly used to measure cell wall-
associated and extracellular phosphatase activity is the p-
nitrophenyl phosphomonoesterase (pNPP) assay (Jennings
1995) and the ELF-97 assay (see Alvarez et al. 2004;
Alvarez et al. 2006). The pNPP assay allows high
throughput of samples and has been widely used to
examine a range of organisms (Bartlett and Lewis 1973;
Park et al. 1992; Senna et al. 2006). However, this method
does not provide any information on where in the mycelia
enzyme activity is localised. In addition, Tibbett (2002)
states that the large variation between studies in growth
temperature, assay temperature, filtration (were pNPPase
can be lost) and washing steps have important bearings on
the results. The ELF-97 method does, on the other hand,
provide information on both the position and the intensity
of the activity; however, it is very time-consuming as it is
based on visual quantification by microscope. Consequent-
ly, it is not practical to examine a wider range of isolates
with this method.

Lindahl and Finlay (2006) developed a new method to
determine activities of chitinolytic enzymes by basidiomy-
cete fungi that allows spatial quantification of enzyme
activities on solid surfaces. By overlaying the fungus with a
thin gel containing a fluorogenic substrate, they could
determine the enzymatic activity on the surface of a fungal
mycelium using a fluorescence spectrophotometer. The
detector is located above the mycelia and as a consequence
of this, activity data are predominantly recorded from the
mycelial surface. Here, we use the agar overlay method of
Lindahl and Finlay (2006) to assess phosphomonoesterase
activities across intact ECM fungal mycelia, growing in
pure culture.

Sixteen species of ECM fungi, representing a wide range
of taxa, were examined for growth on orthophosphate and
on organic phosphorus in the form of phytic acid. To assess
intraspecific variation, four isolates of Amanita muscaria
were included. In addition, nine isolates were also grown
on mineral phosphorus in the form of apatite. The
phosphomonoesterase activity was examined over the
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mycelia grown on the different P sources. The primary
aims of this study were to determine if the agar overlay
method proved to be a suitable method and to assess if
phosphomonoesterase activity was dependent on organic P
for induction. Another aim was to assess where in the
mycelia the activity of this enzyme is localised. In addition,
we hypothesise that ECM fungi differ in their preferences
for different P sources which would be reflected by
differential growth rates.

Materials and methods
Growing ECM fungi on different phosphorus sources

Cultures were obtained from fresh sporocarp material,
except for Cenococcum geophilum, Meliniomyces bicolor
and Piloderma cf. fallax which were isolated from surface
sterilised mycorrhizal root tips. Stock cultures were main-
tained on modified Melin—Norkrans (MMN) media (Marx
1969) in darkness at 25°C.

Nineteen isolates representing 16 species of ECM fungi
were tested for phosphomonoesterase activity; one ericoid
fungus (Rhizoscyphus ericae) and one wood rot fungus
(Serpula lacrymans) were also included. To confirm the
identities of the isolates, the internal transcribed spacer
ribosomal RNA gene region (ITS) was sequenced, using
the method of Rosling et al. (2003), and sequence similarity
was compared with known mycorrhizal taxa in the UNITE
(Koljalg et al. 2005) and GenBank (Benson et al. 2005)
databases, using the BLASTN algorithm (Altschul et al.
1990). The GenBank accession numbers and ecological
information of the isolates is presented in Table 1.

The fungal isolates were grown on three different media
where the P was supplied in simple form as ortophosphate
(PO,*), in organic form as phytic acid (a variety of inositol
phosphate) or in mineral form as apatite powder. To ensure
that all fungi would start growing, all treatments had 20%
of the phosphorus supplied as simple phosphate (0.15 g L'
(NH4),HPO,). The orthophosphate media was half MMN
with 15 g agar L' (Marx 1969) where additional P was
supplied as 0.5 g L™' KH,PO,4 (total P concentration
4.8 mM). In the organic phosphorus media, the KH,PO,
was replaced by phytic acid (0.4 g L', P8810 Sigma, total
P concentration 4.8 mM) and in the apatite media with
0.1 % w/v apatite powder (Rosling et al. 2004).

