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Abstract 

Wood decay experiments using red spruce wood 
resting on moist soil were conducted to discern temporal 
and spatial patterns of calcium oxalate (CaOx) crystal 
production by three species of fungi over the course of 
decay. All three species produced crystals of calcium 
oxalate dihydrate, but not monohydrate, in and on wood. 
Over the course of decay, the production of Ca Ox crys
tals was shown to be heterogeneous in both space and 
time. The relative quantity, morphology and longevity 
of CaOx crystals varied among species. Gloeophyllum 
(G.) trabeum produced substantial quantities of "free" 
crystals; Fomitopsis (F.) pinicola produced encrusting 
crystals; and Trichaptum (T.) abietinum produced adher
ing crystals and druses. Paramorphic corrosion of crys
tals was observed most frequently in the brown rot fun
gus G. trabeum and not at all in the white-rot fungus T. 
abietinum. Often associated with crystal precipitations 
was the production of crystal surface-obscuring extracel
lular matrix. All the species observed produced CaOx 
crystals more consistently in or on soil than in wood. 
The study of crystal production patterns and crystal mor
phologies could yield important information about the 
microenvironmental conditions in wood during biodegra
dation and the mechanisms by which wood decay fungi 
decompose lignocellulose. 

Key Words: Calcium oxalate, wood decay, extracellu
lar matrix, crystal studies, crystal corrosion, microenvi
ronment. 
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Introduction 

Oxalic acid is an extremely common fungal metabo
lite which under conditions of supersaturation frequently 
precipitates as calcium oxalate (CaOx) (Foster, 1949; 
Simkiss and Wilbur, 1989). The precipitation of CaOx 
by fungi has been described in the Ascomycete, Deuter
omycete, Zygomycete and Basidiomycete classes of the 
true fungi (Homer et al., 1983; Punja and Jenkins, 
1984; Whitney and Amott, 1986a, 1986b, 1987; Whit
ney, 1989). Despite the ubiquity of oxalate production 
and the precipitation of oxalate salts among the fungi, 
the role of oxalate in the adaptive physiology of these 
organisms is not well understood. 

The decomposition of wood is a process necessary 
to the continued functioning of forested ecosystems 
(Dighton and Boddy, 1989; Jennings, 1990; Boddy, 
1991). This process reduces the amount of organic ma
terial on the forest floor and returns mineral nutrients 
within the wood to the rooting zone for reassimilation 
into trees for growth and maintenance (Cromack et al. , 
1975). Wood decomposition is carried out by a suite of 
organisms, the most important of which are the Basidio
mycete fungi (Boddy, 1991). Two general categories of 
Basidiomycete wood decay are frequently described: 
brown-rot and white-rot decay. Both types of decay 
fungi are known to produce CaOx crystals (Dutton et 
al. , 1993; Takao, 1965), but the pattern of crystal pro
duction and its relative mechanistic importance, if any, 
in the decay process are not known. 

Arnott and Webb (1983) described the production of 
CaOx crystals by an unidentified Basidiomycete growing 
on ponderosa pine. The morphology of the crystals was 
predominantly druses of interpenetrant bipyramids. 
These druses occurred at intervals along the length of 
the hyphae and thus potentially indicated specific sites at 
which oxalate was being generated or from which oxa
late was exiting hyphae. In addition, the crystals were 
covered by a sheath, which after the crystals obtained a 
certain size, was ruptured, uncovering the crystal druses. 
Reconstruction of crystal development was possible, but 
a temporal pattern of overall crystal production over the 
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Table l. A comparison of diffraction pattern interplanar d spacings obtained from the mycelium of three wood decay 
fungi with that of COD on file. 

Standard on File ( I )t Fomitopsis pinicola 

6.18 ( 100) 6.21 strong+ 

4.42 ( 30) 4.51 weak 

3.09 ( 10 ) 3.09 weak 

2.77 ( 65) 2.77 strong 

2.41 ( 16 ) 2.42 weak 

2.24 ( 25) 2.25 moderate 

1.89 ( 16 ) 1.89 weak 

tRelative intensity of reflection line 

were categorized as "large" if they were greater than 10 
µm in width or length. Crystals were categorized as 
"small" if the were smaller than 10 µm in length or 
width. Crystals were categorized as adhering if they 
were distinctly outlined and clinging to particular hy
phae. Crystals were categorized as encrusting if aggre
gates of crystalline material formed a crust over individ
ual hyphae. Crystals were categorized as "free" if they 
were not adhering or encrusting any particular hypha. 

Concurrent with LM observations, wood blocks 0.5 
cm3 in size and weighing ca. 0.01 g each were removed 
from selected decaying blocks and prepared for SEM in 
one of three ways: air drying and mounting on stubs, 
fixation in 7% weight/volume (w/v) HgCl2 in 70% eth
anol with subsequent ethanol dehydration and critical 
point drying or direct quenching in liquid nitrogen fol
lowed by lyophilization for 10 hours at -70°C (Green et 
al., 1990). Lyophilization was carried out in a FLEXI
DRY (FTS Systems, Stone Ridge, NY) lyophilizer and 
critical point drying was performed using a Samdri 
PVT-3 (Tousimis Research Corp., Rockville, MD) crit
ical point dryer. Dried samples were mounted to pin 
stubs with either double-sided carbon sticky tape or with 
silver paste and coated with 30 nm of gold in a Conduct
avac sputter coater (Seevac, Inc., Pittsburgh, PA). Low 
resolution observations were made using an AMR-1000 
SEM (AMRAY, Inc., Bedford, MA) operated at an ac
celerating voltage of 5 kV and a gun emission of 75-200 
µA at a working distance of 2-10 mm. Higher resolu
tion observations were made using a JEM 1200EM 
(JEOL USA, Peabody, MA) scanning transmission elec
tron microscope operated at an accelerating voltage of 
40 kV. Energy dispersive X-ray microanalysis was con
ducted using an Electroscan (Wilmington, MA) model 
E-3 environmental SEM (ESEM) equipped with a Noran 
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Gloeophyllum trabeum Trichaptum abietinum 

