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Abstract—Comparative in vivo ' P-NMR studies of the fungus Suillus bovinus (L.: Fr.) O. Kuntze in pure culture have pro-
duced interesting new data. To investigate the response of phosphate metabolism to a change in external monovalent cations,
samples were exposed to a Hoagland solution containing different monovalent cations Li*, Na*, K*, or Rb™ at 10 mM con-
centration. A method of nutrient cycling during analysis where the cation was changed and the phosphate kept constant
allowed us to determine the kinetics of phosphate accumulation, storage and incorporation into polyphosphate following
exposure to the range of test cations. Different external monovalent cations had different effects upon changes in the content
of both phosphate and polyphosphate. Treatment with Li*, Na*, or Rb™ resulted in a change in phosphate accumulation to
60, 73, and 107% and in content of the intracellular mobile polyphosphate (polyP) to 119, 112, and 94%, respectively, com-
pared with the control taken as 100%. The effect of each cation is related to its position in the periodic table. Reversing this
process, i.e., exchanging with K, returned phosphate metabolism to normal. Although, the increase in depolarization of the
cell membrane should affect the internal pH, fungal metabolism using energy requiring mechanisms appeared necessary to
maintain the intracellular pH. Thus, increasing contents of mobile polyP were the consequence of an increasing energy
demand. On the other hand, the increasing depolarization of the cell membrane following the sequence Rb™ < K* < Na* <
Li* inhibited the net P; accumulation. Furthermore, it is postulated that the P; accumulation was also regulated by the intra-

cellular content in polyP.
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Ectomycorrhizal fungi perform a crucial role in
nutrient cycling in forest ecosystems, particularly under
conditions of nutrient scarcity [1]. The significance of
this symbiosis for the accumulation of nitrogen (N) and
phosphorus (P) by forest trees is well recognized [2].

Phosphorus is an important nutrient, and it has
already been shown that the internal phosphorus in ecto-
mycorrhizas is regulated particularly by the polyphos-
phate (polyP) of the fungal partner [3, 4]. The functions
of polyP have been shown to be associated with bioener-
getic processes [5, 6]. Fungal polyP has been interpreted
as an energy source to maintain the ectomycorrhizal
metabolism [7, 8]. Besides important soil parameters
such as pH and substrate (e.g., phosphate) content, fun-
gal growth may be affected by the concentration of ions in
the soil other than the ion being investigated [9]. The

Abbreviations: M™) monovalent cation; MMN) modified
Melin—Norkrans solution; polyP) polyphosphates; PP,) middle
standing phosphate groups of polyphosphates; T) relaxation
time.

* To whom correspondence should be addressed.

effects of monovalent [10, 11] and polyvalent cations [12,
13] upon the kinetics of fungal nutrient accumulation
have been shown.

The effects of several cations on substrate accumula-
tion could be interpreted in principle by a change in the
kinetics of the uptake mechanism [14]. It has been
assumed that the cations screen differently the net nega-
tive charge on the surface of the cell membrane [15]. A
consequence of a lower net negative charge and a
decreased negative surface potential, respectively, is a
decreased concentration of substrate cations and an
increased concentration of substrate anions near the
transport sites [14, 16].

The first objective of the current study was to investi-
gate the effect of various monovalent cations in the nutri-
ent medium upon the mobile polyphosphate (NMR
detectable polyphosphates (polyP) with a chain-length
n <100) contents of the fungus Suillus bovinus (L.: Fr.) O.
Kuntze, provided by Dr. R. D. Finlay, Department of
Microbiological Ecology, University of Lund, Sweden.
The second objective was to investigate whether phos-
phate accumulation and polyphosphate metabolism of
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the fungus are affected by the different monovalent
cations Li*, Na*, K*, and Rb*.

MATERIALS AND METHODS

Cultures. Cultures of Suillus bovinus were obtained
from Dr. R. D. Finlay, Department of Microbiological
Ecology, University of Lund, Sweden. The mycelia were
grown in liquid Modified-Melin—Norkrans (MMN)
medium [17], pH 5.5 and harvested after 3.5 weeks to
produce a dry-weight of 150-250 mg and a diameter of 4-
5 cm. All samples were rinsed with demineralized water
before being transferred into the NMR tube.

