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Chapter 31
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INORGANIC. NUTRITION OF FUNGI AND HIGHER PLANTS
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« .
Robert Fogel Pacific Northwest Forest and Range
Oregon State University ' Experimental Station
corvallis, Oregon U.S. Forast Service

Corvallis, Oregon

1. INTRODUCTION

Since the late 1800s, oxalate compounds have been known to be important constituents
of higher plants and important by-products of fungal metabolism. Recently there has
been considerable interest in the role of these compounds in elemental cycling pro-
cesses. Papers by Bruckert (1970a,b), Boyle et al. (1974}, and Graustein et al.
(1977) have demonstrated the importance of the oxalate ligand in mineral silicate
weathering, calcium immobilization, and iron and aluminum transport during soil pro-
file development. In this chapter we give additional evidence for the ubiquity and
massiveness of oxalate accumulation in nacux-'al systems and expioxe the role of these
compounds in the inorganic nutrition of fungi and higher plants.

Some properties of oxalates are shown in Table l. Oxalic acid is the strongest
of the low-~molecular~weight (LM¥) organic acids coﬁbairu‘.ng only C, H, and O. Oxalic
acid is also the most highly oxidized organic form of carbon and releases only about
one~seventh as much energy as is released during combustion of an equal weight of su-
crose (Table 1), Production of oxalic acid by an organism therefore constitutes a
minor energy drain compared with production of other LMW acids such as citric acid.
Also, oxalic acid, because of its low heat of combustion, does not encourage growth
of pétentinl.\y competing organisms. In fact, it cannot be used as.a sole energy
source by most organisms (Harder, 1973). Unlike other LMW organic acids, oxalic acid
forms a sparingly soluble precipitate with Ca lpxsp = 8,64 (Ringbom, 1963)). The Mg
salt is substantially more soluble lszp = 4,07 (Ringbom, 1963)j. The oxalate ligand
forms exceedingly stable complexes with the transition metals, which accounts for its
ability to extract iron and aluminum from feldspars and clays and to transport the
elements downward in solution through the soil profile (Graustein et al., 1977).

Oxalate concentrations of up to 23% dry weight have been reported in rhizomorphs
of Hysterangium crassum, a probable ectomycosymbiont of Douglas-fir trees. This
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Table 1 Properties of short-chain organic acids and other compoundsa

Heat of

Combustion
Compound Structure pKl pKz {(kcal/qgm}
Oxalic acid HOZC-COZH 1,23 4,19 0.87
Malonic acid HOZC-CHZ-COZH 1.83 6.07 2.00
Maleic acia HOZC-CHSCH-COZH 2.83 5.69 2.81
Formic acid H-COZH 3.75 - 1.37
Carbonic acid HD-COZH 6,37 10.25 [
Acetic acid HJC—COZH 4.75 - 3.48
Malic acid H02C—CH2-CHOH-C02H 3.40 5.11 2.44
Succinic acid HOZC-(CH2)2-C02H 4.16 5.61 3.02
Citric acid HOC-(CHZ-COZH)2~C02H 3.08 4.74 2.47
Sucrose - .- - .94

"Based on data in the Handbook of Chemigtry and Physics, CRC Press, Cleveland,
and the International Critical Tables, McGraw-Hill, New York.

fungus forms dense mats in the A, horizon, such that the average oxalate content of

the A horizon is over 850 kg/ha lzcromack et al,, 1977, 1979). Maxwell and Bateman
(1968) found that Sclerotium rolfsii, a. plant pathogen, produced more than 1 g of
oxalic acid for each gram dry weight of hyphal growth.

The presence of large amounts of calcium oxalate explains the discrepancy be-
tween the findings by Stark (1972), Ausmus and witkamp (1973), and Cromack et al.
(1975) of high Ca concéntrations in fungal tissues and the findings of Steinberg
(1948) that solutions "containing only faint spectroscopic traces of calcium” per-
mitted maximum growth of Aspergillus niger, Sclerotium rolfsii, and other fungi. It
seems reasonable to assume that Ca is required in only trace guantities but is pres-
ent in large amounts because it precipitates in and on fungal tissues as the oxalate
salt. The question remains, however, why so many fungi produce prodigious amounts

of oxalate rather than oxidizing metabolites to CO What advantages do oxalate pro~

duction and release offer which compensate for thazenergy expended in maintaining an
additional enzyme system?