6.19 strong 6.18 strong 

4.43 weak 4.41 moderate 

none 3.11 weak 

2.77 strong 2.77 strong 

2.42 strong 2. 41 moderate 

2.25 weak 2.24 moderate 

1.90 weak 1.89 weak 

+subjective relative intensity of reflection line 

Table 2. Summary of CaOx crystal production by 
Gloeophyllum trabeum growing on red spruce wood. 

Weeks___. 3 8 13 17 

Adheringt + 0 0 0 

Encrusting t 0 0 0 0 

"Free•t ++ +++ + +/0 

Drusest 0 0 0 0 

All Crystal Types t ++ +++ + 0 

Crystal Corrosion Yes Yes Yes Yes 

Soil Crystals 0 + + + 

ECM+ ++ ++ + + 

% wt. loss 13% 21 % 39% 56% 

tsubjective categorization of crystals as explained in 
Materials and Methods. +Extracellular matrix (ECM). 
Subjective categorization: 0: not observed; +: occasion
ally observed; + +: frequently observed; + + +: thick 
and always observed. 

--------------------------------------
Instruments (Middleton, WI) computer interface and 
operated at an accelerating voltage of 10 kV. 

Soil was examined for the presence of crystals by 
LM and SEM. Fungus colonized soil aggregates were 
either mounted directly to pin stubs or were prepared for 
SEM and ESEM by rolling soil aggregates over double 
sided carbon sticky tape and observing adhering crystal
line material. 

Identification of crystals 

The identity of the presumptive CaOx crystals found 
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Table 3. Summary of CaOx crystal production by three 
isolates of Fomitopsis pinicola growing on red spruce 
wood. 

Weeks ➔ 5 8 14 20 

Isolate A 
Adhering + + 0 0 
Encrusting ++ +++ +++ +++ 
"Free" + 0 0 0 
Druses 0 0 0 0 
All Crystal Types +++ +++ +++ +++ 
Corrosion No No No No 
ECM + + + + 
Soil Crystals ++ +++ +++ +++ 
% wt. loss 37% 45% 59% 66% 

Weeks ➔ 4 8 13 20 

Isolate B 
Adhering + + 0 0 
Encrusting ++ ++ + 0 
"Free" +++ + 0 0 
Druses 0 0 0 0 
All Crystal Types +++ ++ + 0 
ECM +++ ++ + + 
Soil Crystals ++ +++ +++ +++ 
% wt. loss 24% 40% 59% 65% 

Weeks ➔ 3 8 13 20 

Isolate C 
Adhering + + 0 0 
Encrusting ++ +++ +++ +++ 
"Free" + 0 0 0 
Druses 0 0 0 0 
All Crystal Types +++ +++ +++ +++ 
Corrosion No No No No• 

ECM + + + + 
Soil Crystals ++ ++ ++ +++ 
% wt. loss 19% 39% 56% 61 % 

*However, degradation was observed at 35 weeks 

--------------------

in association with fungal growth on wood was con-
firmed using crystal morphology, polarizing microscopy, 
acid solubility and X-ray powder diffraction. To date, 
there are no reported biomineral precipitations other than 
CaOx produced by polypore wood decay fungi on wood, 
and thus, crystal morphology, polarizing microscopy and 
relative acid solubility were used to distinguish the mon-
ohydrate and dihydrate phases of the presumed CaOx. 
COD crystals are often morphologically distinct from the 
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Table 4. Summary of CaOx crystal production by 
Trichaptum abietinum growing on red spruce wood. 

Weeks ➔ 3 12 20 28 

Adhering + + 0 0 
Encrusting + 0 0 0 
"Free" 0 0 0 0 
Druses + ++ + + 
All Crystal Types + ++ + + 
Corrosion No No No No 
Soil Crystals 0 0 0 0 
ECM + + + + 
% wt. loss 2% 13% 20% 26% 

monohydrate, have a much lower birefringence and are 
completely soluble in ca. 0.05 % HCl after 12 hours, 
while essentially insoluble in acetic acid. COM is not 
completely soluble in 0.05 % HCl after 12 hours. Both 
phases of CaOx fail to effervesce in any concentration of 
HCI. The chemical and phase identity of these crystals 
was confirmed using X-ray powder diffraction on 
mycelium containing presumptive CaOx crystals using a 
Supper® Debye-Scherrer (Supper, Natick, MA) camera 
fitted to a Philips diffractometer (Philips Electronic 
Instruments, Mahwah, NJ). Thirty-five millimeter film 
was exposed to Cu radiation at 15 mA and 35 kV for 24 
hours, and the pattern was compared to patterns avail
able on the Powder Diffraction File (Berry, 1974). 

X-ray microanalysis was performed on crystals ob
served in the soil in order to determine the presence of 
the most dominant cation or cations in these crystals. A 
colorimetric oxalate oxidase based enzymatic assay 
(Sigma, St. Louis, MO) was used to confirm the relative 
abundance of total acid soluble oxalate in colonized soil 
above that of control soil. 