Nutrition. The nutrients required to maintain fungal
metabolism were provided by Hoagland’s solution of the
following composition: 0.1 mM KH,PO,, 5 mM KNO;,
5 mM Ca(NO;),4 H,0, 2 mM MgSO,7 H,0, 9 uM
MnSO,H,0, 0.7 uM ZnSO,-7 H,0, 0.3 uM CuSO,
5 H,0, 0.1 uM (NH,)MoO,4 H,0, 46 uM H;BO;,
24 uM Fe/Na-EDTA.

NMR techniques. *'P-NMR investigations were per-
formed using a Bruker AM 360-FT spectrometer and a
20-mm diameter tube. The conditions for NMR experi-
ments are described in a previous paper [7].

Polyphosphate Kkinetics. All experiments were per-
formed in triplicate. The nutrient solution to be moni-
tored was transported in and out of the NMR tube via two
flexible tubes at a rate of 500 ml/h. The solution trans-
ported out of the NMR tube was collected in test tubes
every 3.8 min in synchrony with the accumulation of the
NMR spectra. Phosphate content was determined later.
All solutions were oxygenated and adjusted to pH 5.5 [18].

For each NMR investigation the mycelium was first
rinsed with demineralized water to wash off the MMN
solution. Otherwise the high amounts of phosphate in the
MMN solution would obscure the NMR P; signals.
Moreover, it was necessary to eliminate the high amounts
of glucose from the fungal tissue to stimulate the fungal
phosphate metabolism. This “wash phase” was complet-
ed within 6400 scans (1 h 48 sec).

After the wash phase, the cyclic phosphate nutrient
supply was started: two Hoagland’s solutions [19] were
used to alternate the supply of phosphate, one containing
0.1 mM KH,*'PO, (I) and the other without phosphate
but with 0.1 mM KCI (II). All solutions were adjusted to
pH 5.5. Periodic alternating supplying with the solutions
I for 5 min and II for 33 min, resulted in a cyclic phos-
phate supply. Due to the lack of glucose in the Hoagland’s
solutions, the optimal vitality of the fungi within the
NMR tube was limited to 28-30 h. This allowed only rel-
atively brief periods of study. After about eight supply
cycles, fungal metabolism had equilibrated and the in vivo
3S'P_NMR spectra were reproducible (see [7]).

To study the influence of Li*, Na*, K*, and Rb*
upon the content of mobile polyphosphate (polyP),
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another set of nutrient solutions not containing phos-
phate was used. In the first solution applied, the 5 mM
KNO; of the original Hoagland’s solution was replaced
by 10 mM KCI (A) and in the second by 10 mM MCI (B),
where M indicates the monovalent cation investigated. A
change in external cation was performed through prepar-
ing supply pools filled with unbuffered solutions of the
respective cation.

Before monitoring, six so-called adjustment cycles of
a periodic switching between A and B, i.e., [A], [B], [A],
[B], [A], ..., were undertaken at intervals of about 2 x
38 min = 76 min each (Fig. 1). After reaching cyclic
reproducible conditions, another 12 cycles of the same
type were run but now together with an NMR monitoring
of the fungal P compartments. During each cycle of 76 min
twenty NMR spectra of 3.8 min duration were taken par-
allel to this cyclic nutrient supply. These 20 spectra
formed one “block”, corresponding to one complete
nutrient supply cycle during the same time of 76 min. A
total of 12 blocks were carried out using this procedure,
and constituted one experiment. As an example, Fig. 2
shows the first 10 successive *'P-NMR spectra of these
cycles taken within 3.8 min (400 scans) each, represent-
ing the influence of an exchange of 10 mM NaCl by
10 mM KCI on the polyP kinetics of Suillus bovinus.