The pH of the media was set to 4.5 before autoclaving
and the media were automatically dispensed in Petri dishes
with 18 mL in each dish. After autoclaving, the pH was
measured to ensure that it remained at 4.5 before fungal
inoculation. The three treatments were inoculated with
5 mm circular plugs cut from the actively growing edge of
the mycelium in three replicates for each fungus and
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Table 1 Nineteen isolates of ectomycorrhizal fungi, one ericoid fungus and one dry rot fungus grown on various phosphorus substrates and tested

for acid phosphomonoesterase activity

Species Collection GenBank accession P Host and origin
code number substrate®
Amanita muscaria (L.:Fr.) Hook UP500 DQ658859 C 0 Pinus sylvestris, Riddarhyttan, Sweden
A. muscaria UP501 DQ658860 C, 0 Mixed forest, Uppsala, Sweden
A. muscaria UP607 EU526864 C, O, A Mixed forest, Uppsala, Sweden
A. muscaria UP538 EF493267 C, 0 Mixed forest, Uppsala, Sweden
A. spissa (Fr.) Kumm UP502 DQ658858 C, O, A Mixed forest, Gusum, Sweden
Cenococcum geophilum Fr. UP219 EF493314 C, 0 P. sylvestris, P. abies, central Lithuania
Cortinarius glaucopus (Schaeff.:Fr.) Fr. UP21 DQ658854 C 0 P. abies, Flakaliden, Sweden
Laccaria bicolor (Maire) Orton UP506 DQ658853 C 0 P. sylvestris, P. abies, central Lithuania
Lactarius chrysorrheus Fr. UP510 DQ658873 C, O, A Quercus forest, Trento, Italy
Meliniomyces bicolor Hambleton UP526 DQ658891 C, O, A P abies, Uppsala, Sweden
& Sigler
Piloderma aft. fallax UP581 AY 884239 C, 0 Mixed forest, Nyanget, Sweden
Rhizopogon roseolus (Corda) Th. M. Fr. UP588 EF493255 C, 0 P, sylvestris, Kiruna, Sweden
Rhizoscyphus ericae (D.J. Read) UP505 DQ658887 C 0 Highly acidic stagnohumic gley, North York Moors,
W.Y. Zhuang & Korf UK
Russula sanguinea (Bull.) Fr UP529 DQ658889 C, 0, A Mixed forest, Uppsala, Sweden
Serpula lacrymans (Schumach. ex Fr.)  UP609 AJ245948 C 0 Isolated from timber in Berlin, Germany
Gray
Suillus bovinus (L.:Fr.) Roussel UP591 EF493249 C, O, A P sylvestris, Kiruna, Sweden
S. luteus (L.:Fr.) Roussel UP531 DQ658862 C 0 P, sylvestris, Abisko, Sweden
S. variegates (Sw.:Fr.) O. Kuntze UP532 DQ658863 C, O, A P sylvestris, Kiruna, Sweden
Tricholoma fulvum (DC.:Fr.) Sacc. UP88 DQ658855 C, O, A Mixed forest, Uppsala, Sweden
T. scalpturatum (Fr.) Quél. UP93 DQ658857 C, O, A Betula pendula, Uppsala, Sweden
Xerocomus communis Bull. UP104 EF493247 C 0 Quercus sp., Italy

?The media which the fungi were grown on: C control plates with orthophosphate, O organic P in the form of phytic acid, 4 apatite

medium. All isolates were tested on orthophosphate
medium and organic P medium, and nine isolates were
also tested on the apatite substrate (Table 1). The plates
were incubated in the dark at 25°C for 4 weeks.

Growth measurements and enzyme assay

The myecelial size was determined as the mean of two,
perpendicular radial measurements, and the area of the
mycelium was calculated. Substrate conditioning by the fungi
was roughly determined by estimating the pH of the media
close to the mycelia in three replicates, using pH indicator
paper (Macherey-Nagel, Diiren, Germany) in the sensitivity
range of pH 3.5-6.8.