Results 

Overview 

The crystals produced in wood by all three species 
of fungi were COD. X-ray powder diffraction pattern 
on the mycelium from all three species were similar to 
standard patterns (Table 1). The crystals were bipyra
midal, had a low birefringence and were completely sol
uble in 0.05 % HCI. All these characters are consistent 
with that of COD. COM does not form bipyramids, has 
a very high birefringence and is not completely soluble 
in 0.05 % HCI after 8 hours. 

In G. trabeum and isolate B of F. pinicola, LM 
monitoring of crystal production revealed an overall 
reduction in the prevalence of CaOx crystals associated 
with the mycelium growing on wood over time (Tables 
2 and 3). In T. abietinum and two isolates of F. pini
cola, there was a greater consistency of crystal produc
tion throughout the course of decay (Tables 3 and 4). 
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Figure 1. CaOx crystal production by Gloeophyllum trabeum. (A) Sparse crystals (granularities) of CaOx precipitated 
on the surface of hyphae at 3 weeks of decay. Bar = 10 µm. (B) Large (defined as > 10 µm), uncorroded "free" 
crystal with numerous collapsed hyphae evident on the surface. Little or no extracellular matrix (ECM) is visible. Bar 
= 10 µm. (C) Large, corroded "free" crystals present among the hyphae of G. trabeum in the early and middle stages 
of decay of red spruce blocks. Bar = 50 µm. (D) Scanning electron micrograph of large, corroded "free" crystals 
(arrows) during the early and middle stages of decay of red spruce blocks. Note the extensive ECM (arrowheads) and 
crystal corrosion (inset). Bar = 50 µm. Inset bar = 20 µm. (E) A more magnified image of corroded crystal. Bar 
= 5 µm. (F) The surface of a corroded crystal. Note hyphae growing on its surface (arrows). Bar = 2 µm. 
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Figure 2. CaOx crystals produced by Fomitopsis pinicola. (A) Adhering crystals. Bar = 1 µm. (B) Encrusting 
crystals precipitated on hyphae. Note ECM (arrow). Bar = 1 µm. (C) Encrusting crystals precipitated on hyphae. 
Note ECM (arrow) and lack of crystals on other hyphae. Bar = 2 µm. (D) "Free" prismatic crystals precipitated on 
the wood cell wall. Bar = 0.5 µm. (E) Degraded crystals in very late stages of decay (35 weeks). Bar = 1 µm. 
(F) Hyphae isolated from soil which are mostly encrusted. Bar = 10 µm. (G) Heavily encrusted hyphae isolated 
from soil. Note hypha core encrusted with smaller crystals (arrow). Bar = 10 µm. (H) Branched, encrusted hypha 
showing small inner layer crystals and larger outer layer crystals. Bar = 5 µm. 
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Ca 

Figure 3. Representative energy dispersive X-ray mi
croanalytical spectrum of encrusted hypha of Fomitopsis 
pinicola isolated from soil. 

------------------------------

The continuous production or accumulation observed in 
isolates A and C of F. pinicola occurred in spite of de
cay rates (% weight loss) similar to isolate B and G. 
trabeum. These observations support the fact that some 
fungi accumulate oxalate while others do not, but does 
not support the popular notion that brown-rot fungi accu
mulate oxalate while white-rot fungi do not. In addition 
to differential crystal production over the course of de
cay, the three species of fungi precipitated these crystals 
differently within their microenvironment. Gloeophyl
lum trabeum precipitated mostly "free" crystals; F. pini
cola produced mostly encrusting crystals; and T. abieti
num precipitated predominantly adhering crystals and 
druses (Tables 2-4). All of the fungi produced CaOx 
crystals more consistently in space and time in or on the 
soil matrix than in or on the wood. 

Gloeophyllum trabeum 

In G. trabeum, early stages of decay, i.e., within 
the first 3 weeks, revealed the production of sparse 
amounts of crystals adhering to the surfaces of the hy
phae (Fig. lA). Often these crystals were acicular or 
prismatic. In addition, there were numerable, large, 
non-adhering bipyramidal crystals ("free" crystals) 
among intertwining hyphae (Fig. lB). By 8 weeks of 
decay, no crystals were observed adhering to hyphae, 
but more and larger total "free" crystal material was 
present than at three weeks (Figs. lC and 1D). Many 
of these "free" crystals exhibited paramorphic corrosion 
(Figs. lC, 1D, lE and lF). Associated with the myceli
um and crystalline material at these early time points 
was extensive sheath material that obscured surface fea-

391 

tures of both crystals and hyphae (Figs. 1D and lE). 
Hereafter, this sheath will be referred to as extracellular 
matrix (ECM). Subjective determinations revealed that 
at subsequent time points of 13 and 17 weeks of decay, 
there was a reduction in the amount of total crystalline 
material present (Table 2). The few "free" crystals that 
were observed were frequently highly corroded. 

Additional SEM observations of G. trabeum con
firmed LM observations, particularly the lack of abun
dant crystals in the later stages of decay. By 12 weeks 
of decay, G. trabeum had begun to form sporocarps and 
functional hymenial layers. Observations of the hymeni
um revealed diminished oxalate production compared to 
earlier stages of decay in the wood blocks. 

The soil upon which the red spruce blocks were 
resting was visibly colonized by G. trabeum. Light 
microscopic observations of soil rich in hyphae revealed 
the presence of sparse, uncorroded or scantly corroded 
bipyramid crystals. No encrusting crystals were 
observed at any time points or at any level of soil 
colonization. 