In attempting to explain this, we have uncovered two other phenomena which we
pelieve are important in the inorganic nutrition of mycorrhizae and saprophytic fungi.
One is cation translocation by fungi, which we suggest is for pH equilibration. The
other is a generally occurring effect of bicarbonate concentration on cation uptake

by mycorrhizae and nonmycorrhizal roots.
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II. METHODS

Soils colonized by the closely related basidiomycetes Gautieria sp. and Hysterangium
crassum were studied in a stand of 40~ to 65-year~-old second-growth Douglas-fir trees
with sparse understory. The stand is located about 16 km west of Philomath, Oregon,
at 460 m elevation. Soils and vegetation of this Woods Creek site are described more
fully by Fogel (1976) and Cromack et al. (1979).

The litter layer was removed first to locate the mats. Intact mats consisting
of rhizomorphs, mycorrhizae, and other Douglas~fir roots, sporocarps, and attached
soil were excavated from the A horizon to a depth of approximately 15 cm. Soil with-
in 10 cm of the perimeter of the colcfxized areas was collected to the same depth.

Bulk soil samples (25 g) were taken from the A horizon of three areas colonized
by Hysterangium and three areas colonized by Gautieria. Adjacent uncolonized areas
were also sampled. Samples ware dried at S0°C and then sieved through a 0.5~mm screen
to remove roots, rhizomorph fragments, and sporocarps. .

Douglas-fir roots for dacay experiments were collected in the 1974-1975 winter
at the Woods Creek site, which was selected because the sparse understory ensured
that roots were almost purely Douglas-fir. Roots were returned to the laboratory,
washed free of soil with double-distilled water while still fresh, separated into
two diameter classes (2-3 mm and 3-5 mm), dried at 50°C in a forced-air oven, and
stored in airtight plastic bags.

For the decay study, approximately 5 g of small Douglas~fir roots (2-3 mm diam-
eter} and 7 g of larger roots (3~5 mm diameter) were placed in 20— X 20-cm bags of
l-mm nylon mesh. The bags were set out in May 1375 at l-m spaces in a row at the
litter-mineral soil interface on Reference Stand lio. 2 of the H. J. Andrews Experi-
mental Forest (RS-2). Reference Stand 2 is an old-growth Douglas-fir stand previously
used by Fogel and Cromack (1977) for litter-decay experiments. It contains a Tsuga
heterophylla, Rhododendron macrophyllum, Berberis nervosa understory and is typical
of the Rhma-Bene community type (Dyrness et al., 1974).

Root bags were collected after 190 ‘and 350 days, returned to the laboratory, and
dried at 50°C. Roots were then removed, weighed, and ground to pass a 40-mesh sieve.
Samples of the orginal undecayed roots were processed similarly. Fungal rhizomorphs
colonizing the roots were removed from two of the bags collected after 350 days,
dried, weighed, and analyzed separately for nutrient elements and oxalate. Several
rhizomorphs were also mounted on aluminum stubs, air-dried in a desiccator, coated
with gold-palladium alloy, and examined under an AMR model 1200 scanning electron
microscope (SEM).

In all analyses, N was determined by the micro-Kjeldahl method (Jackson, 1358),
and total C by the Walkley-Black method (Jackson, 1958), After digestion with per-
chloric acid, P was determined by molybdate reduction (APHA, 1971) and cations by

atomic absorption spectroscopy. Lanthanum oxide was added for Ca and Mg determin-

ations to prevent interference.
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Oxalate was determined by the method of Mee and Stanley (1973) with a Microtek
2000R gas chromatograph (GC). Soil samples (200 mg) were placed in airtight tubes
containing S-ml aliquots of 5% HCl-methanol solution, which both solubilizes Ca ox=
alate and forms dimethyl oxalate, Commercial dimethyl oxalate samples were added
to S-ml aliquots of the HCl-methanol reagent and run as controls. We used a stain-
less steel coil column (0.33-cm inside diameter) which contained 15% diethylene glycol
succinate on 0.l17-mesh Chromosorb W washed with acid. Column life was pzolongeld by -

sample decolorization with activated charcoal for 5 min.

IIIl, RESULTS

Oxalate concentrations were much higher in soil colonized by both fungal species than
in adjacent uncolonized soil (Table 2). Soil carbon (excluding roots) was high in
all areas sampled [3-8% dry weight (DW)]}. It was lowest in the soil colonized by .
Gautieria, In the three Gautieria mats which we sampled, oxalate accounted for about
6% DW of the total soil carbon.