Phosphomonoesterase activity was measured using the
agar overlay method of Lindahl and Finlay (2006). The fungal
mycelia were covered with 5 mL of 1% low melting point
(65°C) agarose solution. The agarose contained 50 uM of
the fluorogenic substrate 3,6,8 Tris (dimethylaminosulfanyl)-
1-pyrenol phosphate pyridine salt (Sigma) and 0.2% Tween
to ensure that the agarose would be in contact with
hydrophobic mycelia (e.g. C. glaucopus). The mycelia with
the agar overlay were then incubated in darkness for 15 min.
The reaction was stopped by rinsing the agar surface with

5 mL of 1 M glycine/NaOH buffer at pH 10.6 for 2 min. The
glycine buffer was decanted and the outer rim of each Petri
dish was cut off level with the agar, to ensure that the
detector of the spectrophotometer was close to the agar
surface. Fluorescence was measured with a Perkin Elmer
LS50F fluorescence spectrophotometer (Perkin Elmer,
Wellesley, MA, USA) with the settings; excitation 495 nm,
emission 460 nm and slit 2.5 nm. Twelve transects were
recorded across each plate. In addition, a few detailed scans
with a spatial resolution of 1 mm were performed for
imaging purposes.

Mycelial autofluorescence was controlled by measuring
the fluorescence of mycelia without fluorogenic substrate in
the overlay agar. Fluorescence outside the mycelia was low
and was used to correct for background fluorescence. The
mean fluorescence (in arbitrary units) per measure point
was calculated over each mycelium.

Calibration of the enzyme assay
The arbitrary fluorescent units provided by the spectropho-
tometer were converted to standardized phosphomonoes-

terase activity using a commercial phosphomonoesterase
(Sigma, P1146). A standard curve was established by
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suspending 0, 1, 1.5 or 2 units of the enzyme into 0.2 mL of
water. The standards were spread over an agar plate (with
three replicates for each concentration), incubated in room
temperature for 5 min and then assayed using the agar
overlay method in the same way as for the experimental
plates. One unit is defined as the amount of enzyme that
cleaves 1.0 mg of 3,6,8 Tris (dimethylaminosulfanyl)-1-
pyrenol phosphate pyridine salt per minute at pH 4.5 at 25°C.
Phosphatase activity per square millimetre was calculated
from the total units added, divided by the area of the dish. The
relationship between the arbitrary fluorescence units (mean
fluorescence per measure point) and the enzyme activity
was best described by the linear function y=56.34x+15.36
(R*=0.98).

Statistical analysis

The statistical analysis was performed with Minitab version
15 (State College, PA, USA). Both growth areas and
enzyme activities were log-transformed, in order to reduce
heteroscedasticity. Before log transformation, 1 was added
to all enzyme activity data. A general linear model was
fitted to the data, using isolate and treatment and organic or
orthophosphate, as explaining dummy variables. A separate
analysis was performed on the nine isolates also grown on
apatite, hence including orthophosphate, organic and the
apatite treatments. Tukey’s pair-wise comparison was
performed to determine significant differences within
isolate between different treatments and between isolates
within treatments for the four A. muscaria isolates.

Results
Mycelial growth

All isolates grew on all media, although the mycelial
growth varied between isolates and P sources (Fig. 1a). The
average mycelial area (+standard error of the mean) was
largest in the orthophosphate treatment (814+77 mm?)
followed by the organic treatment (737+79 mm?). Overall,
the mycelial size was significantly different depending on
the isolate (P<0.0001), treatment (P<0.0001) and the
combination (P<0.0001). The differences were more
dependent on isolate than on treatment. For the nine
isolates also grown on apatite, the average mycelial size
was 581+70 mm?. When compared to orthophosphate and
organic P treatments, the mycelial areas were significantly
different depending on the isolate (P<0.0001) and the
combination of isolate and substrate (P<0.0001) but not
depending on substrate. Significant differences in mycelial
area between treatments within each isolate are indicated in
Fig. 1a.
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Fig. 1 Growth (a) and phosphomonoesterase activity (b) of 19p
ectomycorrhizal fungal isolates, one dry rot fungus and one ericoid
mycorrhizal fungus on agar plates. The bars indicate standard error.
The phosphorus in the agar plates was supplied as orthophosphate, in
mineral form as apatite or as organic P (phytic acid). All isolates were
grown on orthophosphate and organic P and nine isolates were in
addition tested on apatite. The phosphomonoesterase activities were
measured by overlaying the agar plates with a thin gel containing
fluorogenic substrate. The small letters indicate when differences
between treatments for the same isolates significantly differs (P<0.05)
as determined by Tukey’s pair wise comparisons. For full species
names, see Table 1. The spatial phosphomonoesterase activities of
Amanita muscaria UP500 (¢) and Suillus bovinus (d) in arbitrary units
after incubation with an overlay gel containing the fluorogenic
substrate 3,6,8 Tris (dimethylaminosulfanyl)-1-pyrenol phosphate
pyridine salt. The fungi were grown on agar plates with phosphorus
supplied as phytic acid. Note that the scales are different between a
and b. No enzymatic activities were found outside the mycelia