On these 12 blocks consisting of 12 x 20 = 240 spec-
tra, a “block averaging” was performed using the follow-

0 min

76 min :

: 38 min

Fig. 1. Cyclic switching between external 10 mM KCI and
10 mM MCl solutions after 38 min each. Each cycle took 76 min
to perform, and in total there were 12 cycles of periodic switch-
ing between K*/M* solutions.
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Fig. 2. Influence of external Na* on polyP of Suillus bovinus. A
number of 10 successive 147.7 MHz 3'P-NMR spectra of
Suillus bovinus taken during a supply by Hoagland’s solution
without phosphate at pH 5.5 under the external replacement of
10 mM K* by 10 mM Na* within 38 min. The spectra corre-
spond to 85% H;PO,, taken at a pulse angle of 60°, an accu-
mulation time of about 3.8 min (400 scans), a repetition time
of 0.56 sec, and a line broadening of 20 Hz. Peak intensi-
ties: +17 ppm, external standard (methylene diphos-
phonate); +1.3 and +0.7 ppm, inorganic phosphate of the
cytoplasm and vacuole, respectively; —12 ppm, NADP.

vivo experiments requires very long time periods T, e.g.,
Tp, = 4.0 sec [21]. The special form of in vivo experiment
used here does not permit such long periods but requires
the choice of a relatively short repetition time. As a result,
the NMR yielded relative amounts of internal phosphate
components instead of absolute amounts since standards
cannot be used.

Phosphate accumulation and polyphosphate metabo-
lism. Investigations on the effect of external monovalent
cations upon the accumulation and storage of phosphate
were performed on samples of juvenile Suillus bovinus.
These experiments also began with a wash phase followed
by eight phosphate supply cycles, in contrast to the exper-
iment described before, cyclic phosphate supply (see
above) was maintained during the whole investigation.

With the aim to reveal the dependence of the fungal
phosphate accumulation and storage on external mono-
valent cation, the effect of Li*, Na*, and Rb* were relat-
ed to K* as a basis. This divided the investigation into
three experiments: 1) K*/Li*; 2) K*/Na*; and 3)
K*/Rb*. A change in external monovalent cation was
performed easily by preparing supply pools filled with
unbuffered Hoagland’s solutions of the respective cation
adjusted by HCI and NaCl.

After reaching metabolic steady state conditions, the
investigation began by running six supply cycles using
Hoagland’s solutions I and II (see above), both containing

ing procedure. The spectra of each block, which corre-
sponded to the same time period, i.e., 12 identical types
of spectra, were added by computer. This procedure
increased the signal-to-noise ratio by a factor of V12. This
summing process resulted in 20 different spectra corre-
sponding to 12 x 400 = 4800 scans each. The calculation
of the means of the 20 summed spectra is referred to as
block averaging.

The then integrated spectra represented the internal
contents of fungal phosphorus compartments [7] (Fig. 3).
Information about the mobile polyP was obtained by
integrating the PP, peak, which is characteristic of the
medium-chained phosphate groups of mobile polyphos-
phate [7]. The peak arecas of middle phosphate groups of
polyphosphates (PP,) and P; were taken to indicate rela-
tive intracellular contents and are given in arbitrary val-
ues, since a comparative quantitative analysis is only pos-
sible in the case of fully relaxed nuclear spins [20]. The
relaxation time (T) of the nuclear spins of polyP is very
short (T,,yp = 0.05 sec [21]) and at a repetition time of
0.56 sec [7] the spins are fully relaxed during all the exper-
iments. The relaxation of the other nuclear spins of *'P in
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Fig. 3. Influence of external Li* and K* on polyP of Suillus
bovinus. Representative excerpt of changes in intracellular
content of mobile polyphosphate (polyP) of the mycelium of
Suillus bovinus in arbitrary units in Hoagland’s solution with-
out phosphate and at pH of 5.5 under the external exchange of
10 mM K" by Li* as a function of time. Hoagland’s solution
containing K* is supplied for 38 min (dotted line) and is then
exchanged for an Li*-containing solution during the next
38 min (total time of treatment is 76 min). Each data point rep-
resents the integral of the 3'P-NMR peak (see text), respective-
ly, taken in arbitrary units from in vivo 3'P-NMR spectra of 12 x
400 = 4800 scans each. The values are the means of 12 cyclic
experiments, run in triplicate. The bar in the upper left corner
represents the standard error of the means.
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10 mM of K*. Following this, 13 more supply cycles were
run by exchanging 10 mM K™ with another external mono-
valent cation M* (Li*, Na*, or Rb") of the same concen-
tration. Finally, seven cycles were run using K* again.

