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I. INTRODUCTION

Since the late 1800s, oxalate compounds have been known to be important constituents
1gh ; 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.
(1877) have demonstrated the importance of the oxalate ligand in mineral silicate

weathering, calcium immobilization, and iron and aluminum transport during soil pro-

s

3 file development. In this chapter we give additional evidence for the ubigquity and
massiveness of oxalate accumulation in natural systems and explore the role of these
ns., ! compounds in the inorganic nutrition of fungi and higher plants.

Some properties of oxalates are shown in Table 1. Oxalic acid is the strongest
of the low-molecular-weight (LM{) organic acids containing only C, H, Zna 0. 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 growtl

. of potentially 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 [pKSD = 8.64 (Ringbom, 1963)]. The Mg

e e A

; salt is substantially more soluble [pKSD = 4,07 (Rlngbom, 1963) 1. The oxalate ligand
forms exceedingly stable complexes with the transition metals, which accounts for it
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 ectomycosyrblont of Douglas-fir trees., Thi

*
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:if Table 1 Properties of short-chain organic acids and other compoundsa II. M
| .
it Soils
!{ Heat of
‘% Combustion crassu
{f Compound Structure PK, PK, (kcal/gm) with s;
é at 460
}g oxalic acid HO,C=CO, H 1.23 4.19 0.67 fully 1
}@ Malonic acid HO,C~CH_~COH 1.83 6.07 2.00 .
%ﬂ Maleic acid HOZC—CH=CH-COZH 2.83 5.69 2.81 of rhi:
;; Formic acid H-CO_H 3.75 -- 1.37 coil we
é: Carbonic acid HO—COZH 6.37 10.25 ¢} in 10
é; Acetic acid H3C—C02H 4,75 - 3.48 Bl
;; Malic acid HO,, C~CH, ~CHOH~CO, H 3.40 5.11 2.44 by Hyst
%; Succinic acid H02C~(CH2)2—COZH 4,16 5.61 3.02 were al
i Citric acid HOC- (CH,,~CO,H) ,~CO,H 3.08 4.74 2.47 to reme
;; Sucrose - - - 3.94 .
i% a e at the
if Based on data in t@e Handbook of Chemistrg and Physics, CRC Press, Cleveland, rhat re
ih and the International Critical Tables, McGraw-Hill, New York.
Lé washed
! two dis
’ fungus forms dense mats in the Al horizon, such that the average oxalate content of N stored
the A horizon is over 850 kg/ha (Cromack et al,, 1977, 1979). Maxwell and Bateman
(1968) found that Sclerotium rolfsii, a plant pathogen, produced more than 1 g of Fo
oxalic acid for each gram dryAweight of hyphal growth. etex) a
The pﬁesence of large amounts of calcium oxalate explains the discrepancy be- lem Y
tween the findings by Stark (1972), Ausmus and Witkamp (1973), and Cromack et al, titeers
(1975) of high Ca concentrations in fungal tissues and the findings of Steinberg mental
(1948) thét'solutions "containing only faint spectrosqopic traces of calcium” per- used by
mitted maéimum growth of Aspergillus niger, Sclerotium rolfsii, and other fungi. It heterop
seems reasonable to assume that Ca is required in only trace quantities but is pres- of the
ent in large amounts because it precipitates in and on fungal-tissues as the oxalate . ko
salt. The question remains, however, why so many fungi produce prodigious amounts dried af
of oxalate rather than oxidizing metabolites to COz. What advantages do oxalate pro- Samplés‘
duction and release offer which compensate for the energy expended in maintaining an CO%Oan
additional enzyme system? dr%Ed"
In'attempting to explain this, we have uncovered two other phenomena which we r%lzomof
believe are important in the inorganic nutrition of mycorrhizae and saprophytic fungi. thh ge-
‘ One is cation translocation by fungi, which we suggest is for pH eguilibration. The mrLerosee
other is a generally occurring effect of bicarbonate concentration on cation uptake o
by mycorrhizae and nonmycorrhizal roots. and tote
chloric
atomic a

ations t
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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 Qere excavated from the A horizon to a depth of approximately 15 cm. Soil with-
in 10 cm of the perimeter of the colonized 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 were dried at 50°C and then sieved through a 0.5-mm screen
to remove roots, rhizomorph fragments, and sSporocarps.