There was significant spatial variability of CaOx 
production among replicates. It was not uncommon for 
the eight blocks of wood at one time point in this one 
specie to vary significantly from one another, e.g., at 13 
weeks, four blocks showed significant levels of CaOx, 
three showed none at all, and one had modest CaOx pro
duction. In addition, within blocks, there was unpre
dictable spatial heterogeneity. Some portions of the 
block bad extremely high numbers of crystals, whereas 
other areas of the block had no crystals at all. Such 
spatial heterogeneity occurred at millimeter distances 
from each other, e.g. , 1.5-5.0 mm. When some surface 
mycelium was removed and permitted to regrow on the 
blocks, adhering crystals were often observed 7-10 days 
later, although no crystals of any kind could be observed 
in older mycelium of the same blocks. 

Fomitopsis pinicola 

Fomitopsis pinicola consistently produces oxalic acid 
in most artificial culture media (Connolly and Jellison, 
1994b). In this study, F. pinicola produced a substantial 
quantity of CaOx crystals while growing on blocks of 
red spruce wood. Within the first three weeks of wood 
colonization, adhering and encrusting crystals were ob
served (Figs. 2A, 2B and 2C). Most frequently, the ad
hering crystals which were observed were small bipyra
mids that had precipitated on the surface of hyphae in 
the absence of obvious ECM (Fig. 2A). Encrusting 
crystals were observed more frequently than adhering 
crystals by LM and SEM, often filling the fields of view 
by LM. LM and SEM revealed that only certain sec
tions of hyphae became encrusted while other sections of 
hyphae remained free of crystalline material (Fig. 2C). 
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Figure 4. CaOx crystals produced by Trichaptum abietinum . (A) Typical druses of COD crystals which grow at irreg
ular intervals along hyphae as viewed by LM. Bar = 10 µm. (B) A well-developed druse of COD crystals. Bar = 

1 µm. (C) Mycelium growing on red spruce wood. Bar = 20 µm. (D) Mycelium in contact with soil containing 
more abundant druses. Extensive ECM is also visible. Bar = 20 µm. (E) A pair of druses partially or wholly 
obscured by ECM. Bar = 2 µm. (F) Magnified image of a partially obscured druse. Bar = 1 µm. 

Frequently, albeit unpredictably, ECM was observed in 
association with encrusting crystals (Figs. 2B and 2C). 
Encrusting crystals of F. pinicola were most ordinarily 
bipyramidal or equant rods with pyramidal caps, were 
most often not twinned, showed no signs of paramorphic 
corrosion, and were smaller than 5 µm in all dimen-
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sions. Uncorroded "free" crystals were sometimes ob
served by LM and SEM, often in association with ECM. 
When "free" crystals precipitated on wood walls, they 
tended to be smaller and more prismatic than "free" 
crystals among mycelium (Fig. 2D). "Free" crystals 
which precipitated on wood walls were generally not 
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Figure 5. CaOx crystals produced by Trichaptum abietinum. (A) LM of encrusting crystals growing on the ends of 
hyphae. These hyphal ends have become encrusted to form terminal druses. Bar = 20 µm. (B) An elongate terminal 
druse. Bar = 2 µm. (C) A more spherical terminal druse. Bar = 1 µm. (D) Encrusting crystals with an 
intermediate terminal druse-like appearance. Bar = 2 µm. (E) Adhering and encrusting crystals on a hypha. Bar = 

2 µm. (F) Adhering crystals with ECM (arrow). Bar = 1 µm. 

associated with ECM. In very late stages of decay, 
e.g. , 35 weeks of decay, some crystal degradation was 
observed (Fig. 2E). Degradation along presumptive 
planes of crystal weakness resulted in oppositely oriented 
styloids with pyramidal caps which converged at the 
midpoint of the c-axis of the crystal. 
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Although F. pinicola appeared to be a prolific pro
ducer of crystals, not all isolates showed the same pat
tern of production (Table 3). All three isolates produced 
a similar quantity of total crystalline material in the early 
stages of decay, but isolate B produced more "free" 
crystals and far more ECM than isolates A and C. 
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Isolate B produced very few or no crystals at all in later 
stages of decay, whereas isolates A and C continued to 
produce crystals steadily during the decay experiment. 
Fomitopsis pinicola colonized soil more thoroughly than 
did G. trabeum. LM observation revealed that soil 
colonized by F. pinicola contained a substantial amount 
of "free" crystals and encrusting crystals. "Free" crys
tals and encrusted hyphae were not observed in visually 
uncolonized soil and uninoculated control soil. SEM 
observation showed that although hyphae became heavily 
encrusted, not all sections of the same hypha were (Fig. 
2F). This is similar to what was observed in the wood 
environment. Encrusting crystals on hyphae in wood 
tended to be rather uniform in size and morphology, but 
those found on hyphae in the soil matrix showed a much 
greater range in size and form (Figs. 2F, 2G and 2H). 
Crystals which precipitated on hyphae in the soil often 
formed very thick crusts around hyphae, sometimes in 
two discernible layers: one consisting of very small 
intercalating crystals and an outer layer of crystals which 
were much larger and more morphologically diverse. 
Crystals in the soil were conspicuously and consistently 
euhedral, uncorroded and not associated with ECM. 

Many of the crystals observed from the soil are pre
sumed to be COD based upon morphology, the presence 
of high levels of acid soluble oxalate in the soil as deter
mined by colorimetric assay, and from energy dispersive 
X-ray microanalysis which showed strong calcium peaks 
but no peaks for other cations such as magnesium (Fig. 
3). However, the diversity of crystal forms within the 
inoculated soil makes it likely that oxalate crystals other 
than COD also precipitated. Uncolonized soil did not 
possess any crystals and had barely detectable levels of 
oxalate by colorimetric assay. 