Parallel to the cyclic nutrient supply, 6:10 + 13-10 +
7-10 = 260 spectra of 3.8 min each were taken by the
NMR spectrometer. Thus, 10 spectra over a period of
38 min formed one “block”, corresponding to one com-
plete nutrient supply cycle during the same time. A total
of 26 blocks carried out in this way constituted one exper-
iment on the accumulation and storage of phosphate as
influenced by exchanging K* and M*.

As a result of the exchange of external monovalent
cations, the samples required a period of about half an hour
to reach cyclic reproducible metabolic states anew. Thus,
after every cation change, the first 10 spectra of K*/M™" and
the first 10 spectra of M*/K* could not be used. It turned
out that the same metabolic conditions were reached after
the exchange with K* as before, when exposed to M™,
requiring a period of about half an hour, i.e., 10 spectra =
1 block. Therefore, six blocks taken before and the remain-
ing six blocks taken after exposure were identical. On the
remaining 6 + 12 + 6 blocks consisting of 240 spectra, the
block averaging was performed by the following procedure:
the spectra corresponding to the same period and taken
during exposure to K* (i.e., six identical types of spectra
before and 6 after exposures to M*) were added using the
computer. This procedure also increased the signal-to-
noise-ratio by a factor of V12 (see above). The 12 spectra
taken during the exposure of the fungus to M* were treated
in the same way. Thus, this summing process resulted in
two different spectra corresponding to 12 x 400 = 4800
scans each. Equal treatment of all the spectra taken by
NMR, finally led to three sets of summed spectra. Each set
reflected the maximum level of accumulation and storage
of phosphate by the fungus (see [18]) at an external mono-
valent cation concentration as related to the accumulation
and storage at the same level of external K*.

The integrated spectra reflected internal contents of
P; and polyP [7]. Information about the mobile polyP was
obtained by integrating the PP, peak, characteristic of
medium chained polyphosphate. The areas of PP, and P,
were taken then, as relative intracellular contents, and
given in arbitrary values related to those found in the pres-
ence of K*.

The results of P; and polyP as related to the respec-
tive monovalent cation were compared through calibrat-
ing the levels found in the presence of K™ and defining
these maxima as 100%. Thus, it was possible to interpret
all the amounts in arbitrary units.

RESULTS

Polyphosphate kinetics. The influence of the three
monovalent cations (Li*, Na*, and Rb") on the changes
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in polyP content of Suillus bovinus in relation to that
polyP content measured in the presence of K* (Figs. 3-
5) is represented by the integration of the PP, peaks of
the 20 successive NMR spectra. For clarity, the results in
the presence of K* are always presented to the left of the
dotted line, while the results in the presence of Li*, Na*,
and Rb*, respectively, are given to the right (Figs. 3-5).
To enable a comparison between the effects of the vari-
ous monovalent cations upon the fungal polyP content,
the steady state polyP content under external K* condi-
tions (Figs. 3-5, at r = 38 min) was defined as 100%. In
all the experiments on the polyP kinetics no detectable
change in intracellular P; content was found (data not
shown).
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Fig. 4. Influence of external Na™ and K* on polyP of Suillus
bovinus. Same conditions as in Fig. 3 but exchanging K* by
Na* after 38 min.
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Fig. 5. Influence of external Rb* and K™ on polyP of Suillus
bovinus. Same conditions as in Fig. 3 but exchanging K* by
Rb* after 38 min.
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After replacing LiCl by KCI solution (Fig. 3, at =10
min) a rapid decrease in the content of internal polyP
from about 119 to 102% of steady state occurred within
the first 11 min (Fig. 3) in each of the 12 cycles. At =26 min,
the steady state value specified as 100% was reached. On
renewed transfer to LiCl the fungal polyP content rose
rapidly from 100 to 118% within the first 15 min, then
reaching a plateau at its initial value 119%.