Three isolates of A. muscaria (UP500, UP538, UP607),
A. spissa, C. glaucopus, L. bicolor and M. bicolor grew
significantly better on the orthophosphate plates compared
to the plates with organic P (Fig. 1a). The opposite was
observed in the isolates of Lactarius chrysorrheus, Suillus
bovinus and Suillus variegatus, which grew more on
organic P (Fig. 1a).

No isolate had significantly higher growth on apatite
compared to orthophosphate or organic P. Six species grew
slowly and produced equally small mycelia in all treatments
(C. geophilum, Tricholoma fulvum, T. scalpturatum, R.
sanguinea, Xerocomus communis and S. lacrymans, see
Fig. 1a). No significant differences were found in mycelial
area between the treatments for the four A. muscaria
isolates.

Enzyme activity

Overall, there was no significant correlation between
mycelial size and enzymatic activity. The highest enzyme
activities of most isolates were localised in the central parts
of the mycelia (Fig. 1c). The exceptions were S. bovinus
and L. bicolor that had the highest activity in the actively
growing parts at the edge of the colony (Fig. 1d). No
phosphomonoesterase activity could be detected in any
treatment for the species C. geophilum, L. chrysorrheus, P
cf. fallax and R. ericae (Fig. 1b).

The enzyme activities were significantly different
depending on the isolate (P<0.0001), treatment (P=0.006)
and the combination of the two (P<0.0001). The enzyme
activity was strongly dependent on isolate. Overall, the
phosphatase activity was not significantly different between
the orthophosphate treatment and the organic treatment.
When analyzing individual isolates, A. muscaria (UP607)
and A. spissa had significantly higher enzyme activity in
the orthophosphate treatment compared to the organic
treatment.
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When analyzing the nine isolates which were, in
addition, grown on apatite, the phosphatase activity was
significantly different depending on the isolate (P<0.0001),
treatment (P<0.0001) and the combination (P<0.0001).
The isolates of M. bicolor and T. scalpturatum only
produced measurable amounts of enzyme when grown on
apatite (Fig. 1b). A. muscaria (isolate UP607) expressed the
least enzyme activity on apatite in contrast to 4. spissa that
had comparable activities on the orthophosphate and the
apatite treatment.

There was intraspecific variation between the four A.
muscaria isolates with respect to enzyme activity within
treatments. The isolates had the same level of enzyme
activity on both treatments, except isolate UP607 that had
significantly higher enzyme activity on orthophosphate
compared to the organic treatment.

No extracellular phosphomonoesterases activity could be
detected outside the mycelial front in any of the isolates in
this study, indicating that the enzymes were wall-bound.

pH changes

In general, pH changes appeared to be species dependent,
but independent of the substrate. The isolates of A.
muscaria, C. glaucopus and S. luteus increased the pH to
levels between 5 and 6 while L. chrysorrheus, M. bicolor,
R. ericae and S. lacrymans decreased pH to below 4. The
remaining isolates maintained the pH at 4-5. No statistical
analysis was performed on the pH values as the method
only offered a rough indication of the pH change.