Concentrations of N, P, K, Ca, and Mg in undecayed roots were similar to those

reported elsewhere (Table 3). Results of the root decay experiments showed about

80% loss in dry weight within the first 180 days for both root size classes (Table 4). ‘

Amounts of Ca increased significantly {p < 0.05 for both size classes and dates),

but N remained essentially congtant in small roots and increased slightly (p < 0.05)

in the larger roots. Other elements -decreased in amount as d ition pro ded.
Potassium was unusual in that it decreased during the first 190 days, then increased
significantly (p < 0.0l) between. 190 and 350 days. Concentrations in rhizomorphs
picked from the decayed roots were generally higher than in the bulk samples
(decayed roots plus rhizomorphs). These rhizomorphs were abundant (Fig, 1) and ac-
counted fur an average of 1.14% of the bulk dry weight, S.l% of the N, 6.4% for both
P and X, 6.9% of the Ca, and 4.9\ of the Mg in two root bags. These percentages are
conservative because they include only those rhizomorphs which could be removed eas-

ily.

Table 2 Oxalate and carbon content of mat occupied and adjacent soila

Carbon . Oxalate Cxalate-C
{3 DW) (% DW) (% total Q)
Hysterangium b
Colonized 8.78 £ 2.35 0.73 % 0.23 b 2.30 * 0.30
Adjacent 3.90 £ 1.76 0.02 ¢ 0.006 2.19 £ 0.09
Gautieria
Colonized 3.02 ¢ 0.73 0.65 & 0.15 5.20 * 2.20
Adjacent 4,27 £ 1.63 0.03 £ 0.01 0.24 * 0.2)

2values are *1 SD.
»bAftar Cromack et al. (1979}).
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Table 3 Mgm elemental concentrations in live roots and decaying roots of Douglas~
fir trees and in fungal rhizomorphs colonizing decayed roots

luwnber N P K Ca Mg
of (s DW) (s OW) (% DW) {3y ZuW) (3 OwW)
samples
Live roots
Woods Creek (3-5 mm) 1 0.28 0.07 0.19 0.2
2 . . .28 0.09
Woods Creek 42-3 mun) 1 0.42 0.08 0.28 0.48 J.11
Dinner Creek™ (<2 3 - 0.48 0.09 0.21 0.6 0.07
W$=10, H., J. Andrews (<5 mm) 243 0.62 0.10 0.17 0.69 -
Decaying roots®
RS=2, H. J. Andrews (3-5 mm) 14 0.42 0.04 0.13 0.352 0.03
RS=2, H. J. Andrews (2-3 mm) 5 0.55 0.06 0.14 0.564 2.05
Fungal rhizomorphsd
RS-2, H., J. Andrews 2 2.48 0.31 0.63 3.380 0.13

a

bsl.te near Woods Creek (R. Fogel, unpublished data).
Includes hardwood roots {Santantonio et al., 1977),
<

After 350 days of decomposition.

d
Rhizomorphs attached to 3-5 mm roots after 350 days of decomposition.

From the root-decay results, we infer that oxalate precipitation :edhces loss

of Ca during root decomposition but does not affect loss of other metallic cations:

Fig, 1 Rhizomorphs attached to decayed Douglas-fir roots (X2}
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bonate or CO, remains unknown. Bacterial solubilization of “"rock phosphate" has

been clearly demonstrated in the laboratory (Sperber, 1957) and in the fiald (Azcon

et al., 1976). Rose (1957) showed that both Aspergillus niger and Sclerotium rolfsii
solubilized various “insoluble" phosphates by releasing oxalic acid. Various studies
have shown that Endogone and several vesicular-arbuscular (V-A) mycorrhizal fungi are
unable to solubilize rock phosphate (Sanders and Tinker, 1971; Hayman and Mosse, 1972),
but thare is no evidence that these species produce oxalic acid, Nevartheless,

P release from so-calied insoluble inorganic forms cannot be the entire explanation
for oxalic acid pzoducuén because P is not generally present in inorganic forms in
the organic substrates frequented by wood-rotting fungi and other accomplished oxalate
producers. Oxali¢ and other organic acids may help release P from resistant organic
compounds. Bateman and Beer (1965) found that oxalic acid produced by §. rolfsii
facilitated polygalacturonase digestion from cell walls of a host plant by removing Ca
from the cell wall pectin and precipitating it as Ca oxalate. Malic acid has been
cbserved to solubilize Ca phytate under laboratory conditions (K. Cromack, Jr., un-
published data). This P compound constitutés an important fraction of organic P in
soils {Russell, 1973), However, a definite role for oxalic acid in P release from
organic subatrates remains to be demonstrated. )