The effects produced by the monovalent cation Na*
(Fig. 4) were similar but less pronounced than those in
the K*/Li*-experiment. When the Na* is replaced by K*
(Fig. 4, at t = 0 min) fungal polyP content decreased
always from about 112 to 100% within 19 min.
Substituting Na* for K* after completing 38 min made
the polyP content return to its initial value of about 112%
within the next 19 min (Fig. 4, = 57 min).

In comparison with the results under exposing the
mycelia to LiCl and NaCl, respectively, a different reac-
tion occurred on exposure to Rb* (Fig. 5). After transfer-
ring the mycelia from RbCl into KCI environment (at ¢ =
0 min in Fig. 5) an increase in fungal polyP occurred
instead of the expected decrease as shown in Figs. 3 and
4. The level of polyP recovered to 100% within approxi-
mately 16 min when K was restored. When reverted to
RDbCI in the external nutrient supply (¢ > 38 min), the
level of polyP decreased to approximately 94% of its ini-
tial level in the next 16 min (f = 54 min).

Accumulation and storage. The graphical representa-
tions of the influence of monovalent cations upon the
accumulation of phosphate by Suillus bovinus (Fig. 6-9)
show at least slight changes in the kinetics of P; content
and internal polyP. The contents of external inorganic
phosphate contents in the test tubes were regularly meas-
ured to ensure that the internal P; contents were actually
due to a P; accumulation.

When phosphate was supplied to the fungus in
Hoagland’s solution I (0 min), phosphate content (indi-
cated by P,) rose showing to a maximum change in the
content at 7.6 min (Figs. 6-9). When exposed to M*, the
fungus yielded a maximum phosphate change in the con-
tent of about 60% of the K* value in the presence of Li*
(Fig. 6). The other maxima were about 73% in the pres-
ence of Na™ (Fig. 7), 100% in the presence of K* (Fig. 8),
and about 107% in the presence of Rb* (Fig. 9). After the
maximum, changes in the phosphate content fell within
approximately 12 min to its initial value 0%.

The polyP kinetics (Figs. 6-9) showed generally an
increase to an absolute maximum after 19 min, a relative
minimum after approximately 27 min, and a relative
maximum at around 34 min, and reached its initial value
after 38 min. The fungal polyP content increased slowly
on exposing the Suillus bovinus to Li* from about 119% of
the K* value to a maximum of about 124%, decreasing
then to its initial content (Fig. 6). When the fungus was
exposed to Na*, similar kinetics was found starting at
112% of the K* value with a maximum polyP content of
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Fig. 6. Effects of external Li* on accumulation and storage of
phosphate in Suillus bovinus. Comparison of inorganic phos-
phate accumulation (/) and polyphosphate kinetics (2) of
Suillus bovinus in arbitrary units in the presence of 10 mM LiCl
using periodic supply by Hoagland’s solutions I and II at
pH 5.5 (see text). The period of supplying Hoagland’s solution
with 0.1 mM KH,*'PO, is marked by “a” and “b”. Each data
point represents the integral of the 'P-NMR peak (see text),
respectively, taken in arbitrary units from in vivo 3'P-NMR
spectra of 12 x 400 = 4800 scans each. The values are the
means of 12 cyclic experiments, run in triplicate. The bars rep-
resent the standard error of the means.

approximately 118% (Fig. 7). In contrast, the polyP con-
tents reached more intense maxima and relative minima
during exposure to K* and to Rb*, respectively. The ini-
tial polyP content in the presence of K* was 100% and
reached its maximum at around 110% (Fig. 8), whereas in
the presence of Rb*, an initial value of about 94% and a
maximum of 107% (Fig. 9) were found.
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Fig. 7. Effects of external Na* on accumulation and storage of
phosphate in Suillus bovinus. Same conditions as in Fig. 6 but
exchanging Li* by Na*.
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Fig. 8. Effects of external K* on accumulation and storage of
phosphate in Suillus bovinus. Same conditions as in Fig. 6 but
exchanging Li* by K*.
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Fig. 9. Effects of external Rb* on accumulation and storage of
phosphate in Suillus bovinus. Same conditions as in Fig. 6 but
exchanging Li* by Rb™.