Discussion

The majority of the P in acid, boreal forest soils is present
as organic phosphorus, and acid phosphatase production by
ectomycorrhizal fungi is therefore significant for obtaining
P in these systems (H&ussling and Marschner 1989). Here,
we were able to demonstrate species-specific variations
with respect to level of phosphomonoesterase activity as
well as growth responses to different P substrates. In
addition, we found that phosphomonoesterase activity did
not require organic P for activation and that enzyme activity
was generally highest in the central parts of the mycelia.
The agar overlay method used in this study provided
simultaneous whole colony analysis of the surface acid
phosphatase activity. The enzymatic assay was well suited
to screen a large number of isolates and had, in addition, the
advantage of showing the spatial distribution of the activity
over the mycelial surface. However, the enzyme activity is
predominantly measured at the surface since the detector is
located above the mycelial surface. Hence, the actual
activity might have been higher than detected in this study.
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L. chrysorrheus and Russula sanguinea, species with
hydrophilic hyphae that grew into the agar, had no or little
enzyme activity. However, high enzymatic activity was
detected in L. bicolor, another hydrophilic species, indicat-
ing that the method is suitable to measure surface enzyme
activities to some extent for hydrophilic isolates.

ECM fungal community composition has been observed
to vary through a vertically stratified soil profile (Rosling et
al. 2003). In such profiles, the forms of P vary from
complex organic forms in the litter layer, to simpler organic
forms and mineral forms further down in the profile (De
Brouwere et al. 2003). It is plausible that different P
utilisation strategies among ECM fungi are a contributing
determinant for the composition of mycorrhizal communi-
ties though vertically differentiated soil profiles. The
isolates in this study are mostly isolated from fruit bodies
and information on where in the soil profile they proliferate
is not available. However, S. variegatus is frequently found
in the upper soil layers (Genney et al. 2006), and in our
study, this species grows better on organic P and ortho-
phosphate compared to apatite.

There was some intraspecific variation among the A.
muscaria isolates in this study. The isolate UP607 differed
in enzymatic activity compared to the other isolates
although the ecology of this species does not diverge
markedly from the other isolates. It is possible that the
variation within these species had been higher if the isolates
originated from more diverse environments (Table 1).

The majority of the species expressed the highest
enzyme activity in the interior parts of the mycelia. Lindahl
and Finlay (2006) found a similar pattern when growing
wood-rotting fungi on spruce wood and screening for
chitinolytic enzymes. They suggested that the fungi utilise
endochitinases to degrade older parts of the mycelia in
order to recycle the nitrogen and translocate it to newer
parts of the mycelia. The same can be suggested for P use,
the breakdown of phospholipids in the cell walls of old
hyphae may be the cause of the high enzyme activity.
Another possibility is that the interior activity simply
reflects a higher concentration of cells in the more dense
mycelia of the interior parts of the colony. The maximum
activity detected in the front of the mycelia of L. bicolor
and S. bovinus could reflect more expansive phosphorus
uptake strategies in these fungi. Both species are pioneer
species and may be adapted to forage for nutrients more
competitively than later colonisers.

In this study, the phosphomonoesterase activities did not
require organic P for activation. This is consistent with
Antibus et al. (1992) who found no general differences in
enzyme production after growth on inorganic and organic P
sources. In fact, 4. muscaria (UP607) and A. spissa actually
expressed significantly higher enzyme activity in the
orthophosphate treatment compared to the organic treat-
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ment. In addition, the isolates of M. bicolor and T.
scalpturatum only produced measurable amounts of en-
zyme when grown on apatite. This could reflect increased
enzymatic activity under P-limiting growth conditions
(Aleksieva and Micheva-Viteva 2000). It is likely that
phosphomonoesterases are always active, to some extent, at
the mycelial surface to activate proteins on the outer surface
of the plasma membrane for physiological activity (Arnold
1987).

Only a few isolates expressed significantly different
enzyme activity between different media. In some species
(e.g. S. variegatus), the enzyme activity remained at the
same level even though the growth was very different
(Fig. 1b). It is possible that the phosphomonoesterase is
constitutively expressed at the tested conditions for certain
fungi included in the study.

When growing on ammonia, the pH of the culture media
decreases as protons are released during ammonium uptake
(Jennings 1995). In this study, the 4. muscaria isolates and
C. glaucopus instead increased the pH. However, the pH
can increase when phosphate ions are transported through
high affinity proton symporters (Kothe et al. 2002). In
addition to P transport by proton symporters, ECM fungi
may also possess sodium symporters that would render the
pH of the media unchanged (Kothe et al. 2002). Substrate
acidification may also be an active mechanism to increase
mineral dissolution under P-limiting growth conditions
(Rosling et al. 2007). Among the isolates that did not
produce any enzymatic activity, L. chrysorrheus and R.
ericae lowered pH to below 4. This may reflect a strategy
to obtain P from weathering rather than phosphomonoes-
terase activity.