In vascular plants, factors regulating oxalate production are much better under-
stood. Oxalate (or malate) is synthesized in response to a decrease in intracellular
acidity caused, for example, by nitrats assx‘.mzlation (Osmond, 1967; Raven and Smith,
1976; Kirkby and Knight, 1977). The H* used when NO]- is convertad to organically
pound NK3 is supplied by conversion of neutral carbohydrate to orgasic acids (usually
malic or oxalic acid}. 1f malate is produced, then it must be excreted from the
plant to prev.ent an endless increase in osmotic poceni:&al.. Excretion of large amounts
of malate by roots has been demonstrated by Smith (1976} .

Excessive osmotic potentials will alsc be prevented Lf the organic anion pre-
cipitates in an inert form. Many plants in which nitrate is assimilated in the fol=~
iage maintain constant pH by producing oxalic rather thag malic acid. The oxalate
then precipitates as the inert Ca salt in the foliage (Raven and Smith, 1376). <Cal-
cium oxalate thus serves not to sequester excess Ca but rather to dispose of oxalate.
In fact, it is easy to induca Ca deficiency in plants accumulating calcium oxalate
(Brumagen and Hiatt, 1966; L3tsch and Kinzel, 1971)~~hardly what one would expect if
the oxalate served to dispose of excess Ca.

The majority of elements required for plant growth (N, P, K, Ca, and Mg) occur
in the soil solution as cations. In meeting only nutritional requirements plants
would absorb more cations than anions, but because electrical neutrality must be
maintained either other cations must be cxcreted or other anions absorbed. This
phenomenon, unfortunately termed “excess" cation absozption, was first studied by
vlrich {1241), who showed that either the plant releases K{L in exchange for the “ex-
cess" absorbed cations or the plant absorbs KCOJ- to balance the "excess™ cation up-

take. This causes not only an .increase in cell pH but also a corresponding decrease
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in the pH of the external solution. To supply the #* which is either excreted or
used to neutralize the absorbed Hco;, malic acid {or oxalic acid in a few plants) is
synthesized from carbohydrate. This mechanism operates in fungi also (Shere and
Jacobson, 1970} but is not as well studied as in higher plants.

In fungi, the oxalate is apparently secreted through the cell membrans and pre-~
gipitatﬂ: externally as the Ca salt. The funotion, i.e., maintenance of electrical
neutrality, could be the same as in vascular plants, though this apparently has not
been s:ud1§d. 1f the function is the same, then oxalate yields should be greater
when N is supplied as No; than when it is supplied as NH;. Aspergillus niger pro-
duces large amounts of oxalic acid when KNOJ is the sole N source (Miller, 1965}, but
the affect of different N sources does not appear to have been compared directly,

Also interesting is the possibility that fungi release oxalate rather than bi-
carbonate as a respiratory end ngducb to avoid reabsorbing an unwanted anion. The

oxalate precipitates and cannot compete with other more useful anions for uptake sites
on the hyphal surfaces.

Another curious ph & ted several times and perhaps relevant to this
discusaion is that decayed wood, particularly rotten portions of standing live trees,
often shows high concentrations of certain cations, particularly X (Rennerfelt and

Tamm, 1961; Joh and Theandexr, 1974; safford et al., 1974). The ammounts of X
per unit volume appear to be much greater in the decay zones than in uninfected wood,
whic}: indicates that the fungi must have translocated K into the decay zone. Amounts
of H typically decrease during decay (increase in pH), which suggests that Hf is
translocated out of the zone by the fungus as x’ is translocated in.

Large quantities of LMW organic acids are released from roots {smith, 1376; ocne
must congider the effects on the rhizospnere. Malic acid in particular is a nigh-
energy intermadiate of the tricarboxylic acid cycle and can act as the sole carhon
and energy source for many microorganisms (Palmer and Hacskaylo, 1970), Recently
it has been shown that malic acid is a necessary and sufficient carbon source
for at least one strain of the N2 fixer Rhizobium in soybean nodules (Tjepkema and
Evans, 1975). Carbahydrate alone is not sufficient, although it can be utilized if
LMW organic acids (such as malic or succinic acid) are also supplied (Postgate, 137S).