Isolates A and B of F. pinicola rapidly proliferated 
through the soil matrix in the soil block assay, whereas 
isolate C grew more slowly into the soil. Among the 
three isolates of F. pinicola, differences in the abun
dance of the crystals observed in soil by LM is likely 
related more to isolate differences in soil colonization 
than to relative oxalate production within the soil. 

Trichaptum abietinum 

The white-rot fungus T. abietinum produced less 
crystalline oxalate than the brown rot fungi G. trabeum 
or F. pinicola in the early stages of decay but continued 
to produce and accumulate oxalate throughout decay 
(Table 4). Fomitopsis pinicola and G. trabeum pro
duced "free" crystals to varying degrees, but T. abieti
num produced only crystals in contact with hyphae: 
adhering, encrusting and druses. 

The dominant crystal precipitation in T. abietinum 
consisted of druses of crystals which had precipitated at 
random intervals at specific points along hyphae (Figs. 
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4A and 4B). These druses were observed throughout 
the course of decay but were more abundant in mycelial 
cords which were in contact with the soil than those as
sociated with the top of the spruce wood block (Figs. 4C 
and 4D). The majority of the crystal druses produced 
by T. abietinum ranged in size from 3-7 µm and con
sisted of long bipyramidal crystallites which did not 
show frequent obvious twinning (Fig. 4A). Spacing of 
the druses along hyphae was more compact at the higher 
druse frequencies present in mycelial cords and in myce
lium near the soil. Although ECM was evident among 
hyphae (Fig. 4D), ECM did not frequently cover druses 
although sometimes it did (Figs. 4E and 4F). 

Trichaptum abietinum also produced a significant 
number of cystidial-like structures, hereafter referred to 
as terminal druses (Arnott, 1995) which consisted of 
hyphal tips which became encrusted with bipyramidal 
CaOx crystals (Figs. SA, 5B and 5C). The shape of the 
terminal druses varied from more elongate structures 
(Figs. 5A and 5B) to spherical rosettes (Fig. 5C). Occa
sionally, some mid-sections of hyphae were encrusted by 
crystals in a manner similar to elongated terminal druses 
(Fig. 5D). Sometimes, T. abietinum produced adhering 
and encrusting crystals (Figs. 5E and 5F). Few or no 
"free" crystals were observed in T. abietinum. As was 
observed in F. pinicola, both adhering and encrusting 
crystals were precipitated along certain sections of 
hyphae and not along other portions of the same hypha 
(Figs. 5D, SE and 5F). Both adhering and encrusting 
crystals were bipyramidal; no prismatic crystals were 
observed. Our observations indicate that the majority of 
adhering crystals precipitate on the surface of hyphae in 
the presence of a thin ECM. Adhering and encrusting 
crystals were observed more frequently in T. abietinum 
than in G. trabeum but much less frequently that in F. 
pinicola. Unlike the corrosion of "free" crystals which 
was observed in G. trabeum, there was no paramorphic 
corrosion of the crystals in druses or along the hyphae 
in mycelium of T. abietinum. 

Although there was mycelial contact with the soil, 
T. abietinum did not proliferate through the soil to the 
degree that G. trabeum and F. pinicola did. The major
ity of T. abietinum growth was limited to the wood and 
no crystals were observed in the soil (Table 4). 

Discussion 

Many recent studies have focused on the role of ox
alate in the process of wood decay and in the metabolic 
strategy of wood decay fungi (Bech-Anderson, 1987; Es
pejo and Agosin, 1991; Ma et al., 1992; Dutton et al., 
1994; Evans et al., 1994; ltakura, et al., 1994; Kishi et 
al., 1994). It has long been suspected that oxalate may 
be involved in the cyclic reduction of iron which could 
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continue to generate hydroxyl radicals which are thought 
to be involved in the wood degradative process (Schmidt 
et al. , 1981; Hyde and Wood, 1995). Green et al. 
(1991, 1992, 1993) and Shimada et al. (1992) have sug
gested that oxalic acid in sufficient quantity could be a 
causative agent or facilitator in the physico-chemical hy
drolysis of cellulose microfibrils. Ma et al. (1992) have 
hypothesized a role for oxalate in the regulation of lignin 
degradation in white-rot fungi by the noncompetitive in
hibition of lignin peroxidase. The production of oxalic 
acid may also function primarily as an efficient and con
venient carbon waste disposal mechanism in the carbon
rich and nitrogen-poor wood substrate (Shimada et al., 
1992). It is very likely that oxalate performs multiple 
adaptive functions simultaneously (Micales, 1995). 

The pH of wood and various defined media used in 
physiological experiments is often significantly lowered 
by the activity of brown-rot decay organisms (Green et 
al., 1992, 1994; Chen and Jellison, 1994). In defined 
media, these reductions in pH are concomitant with in
creases in oxalate concentration (Dutton et al. , 1993; 
Green et al., 1994) implying a role for oxalate in reduc
ing the pH of the substrate to optimal levels for attack 
upon the wood. Other recent work continues to refine 
our understanding of the dynamics of oxalate production 
and accumulation by these fungi in artificial defined 
media (Dutton et al. , 1993, 1994; Itakura et al., 1994). 

Acid neutralization and calcium interference avoid
ance mechanisms have been proposed as adaptive func
tions for the precipitation of oxalate as CaOx crystals 
(Bech-Anderson, 1987; Whitney and Arnott, 1987; 
Whitney, 1989). The production of CaOx may also 
function as a means of mineralizing exchangeable calci
um which could interfere with the fungal controlled re
duction of ambient microenvironmental pH (Connolly 
and Jellison, 1994a). 