The pH optima for most of phosphomonoesterases of the
species included in the study is unknown. It is plausible that
the pH value of the media was unsuitable for induction of
phosphomonoesterase activity in some cases. Previous
studies using C. geophilum have demonstrated maximum
phosphatase activity with no available P and at a pH of
approximately 4 as well as phosphorus concentrations
around 3.5 mM and a pH around 5 (Alvarez et al. 2004).
The individual pH optima of the phosphomonoesterase
activity must be known before the maximal enzymatic
capacity for different species can be assessed.

In conclusion, the agar overlay method proved suitable for
screening fungal cultures for phosphomonoesterase activi-
ties. The production of phosphomonoesterases is widespread
in ECM fungi, and to assess the maximal enzymatic activity,
the individual pH optima has to be considered. Phospho-
monoesterase activity does not require induction by organic
P and most species in this study expressed higher enzyme
activities in the central parts of the mycelium. This may
reflect breakdown and recycling of phospholipids from old
hyphae or simply higher mycelial density.

Acknowledgements The authors would like to thank David Rénnlund
for the help extended in the laboratory. Andy Taylor and Bjém Lindahl
are gratefully acknowledged for helpful comments on the manuscript.
This work was financially supported by the Swedish Research Council
for Environment, Agricultural Sciences and Spatial Planning (FORMAS-
2006-267 and 2005-1504).

References

Aleksieva P, Micheva-Viteva S (2000) Regulation of extracellular acid
phosphatase biosynthesis by phosphates in proteinase producing
fungus Humicola lutea 120-5. Enzyme Microb Technol 27:570—
575 doi:10.1016/S0141-0229(00)00237-4

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ (1990) Basic
local alignment search tool. J Mol Biol 215:403—410

Alvarez M, Godoy R, Heyser W, Hartel S (2004) Surface-bound
phosphatase activity in living hyphae of ectomycorrhizal fungi of
Nothofagus oblique. Mycologia 96:479-487 doi:10.2307/
3762168

Alvarez M, Gieseke A, Godoy R, Hartel S (2006) Surface-bound
phosphate activity in ectomycorrhizal fungi: a comparative study
between a colorimetric and a microscope-based method. Biol
Fertil Soils 42:561-568 doi:10.1007/s00374-005-0053-6

Antibus RK, Sinsabaugh RL, Linkins AE (1992) Phosphatase
activities and phosphorus uptake from inositol phosphate by
ectomycorrhizal fungi. Can J Bot 70:794-801

Arnold WN (1987) Hydrolytic enzymes. In: Berry DR, Russell I,
Stewart GG (eds) Yeast biotechnology. Allen and Unwin,
London, UK, pp 369400

Bartlett EM, Lewis DH (1973) Surface phosphatase activity of
mycorrhizal roots of beech. Soil Biol Biochem 5:249-257
doi:10.1016/0038-0717(73)90008-4

Benson DA, Karsch-Mizrachi I, Lipman DJ, Ostell J, Wheeler DL
(2005) GenBank. Nucleic Acids Research 33, Database issue
D34-D38

Bougher NL, Grove TS, Malajczuk N (1990) Growth and phosphorus
acquisition of karri (Eucalyptus diversicolor f. Muell.) seedlings
inoculated with ectomycorrhizal fungi in relation to phosphorus
supply. New Phytol 114:77-85 doi:10.1111/j.1469-8137.1990.
tb00376.x

Burns GB, Dick RP (2002) Enzymes in the environment; activity,
ecology and applications. Marcel Dekker, New York, NY

Colpaert JV, Van Laere A (1996) A comparison of the extracellular
enzyme activities of two ectomycorrhizal and leaf-saprophytic
basidiomycetes colonising beech leaf litter. New Phytol 134:133—
141 doi:10.1111/1.1469-8137.1996.tb01153.x