Malic acid released by roots is unquestionably used as a carbon and enerqy
source by a wide range of rhizosphere bacteria and fungi. An interesting speculation
is whether any rhizosphere organisms have evolved which can increase the rate at
which roots z.elease these high~energy compounds into the rhizosphere. This process
would create half of the requirement for a symbiosis; the remaining requirement would
be that the process be beneficial for the rooted plant.,

Such -a mechanism not only is easily hypothesized, but many of the links have
been demonstrated in laboratory experiments, Several studies have shown that an in-
crease in uco; concentration in the external solution causes incraased cation ab-
sc:pgion (Carrodus, 1966, 1967) and syntaesis of organic acids (Lee and Woolhouse,
1971). Jacoby and Laties (1371) showed that in

d absorption of “excess" cations
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results in higher HCOJ- levels insida the root cells and that this elicits organic
acid synthesis. The presence of large amounts of respiring organisms in the rhizo-
sphera almost certainly increases the HCOJ- concentration aear the root surfaces.

The only remaining evidence required, other than a demonstration of all of these pro-
cesses for a single species, is that an increase in external HOD; concentrations in-
creases release of organic acids from the xoots, an experiment which is easily per-
formed.

The other half of the symbiosis, the microbilally mediated process which benefits
the rooted plant, is also easily demonstrated. Heterotrophic bacteria, able to re=
lease nutrients from detrital material, provide an obvious example. They produce
cations in excess of needs, which are absorbed by the plant roots and cause synthesis
of malic acid. The malic acid could be stored in vacucles or released into the ex-
ternal sothlon. The latter would of courze be more beneficial to the heterotrophs
bscause it would provide them with a high-energy carbon source.

Fungl extending from root surfaces into the litter or soil matrix could also
take advantage of this mechanism by absorbinq. cations in regions far from the roots
and transporting them to the root surfaces where their release would cause a flow of
high-energy carbon compound from the root to the fungus. ‘fhe mechanism ig intriguing
because we have seen that some fungi translocate cations into reqions of low pH, per-
haps as a means of increasing the pH. The release of malic acid by the roots cer-
tainly results in a low pH, which would be a further link in an elegant symbicsis.

It may be unnecessary to add that we believe that this symbiosis exists and is
called the mycorrbizal condition. Although many links have not been demonstrated,
and although we can raise many ohjections, we feel that this scheme's simplicity and
2legance call for serious thought and experimentation. Too many questions are un~
answered by ather hypotheses, Wwhy do plant roots release high~energy substrate to
their mycorrhizal assogiate? pathogenic fungi obtain their energy by destroying
root cell walla and actively removing the energy substrate, but how does a mycorrhi-
2al fungus obtain its food? why does a mycorrhizal fungus release its hard-won au-
trients to the plant roots? Obviously the root efficiently removes any nutrient
released from the fungus, perhaps even creating a concentration gradient greater than
exists at other points along the hyphae. Possible effects of the fungus on the mem=
brane structure of the host plant and effects of substrate availability on active
transport of P across the host cell membrane have been considered {Woolhouse, 1975).
But a mechanism whereby hyphae would actively release nutrients and thereby obtain
some advantage over other nonmycorrhizal fungi seems at least as plausible an explan-
ation.

We began this chapter by presenting data on cation and LMW organic anion accumr
uwlatien in fungal-colonized habitats and argued from this for the existence of mech-
anisms whereby inorganic nutrition is intimately tied to problems of pH regulation.

Other authors have noticed the impoxtance of H+ creation or absorption in mineral
cycles (Likens et al., 1969; Solling et al., 1974; Reuss, 1975, 1976) and in biochem=
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ical processes (Raven and Smith, 1976). Sollins et al. (1974, 1980) snow how informa~
tion on carbon, water, and nutrient cycles can be integrated, summarized, and batter
interpreted by constructing an overall H* budget for the system. Many, if not most,
biological and physical processes either cause fluxes of H' or are affected by pH.

We have shown that careful consideration of such pM interactions, usually viewed aa

a complicating nuisance, can provider ingignts into a wide range of biochemical and
ecological questions. We hope that this paper prompts further examination of these

questions as well as a careful testing of our hypotneses.
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