The abundance of crystals during early colonization 
of wood, such as occurred in G. trabeum and F. pinico
la, indicates that these brown-rot fungi produce signifi
cant quantities of oxalic acid in the initial stages of de
cay, much of which is precipitated as CaOx at a distance 
from the hyphae as "free" crystals. This is consistent 
with the research of others working with brown-rot 
physiology in defined media (Itakura et al., 1994). 

The production of "free" crystals instead of adhering 
and encrusting crystals may be indicative of the environ
mental conditions into which the oxalate is delivered. 
Oxalic acid excretion into a more acidic milieu will push 
oxalic acid towards the monovalent anion and the dipro
tic acid. In such circumstances, CaOx precipitation 
would not be favored. More alkaline conditions would 
push oxalate to the oxalate divalent anion and would fa
vor precipitation with calcium. It is therefore possible 
that adherent and encrusting crystals are indicators that 
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the immediate hyphal environment is sufficiently alkaline 
to push oxalic acid to the divalent anion and precipitate 
crystals immediately upon excretion. If the immediate 
microenvironmental pH was more acidic, oxalate could 
diffuse further from the hyphae, within the ECM, and 
precipitate at a distance. This would result in the pro
duction of "free" crystals. It is also possible that "free" 
crystals result instead of adhering crystals when critical 
nucleation factors are absent on the surfaces of the hy
phae. Such nucleation factors might be present in the 
hyphal ECM and could determine where in the myceli
um precipitation will occur. 

An alternative explanation for the precipitation of 
"free" crystals relative to adhering and encrusting crys
tals could be calcium concentration or calcium flux 
around the immediate area of the hypha. High levels of 
calcium or high calcium flux in the vicinity of the hypha 
would result in adhering or encrusting precipitation. Di
minished calcium in the vicinity of the hypha would re
sult in the diffusion of oxalate away from the hypha with 
precipitation occurring as "free" crystals. Also, the 
precipitation of "free" crystals may be an indication of 
available free moisture in which the oxalate can diffuse. 

If a preponderance of large "free" crystals, rather 
than encrusting crystals, is an indicator of microenviron
mental pH, then G. trabeum produced the most acidic 
microenvironment of the fungi in this study. Gloeophyl
lum trabeum produced no encrusting crystals and pro
duced abundant and large "free" crystals in the early 
stages of decay. Fomitopsis pinicola produced substan
tial quantities of encrusting crystals as well as occasional 
"free" crystals and therefore might have had the next 
most acidic microenvironment. Trichaptum abietinum 
produced few or no "free" crystals and may therefore 
have produced the least acidic microenvironment. 

Evidence for an acidic milieu, at a distance from the 
hyphae in G. trabeum, in later stages of decay and wood 
colonization is perhaps supported by the substantial and 
consistent crystal corrosion observed in this fungus. It 
is possible that after "free" crystals have initially precip
itated in higher pH microenvironments, they become 
corroded by the controlled maintenance of more acidic 
conditions later in decay. These acidic conditions would 
protonate oxalate sufficiently to prevent its reprecipita
tion. In this case, there would be an accumulation of 
oxalic acid and monovalent oxalate in the mycelium. 
The much later appearance or absence of crystal corro
sion in the other fungi could be an indication that these 
organisms do not cultivate acidic conditions to the same 
degree as G. trabeum. 

An alternative explanation for the corrosion of crys
tals by G. trabeum may have less to do with low pH 
conditions than with the slow desorption of ions from 
crystal surfaces that can occur even at higher pH levels, 
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albeit more slowly than at lower pH levels. Ions liber
ated from crystal surfaces could reprecipitate elsewhere 
in the mycelium to form new euhedral crystals if all 
thermodynamic and kinetic conditions were to allow it. 
The corrosion and disappearance of crystals by G. trabe
um suggests that at higher pH levels, any desorbed oxa
late would be degraded upon its release. Oxalate degra
dation by G. trabeum would be consistent with the re
sults of Espejo and Agosin (1991) who observed rapid 
oxalate oxidation in semisolid cultures inoculated with 
this species. The possible oxalate degradation in this 
soil block study could be oxalate decarboxylase cata
lyzed (Micales, 1995) or iron facilitated (Espejo and 
Agosin, 1991). If the latter mechanism were operative, 
a biologically derived compound would be required to 
supplant the important role of light in the iron-mediated 
oxidation of oxalate. 

It is also possible that the corrosion and disappear
ance of crystals is indicative of a more acidic mycelial 
environment as well as oxalate degradation. In this 
case, there would not be accumulation of oxalate in the 
mycelium despite a continued low pH. 

The absence of crystal corrosion in T. abietinum, a 
white-rot organism which might presumably have a high 
oxalate decarboxylase activity, may be the result of an 
insufficiently low microenvironmental pH to facilitate 
crystal dissolution. 

Many of the crystals which were found encrusting 
hyphae precipitated along certain portions of a hypha 
and not along the entire length. This suggests that either 
oxalate is being exported at these sites at particular times 
in the ontogeny or physiological status of the hypha, or 
that the microenvironmental conditions of that section 
became favorable for CaOx precipitation, e.g. , nuclea
tion factors, elevated pH and available calcium. 

Punctated crystal precipitation has been observed in 
various fungi and environments (Graustein et al. , 1977; 
Arnott and Webb, 1983; Whitney and Arnott, 1986b; 
Connolly and Jellison, 1995). This precipitation at in
tervals along hyphae raises interesting questions about 
how these druse formations are controlled by these fun
gi. Export of oxalate from the cells at designated loci is 
one possible explanation. 