Cosgrove DJ (1967) Metabolism of organic phosphates in soil. In:
McLauren AD, Peterson GH (eds) Soil biochemistry. Marcel
Dekker, New York, USA

Dalal RC (1977) Soil organic phosphorus. Adv Agron 29:83-117
doi:10.1016/S0065-2113(08)60216-3

De Brouwere K, Thijs A, Hens M, Merckx R (2003) Forms and
availability of soil phosphorus in temperate forests in southern
Chile and Flanders. Gayana Bot 60:17-23

Genney DR, Anderson IC, Alexander 1J (2006) Fine-scale distribution
of pine ectomycorrhizas and their extrametrical mycelium. New
Phytol 170:281-390 doi:10.1111/j.1469-8137.2006.01669.x

Héaussling M, Marschner H (1989) Organic and inorganic soil
phosphates and acid phosphatase activity in the rhizosphere of
80-year-old Norway spruce [Picea abies (L.) Karst.] trees. Biol
Fertil Soils 8:128-133 doi:10.1007/BF00257756

Jennings DH (1995) The physiology of fungal nutrition. Cambridge
University Press, Cambridge, UK

@ Springer


http://dx.doi.org/10.1016/S0141-0229(00)00237-4
http://dx.doi.org/10.2307/3762168
http://dx.doi.org/10.2307/3762168
http://dx.doi.org/10.1007/s00374-005-0053-6
http://dx.doi.org/10.1016/0038-0717(73)90008-4
http://dx.doi.org/10.1111/j.1469-8137.1990.tb00376.x
http://dx.doi.org/10.1111/j.1469-8137.1990.tb00376.x
http://dx.doi.org/10.1111/j.1469-8137.1996.tb01153.x
http://dx.doi.org/10.1016/S0065-2113(08)60216-3
http://dx.doi.org/10.1111/j.1469-8137.2006.01669.x
http://dx.doi.org/10.1007/BF00257756

204

Mycorrhiza (2009) 19:197-204

Joner EJ, Ravnskov S, Jakobsen I (2000) Arbuscular mycorrhizal
phosphate transport under monoxenic conditions using radio-
labelled inorganic and organic phosphate. Biotechnol Lett
22:1705-1708 doi:10.1023/A:1005684031296

Koljalg U, Larsson K-H, Abarenkov K, Nilsson RH, Alexander 1J,
Eberhardt U, Erland S, Héiland K, Kjoller R, Larsson E, Pennanen T,
Sen R, Taylor AFS, Tedersoo L, Vralstad T, Ursing BM (2005)
UNITE—a database providing web-based methods for the molecular
identification of ectomycorrhizal fungi. New Phytol 166:1063-1068
doi:10.1111/5.1469-8137.2005.01376.x

Kothe E, Miiller D, Krause K (2002) Different high affinity phosphate
uptake systems of ectomycorrhizal Tricholoma species in relation
to substrate specificity. J Appl Bot 76:127-131

Landweert R, Hooffland E, Finlay RD, Kuyper TW, van Breemen N
(2001) Linking plants to rocks: ectomycorrhizal fungi mobilize
nutrients from minerals. Trends Ecol Evol 16:248-254
doi:10.1016/S0169-5347(01)02122-X

Lindahl BD, Finlay RD (2006) Activities of chitinolytic enzymes
during primary and secondary colonization of wood by basidio-
mycetous fungi. New Phytol 169:389-397 doi:10.1111/j.1469-
8137.2005.01581.x

Lindahl BD, Finlay RD, Cairney JWG (2005) Enzymatic activities of
mycelia in mycorrhizal fungal communities. In: Dighton J,
Oudemans P, White J (eds) The fungal community, its organiza-
tion and role in the ecosystem. Marcel Dekker, New York, pp
331-348

Machuca A, Pereira G, Aguiar A, Milagres AMF (2007) Metal-
chelating compounds produced by ectomycorrhizal fungi collect-
ed from pine plantations. Lett Appl Microbiol 44:7-12
doi:10.1111/5.1472-765X.2006.02046.x

Marx DH (1969) The influence of ectotrophic fungi on the resistance of
pine roots to pathogenic infection. Phytopathology 59:153-163