Douglas-£fir roots for decay 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 1975 at l-m spaces in a row at the
litter-mineral soil interface on Reference Stand No. 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, 13958),
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 5-ml aliquots of 5% HCl-methanol solution, which both sclubilizes Ca ox-
alate and forms dimethyl oxalate. Commercial dimethyl oxalate samples were added
to 5-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 0.17-mesh Chromosorb W washed with acid. Column life was prolongéd by

sample decolorization with activated charcoal for 5 min.

ITI. 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, 1In the three Gautieria mats which we sampled, oxalate accounted for about
6% DW of the total soil carbon.

Concentrations of N, P, X, 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 constant in small roots and increased slightly (p < 0.05)
in the larger roots. Other elements decreased in amount as decomposition proceeded.
Potassium was unusual in that it decreased during the first 120 days, then increased
significantly (p < 0.01) 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, 5.1% of the N, 6.4% for both
P and K, 6.9% of the Ca, and 4.0% of the Mg in two root bags. These percentages are
conservative bécause they include only those rhizomorphs which could be removed eas-

ily.

Table 2 Oxalate and carbon content of mat occupied and adjacent s0i1?

Carbon . Oxalate Oxalate-C
(% DW) (% DW) (% total C)
Hysterangium
Colonized 8.78 * 2.35 0.73 i“o.23bb 2. + 0.30
Adjacent 3.90 + 1.76 0.02 * 0,006 0.19 £ 0.09
Gautieria
Colonized 3.02 £ 0.73 0.65 £ 0.15 6.20 = 2.20
Ldjacent ) 4,27 £ 1.63 0.03 £ 0.01 0.24 £ 0.21

“Values are 1 SD.

bAfter Cromack et al, (1979).
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cotek i Table 3 Mean elemental concentrations in live roots and decaying roots of Douglas-
bes ; fir trees and in fungal rhizomorphs colonizing decayed roots
1 Ox~
led ; Number AN _ P ) X Ca
of (% DW) (£ DW) (% Dw) (% DW)
rain- . : samples
+ glycol !
:d by l Live roots .
i Woods Creek (3-3 mm) 1 0.28 0.07 0.18 0.28 ¢.0%8
v wWoods Creek (2-3 mm) 1 0.42 0.08 0.28 0.48 c.11
§ Dinner Creek™ (<2 3 0.48 0.09 0.21 0.46 .07
- : WS-10, H. J. Andrews (<5 mm) 243 0.62 0.10 0.17 0.69 -
§ ) Decaying rootsC
s than Tl RS-2, H. J. Andrews (3-5 mm) 14 0.42 0.04 0. 0.52 0.03
in ; RS-2, H. J. Andrews (2-3 mm) 5 0.53 .06 0.14 0.64 0.05
by i Fungal rhizomorphsd
: R35-2, H, J. Andrews 2 2.48 0.31 0.63 3.80 C.13
about ? .
% ®Site near Woods Creek (R. Fogel, unpublished data).
hose : ’ ) i
: bIncludes hardwood rcots (Santantonlo et al., 1977). 5
ut L i
Cafter 350 days of decomposition. ° &l
sle 4). a_, . . ) - .. N - L H
Rhizomorphs attached to 3-5 mm roots after 350 days of decomposition. g
=
by f}
3,05) : From the root-decay results, we infer that oxalate pfééi;itation reduces loss g
sded. : of Ca during root decomposition but does not affect loss of other metallic cations: :
:ased
1S
ac-—
both
3 are
eas—
Fig. 1
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Table 4 Accumulation and loss of dry weight and elements from decaying roots of Douglas—fir trees (Pseudotsuga
menziesii)®
weight . ° N P K Ca Mg
Days elapsed (%) (%) (%) (%) (%) (%)
Small roots (2=3 mm) .
190 (n = 5) 21,7 £ 0.9 102,4 * 13.0 72.5 * 11.2 26.3 + 8.8 126.9 % 19.5 64,0 £ 5.9
350 (n = 5) 24.8 £ 1.1 101.6 * 11.4 54.6 £ 9,7 37.6 £ 5,5 100.4 = 11,0 31.5 £ 13.0
Large roots (3-5 mm) 3
190 (n = 10) 20.6 £ 2.7 115.8 * 13,0 6l.4 * 8.7 33.3 £ 6.2 169,7 £ 16.4 54.2 * 10.0 =~
350 (n = 14) 21,3 £ 1.5 119.2 * 10.5 48.8 * 5.8 54.2 % 5.8 144.1 * 14.6 26,0 £ 7.0 5
7
a . o
Data are mean * 95% confidence interval. g
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