The tips of hyphae are the actively growing portion 
of the fungus thallus and are often thought to be sites of 
extracellular enzymatic delivery and nutrient absorption. 
It is therefore interesting that in T. abietinum hyphal tips 
can differentiate to form encrusted terminal druse struc
tures. The implicit regulation of crystal production, 
which yields encrusted tips and uniformly organized 
druses, suggests that CaOx production is more than a 
convenient disposal of metabolic waste in this fungus. 

The occurrence of occasional encrusted sections on 
the hyphae of T. abietinum is also a potentially interest-
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ing example of oxalate biominerali:zation. These encrus
tations could form one of two ways. It is possible that 
a hypha could begin to develop an elongated terminal 
druse, but then "switches back" to active hyphal tip 
elongation. This would leave an encrusted section as the 
hypha elongated beyond the crystals. Alternatively, 
these encrustations could develop as they do in F. 
pinicola: by the accumulation of adhering crystals to the 
point of encrustation. Either scenario requires differ
ential regulation of genes or gene products. 

It is an interesting observation that all of the exam
ined fungi which produce CaOx crystals do so more 
consistently and apparently at higher levels in the soil 
than on wood. Although the spatial and temporal heter
ogeneity of crystal occurrence in soil is less than in 
wood, the representative crystal morphologies are more 
diverse. Bipyramids and rods of COD are the dominant 
and consistent morphologies observed within the wood 
environment; but in this study, a range of crystal types 
was observed within the soil. A far greater number of 
interpenetrant twins, needle-like and plate-like crystals 
was observed in soil. The consistency of crystal shape 
within the wood may be evidence for the capacity of the 
fungi to maintain relatively stable conditions within the 
wood, whereas the more complex and heterogeneous 
matrix of the soil may surpass the environmental control 
abilities of the fungi. High levels of exchangeable calci
um could stimulate CaOx production in fungi (Connolly 
and Jellison, 1994a), and it could be the greater calcium 
exchange capacity of the soil matrix that stimulates oxa
late production. 

Conclusions 

Examination of the temporal and spatial occurrence 
of CaOx crystals produced by the three species of fungi 
in this study revealed several general patterns: (1) the 
production of CaOx crystals within a species is heteroge
neous in both space and time; (2) the relative quantity , 
morphology and longevity of CaOx crystals varies 
among isolates and species; (3) all oxalate crystal pro
ducing species investigated showed the tendency to pro
duce larger, morphologically more diverse and a greater 
number of crystals in soil than within wood; and ( 4) the 
observation that encrusting crystals are limited to certain 
segments of hyphae suggests that oxalic acid production 
may be related to the developmental or physiological 
stage of hyphae, and the environmental circumstances. 

In the future, more rigorous crystal studies could 
focus on what crystal morphology might reveal about the 
microenvironment that these fungi create. Although it 
will be challenging to interpret future observations, the 
crystals produced by wood decay fungi potentially repre
sent a physical record of the microenvironment in which 
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they formed. Interpreting microenvironmental condi
tions from the patterns of crystal production and mor
phology of crystallites has potential promise in contribut
ing to an understanding of the physico-chemical environ
ment in which wood decay occurs. Whether CaOx crys
tal production by these fungi is the result of decay or is 
participating in effectuating wood decay, understanding 
the patterns of crystal production could be important in 
elucidating mechanisms oflignocellulose decomposition. 
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Discussion with Reviewers 

H. T. Horner: Based on your study, do you believe the 
ability of soil borne fungi to produce oxalate and calci
um oxalate is of major environmental importance? 
Authors: It is difficult to conclude from this study 
alone that oxalate production in soil borne fungi is of 
major environmental importance. The culture conditions 
of these experiments approximate the material habitat of 
wood decay fungi but eliminate the other biotic factors 
such as mites, non-basidiomycete fungi, plants and bac
teria. As such, it is only a model. What is clear from 
our results is that soil can be very effective in stimu
lating CaOx precipitation. Although it has not been ex
amined sufficiently, we know that oxalate is found in 
soils and that it precipitates as the calcium salt frequent
ly (Graustein et al., 1977; Fox and Comerford, 1990). 
This oxalate could be important in plant-host and patho
gen interactions in agricultural soils, in root-nutrient dy
namics in the rooting zone of forests and in the microbi
al ecology of all soils. There is evidence that much of 
the oxalate in soils and litter horizons is derived from 
fungi (Cromack et al., 1975, 1979), and there is strong 
theoretical support for the idea that the unique physico
chemical properties of oxalate, along with the l\;p of 
CaOx phases, might contribute to the heterogeneity of 
soil nutrient availability. 

H. T. Horner: It is interesting that some of the fungi 
produce crystals at specific intervals along their hyphae. 
How would you go about determining this positioning 
with respect to hyphal structure? Is it important? 
Authors: It cannot be emphasiz.ed enough how the very 
pervasiveness of CaOx precipitation is a testimony to its 
importance to these fungi (Arnott, 1995). The punctated 
nature of druse distribution along the hyphae of many 
fungi has a more implicit importance to these fungi . 
The specific points at which the druses grow are very 
likely to be either channels or pumps from which oxalate 
is exported from the cell . These may also be sites of 
calcium export. This would mean that this oxalate bio
mineralization is a highly regulated cell function; such 
functions are rarely neutral adaptive features and would 
surely be lost if they reduced the organisms' fitness . 
Cytolocalization of these pumps would be both an inter
esting and important undertaking, and could be achieved 
by a combination of pulse-chase transmission electron 
microscopy experiments and patch clamping. 