Olsson PA, van Aarle IM, Allaway WG, Ashford AE, Rouhier H
(2002) Phosphourus effects on metabolic processes in monoxenic

@ Springer

arbuscular mycorrhiza cultures. Plant Physiol 130:1162-1171
doi:10.1104/pp.009639

Park SC, Smith TJ, Biesi MS (1992) Activities of phosphomonoes-
terase and phosphodiesterase from Lumbricus terrestris. Soil Biol
Biochem 24:873-876 doi:10.1016/0038-0717(92)90008-L

Richardson AE (1994) Soil microorganisms and phosphorus avail-
ability. In: Pankhurst CE, Doulse BM, Gupta VVSR, Grace PR
(eds) Soil biota management in sustainable farming systems.
CSIRO, Australia, pp 50-62

Rosling A, Landeweert R, Lindahl BD, Larsson K-H, Kuyper TW,
Taylor AFS, Finlay RD (2003) Vertical distribution of ectomy-
corrhizal fungal taxa in a podzol soil profile. New Phytol
159:775-783 doi:10.1046/j.1469-8137.2003.00829.x

Rosling A, Lindahl AD, Taylor AFS, Finlay RD (2004) Mycelial
growth and substrate acidification of ectomycorrhizal fungi in
response to different minerals. FEMS Microbiol Ecol 47:31-37
doi:10.1016/S0168-6496(03)00222-8

Rosling A, Suttle KB, Johansson E, van Hees PAW, Banfield JF (2007)
Phosphorus availability affects soil fungal dissolution of apatite.
Geobiology 5:265-280 doi:10.1111/5.1472-4669.2007.00107.x

Schachtman DP, Reid RJ, Ayling SM (1998) Phosphorus uptake by
plants: from soil to cell. Plant Physiol 116:447-453 doi:10.1104/
pp-116.2.447

Senna R, Simonin V, Silva-Neto MAC, Fialho E (2006) Induction of
acid phosphatase activity during germination of maize (Zea
mays) seeds. Plant Physiol Biochem 44:467—473 doi:10.1016/].
plaphy.2006.03.008

Tibbett M (2002) Considerations on the use of p-nitrophenyl
phosphomonoesterase assay in the study of the phosphorus
nutrition of soil borne fungi. Microbiol Res 157:221-231
doi:10.1078/0944-5013-00154

Wallander H, Wickman T, Jacks G (1997) Apatite as a P source in
mycorrhizal and non-mycorrhizal Pinus sylvestris seedlings.
Plant Soil 196:123-131 doi:10.1023/A:1004230525164


http://dx.doi.org/10.1023/A:1005684031296
http://dx.doi.org/10.1111/j.1469-8137.2005.01376.x
http://dx.doi.org/10.1016/S0169-5347(01)02122-X
http://dx.doi.org/10.1111/j.1469-8137.2005.01581.x
http://dx.doi.org/10.1111/j.1469-8137.2005.01581.x
http://dx.doi.org/10.1111/j.1472-765X.2006.02046.x
http://dx.doi.org/10.1104/pp.009639
http://dx.doi.org/10.1016/0038-0717(92)90008-L
http://dx.doi.org/10.1046/j.1469-8137.2003.00829.x
http://dx.doi.org/10.1016/S0168-6496(03)00222-8
http://dx.doi.org/10.1111/j.1472-4669.2007.00107.x
http://dx.doi.org/10.1104/pp.116.2.447
http://dx.doi.org/10.1104/pp.116.2.447
http://dx.doi.org/10.1016/j.plaphy.2006.03.008
http://dx.doi.org/10.1016/j.plaphy.2006.03.008
http://dx.doi.org/10.1078/0944-5013-00154
http://dx.doi.org/10.1023/A:1004230525164

	Localisation of phosphomonoesterase activity in ectomycorrhizal fungi grown on different phosphorus sources
	Abstract
	Introduction
	Materials and methods
	Growing ECM fungi on different phosphorus sources
	Growth measurements and enzyme assay
	Calibration of the enzyme assay
	Statistical analysis

	Results
	Mycelial growth
	Enzyme activity
	pH changes

	Discussion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