DISCUSSION

Polyphosphate kinetics. The aim of the current work
was to investigate the effects of monovalent cations on the
content of mobile polyP in Suillus bovinus. Effects of the
ion radius will be important if in the external medium one
monovalent cation is exchanged for another of the same
concentration. Then, this effect should be due to the
physical properties of these ions.

The results of our experiments showed a significant
increase in mobile polyphosphate (polyP) during expo-
sure to the monovalent cations Rb*, K, Na*, Li* related
to their position in the periodic table. PolyP is an impor-
tant regulatory molecule [22]. It is not only considered as
a phosphorus storage pool, but the functions are, more-
over, associated with bioenergetic processes [5]. Since
fungal cells contain very limited amounts of organic ener-
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gy sources, the breaking-up of the energy-rich bonds of
the phosphate groups obviously provides the fungus with
enough energy and P;to phosphorylate ADP into ATP
[23] in absence of external energy sources like glucose.
There are mainly two different forms of fungal polyphos-
phate: the mobile polyP is of middle-chain-length (n <
100) and in vivo *'P-NMR-detectable, the immobile
polyP is of long-chain-length (n >> 100) or of granular
form, and not detectable by in vivo 3'P-NMR [7, 20, 24].
The degradation from immobile into mobile polyP pro-
vides energy to the fungus [3, 7]. Thus, the relative
amount of mobile polyP in fungal cells can be regarded as
an equivalent for the metabolic activity of the fungus.
Therefore, a change in the internal polyP content points
to a cellular response to environmental changes. A rise in
mobile polyP with external cations Rb*, K*, Na*, Li*
(Figs. 3-5) then indicates an increased energy demand.
The presence of monovalent cations as well as of CI~ the
external medium at a concentration of 10 mM represents
a stressful situation.

Several authors have reported stimulation of plasma
membrane H*-transport activity by salt stress [25, 26].
The H” efflux and the related metabolic activities (e.g.,
those involved in the control of the cellular pH) will
increase in the order Rb* < K* < Na* < Li* when meta-
bolic cells are exposed to these cations [27]. An increase
in H"-ATPase activity indeed causes an increase in ener-
gy consumption. Since mobile polyP is postulated to be a
fungal energy source, besides ATP, the increase in mobile
polyP content in Suillus bovinus in the sequence Rb™ <
K" < Na* < Li* can be due to such an energy requiring
process (Figs. 3-5).

The cell pH is one of the factors regulating ion trans-
port in fungi [28, 29]. When monovalent cations are
added to the medium, the pH of metabolizing cells gen-
erally increases [30, 31]. If cations are transported into
the cell, protons will be transported out of the cell as a
consequence of maintenance of the electronegativity, and
the cell pH will increase. The transport mechanism
involved may be active or passive. If the entry of cations
into the cell is very slow, it can be neglected, and the
external effects at the cell surface can lead to a change in
intracellular pH [32].

Generally, biological membranes have a net negative
surface charge and, consequently, give rise to a surface
potential. The value of this potential depends on the ionic
strength of the surrounding medium [33]. Cations screen
the negative charges on the surface causing the intrinsic
charge on the surface to become less negative [15, 16].
Moreover, the strength of depolarization also depends on
the cation properties [32]. A decreasing net negative
charge will decrease the proton concentration near the
surface and thus increase the external pH.

Since the intracellular pH is affected by a decreasing
net negative charge due to the presence of different
monovalent cations, the properties of these cations are of
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a central importance. A principal physical property is the
ionic radius. Since the hydration energies of the cations
decrease as their non-hydrated ionic radii increase from
Li* to Rb*, the number of water molecules in the first
hydration layer decreases, too. Following statistical cal-
culations on the hydrated state of the cations Li*, Na*,
K", Rb* [34], it can be shown that a constant radius can
be supposed from the ion’s charge center to the outer
sphere of the first hydration shell [35]. Neglecting
chemisorption, the probable distance between the charge
center of the electrostatically adsorbed cation and a neg-
ative charged surface can be expected to decrease with
decreasing ionic radius [35]. This phenomenon is due to
the fact that the smallest cation with its center of charge
nearest to the adsorption site will experience the largest
attractive force. Outweighing the hydration forces causes
a decrease in the affinity with growing ionic radius in the
sequence Li* < Na® < K* < Rb*. This statement has been
proven experimentally on ion exchange resins containing
ionized carboxylate groups [36]. Nevertheless, lower
charged surfaces can cause a change in the cation affini-
ties [37, 38]. The consequence of reducing the distance
between the positive charge center of the cations and their
adsorption position on the membrane surface is an
increase of the screening of the negative fixed charges.
This causes the net negative charge (zeta potential, see
[39]) to become less negative [15, 16].

When the net negative charge of the surface decreas-
es in the sequence Rb* > K* > Na* > Li", the effective
extracellular concentration of the free H" ions near the
surface decreases also following the simple Gouy—
Chapman theory [40]. Then, the resulting proton gradi-
ent across the cell membrane into the cell inclines. This
implies an efflux of intracellular H* and stimulates the
metabolism of S. bovinus to maintain the internal pH.
Thus, the energy required will increase with decreasing
cation radius. Since polyP is the most important fungal
energy source, an increase of mobile polyP should be
expected in order to compensate the increased energy
demands. Indeed, the results of our experiments showed
such an increase in the content of mobile polyP. We pos-
tulate that these requirements of energy may be a stress
response due to the active maintenance of the internal
cell pH.

Accumulation and storage of phosphate. Another
objective of our studies was to determine the dependence
of the accumulation and storage of phosphate by Suillus
bovinus upon monovalent cations. In our experiments,
the inorganic phosphate accumulation increased with an
increase in pure ionic radii of external monovalent
cations in the series Li* < Na® < K* < Rb* (Figs. 6-9).

Many studies of the accumulation and storage of
phosphate by ectomycorrhizal fungi have been published
[41, 42]. An important factor for the phosphate accumu-
lation is the proton concentration near the cell surface. In
yeast cells, it has been demonstrated that the transport of
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phosphate (P;) is accompanied by an influx of two-to-
three H* [32, 43]. A decrease in the negative surface
potential (e.g., produced by external monovalent cation
Rb*, K*, Na*, Li") will cause a decrease in the interfacial
proton concentration. It seems that both depolarization
of the cell membrane and decreasing the pH gradient
across the yeast cell membrane lead to a decrease in the
changes in the phosphate content energized by the proton
motive force [14]. This agrees well with the results of our
study, where polyP contents also decreased in the
sequence Li* > Na* > K™ > Rb" (Figs. 6-9).

It has been discussed [7] that the intracellular pools
of mobile polyP and P; are limited to defined amounts;
MacFall and coworkers [3] demonstrated also that the
sum of the P; and mobile polyP contents is maintained in
fungal cells, while the individual contents of both can
vary. The transformation of intracellular inorganic phos-
phate into polyphosphate is advantageous to further the
accumulation of phosphate by clearing the cellular pools
of inorganic phosphate ready for storage. Obviously, a
similar mechanism is involved in the transformation
from mobile polyP into immobile [7]. Thus, mobile
polyP might regulate the intracellular level of P; that, in
turn, may regulate the accumulation of phosphate.
Holzer [44] indeed has shown the rate of phosphate entry
in yeast is regulated by the intracellular orthophosphate
content. When the cellular orthophosphate content was
relatively high, no net accumulation occurred. In con-
trast, a decrease in intracellular orthophosphate content
was followed by an increase in phosphate accumulation
[44]. This would mean for our results that by exposure to
Li* (Fig. 6), the limited possible level of intracellular
polyP was nearly reached. It was demonstrated by a low
level in P;accumulation and a high level in mobile polyP,
whereas by exposure to Rb* (Fig. 9), an accumulation of
higher amounts of P; due to low amounts of polyP was
possible.
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