H. T. Horner: You indicate that Ca Ox is more wide
spread than expected. What do you perceive is the evo
lutionary significance of oxalate formation within the 
fungi? What about other organisms? 
Authors: In spite of the ubiquity of oxalate occurrence 
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among the fungi, we know little about the adaptive sig
nificance of oxalate production, accumulation and parti
cularly, biomineralization. The common nature of oxa
late production suggests its synthesis is either a primitive 
physiological process or one that evolved independently 
several times. The authors cannot speculate on its adap
tive significance to animals. In vascular plants, it is 
likely that it functions most often as a mechanism to se
quester accumulated calcium from the transpiration 
stream after all exchange sites in the cell wall have been 
exhausted. Among the fungi , its adaptive significance is 
probably very diverse, with oxalate often performing 
more than one important function simultaneously in an 
organism. The potential role that oxalic acid and its 
precipitation plays in controlling microenvironmental pH 
is probably the most universally important among the 
fungi . As already discussed, among the wood decay 
fungi, oxalate is likely to have a direct or indirect role 
in effecting wood decay. We think it is less likely that 
oxalate increases the fitness of wood decay fungi by pre
cipitating out calcium that might interfere with intracel
lular processes or by affording these organisms with an 
efficient carbon waste disposal system. 

M.V. Dutton: Would enzymes degrade a crystal? Do 
they not require soluble oxalate? 
Authors: It is likely that oxalate decarboxylase requires 
solvated oxalate ions or oxalic acid as the substrate. Di
hydrate crystals could begin to dissolve in lower pH con
ditions, yielding corrosion features . The dissolved oxa
late could then be degraded enzymatically. At higher 
pH levels , crystals could still lose oxalate ions off the 
surface of the crystals by desorption. The most signifi
cant difference between these two would be the rate at 
which they would occur and the degree of corrosion that 
one could observe. Although Espejo and Agosin (1991) 
did not observe CaOx clearing in G. trabeum, they did 
not investigate the ability of this fungus to degrade CaOx 
crystals that the fungus itself can produce. Our labora
tory has observed accumulation of CaOx crystals by G. 
trabeum during colonization of half strength malt agar. 
The accumulation of crystals was followed by the rapid 
and complete disappearance of such crystals in situ in 
the agar as the colony approached maturity. Hundreds 
of prismatic crystals per cubic centimeter of agar com
pletely disappeared within 5 days in these cultures. 

V. Franceschi: What is the concentration of calcium in 
the soil and soil solution of these cultures? 
M. V. Dutton: Is the greater number of crystals and 
greater consistency of their production in the soil due to 
the fact that there is more calcium in the soil than in the 
wood? 
Authors: There was ca. 200 µmol/g exchangeable cal-
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cium present in the culture soils and ca. 20 µmol/g cal
cium present in the wood. The soil solution phase cal
cium was 1.5 mmol/g. The fact that there is more cal
cium in the soil than in the wood used for these experi
ments is probably not the most important factor respon
sible for our results. It is very likely that the matrix 
effects and soil reaction are even more important than 
the calcium levels. The results of these soil block 
experiments have not been duplicated in our laboratory 
using any liquid, semisolid or agar medium containing 
levels of calcium even three times greater than that 
found in the soil used for the soil block experiments. 
More important than the calcium content or concentra
tion is the amount of exchangeable calcium with sites 
that can adsorb hydrogen ions. The exchange of calci
um for hydrogen at soil exchange sites in various soil 
matrices would render these soils resistant to the acidifi
cation of microenvironments by oxalate where it was 
produced by hyphae. Fungi might therefore respond to 
the hydrogen ion sinks and coincident buffering of the 
soil by producing larger amounts of oxalate (Connolly 
and Jellison, 1994a). It is likely this complex, matrix
dependent buffering that gives rise to the increase in 
CaOx and more variable crystal morphology in the soils. 
This exchange capacity buffering may also explain the 
greatly diminished or absent crystal corrosion among 
soil crystals. 

M. V. Dutton: The diverse range of crystals in soil sug
gests that not all the crystals are CaOx. 
Authors: The vast majority of crystal shapes observed 
in the soil are consistent with various reports of CaOx 
morphology. To our knowledge, this is the first report 
of so many crystal shapes being produced simultaneously 
by one organism. The precipitation of other oxalate 
salts is also very possible, but the precipitation of car
bonates or phosphates, for example, is very unlikely. 

M.V. Dutton: Can crystals embedded in ECM be 
called "free" crystals? 
Authors: A "free" crystal is one which is not adhering 
to or encrusting a hypha. These "free" crystals could be 
precipitated soon after the fungus has produced the oxa
late or as a result of reprecipitation from the dissolution 
of other crystals. Our extensive observations lead us to 
the conclusion that adhering and encrusting crystals are 
derived from the oxalate produced by the hypha with 
which they are associated and not as a result of reprecip
itation. The ECM could be extremely important in nu
cleating both adhering crystals and "free" crystals. Al
though matrix embedded "free" crystals may have grown 
within this matrix, the oxalate ions responsible for their 
growth are likely to have come from the mycelium and 
not one specific hypha. 
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M. V. Dutton: Would not oxalate degrading enzymes 
decompose oxalate before it had time to precipitate? 
Authors: Oxalate degrading enzymes would not neces
sarily be produced at the same time that the fungus is 
precipitating oxalate. These two processes would be 
separated in space-time during wood colonization. 
These fungi could coloniz.e wood and produce oxalate in 
the initial phases and then later, after crystals have 
precipitated, produce oxalate degrading enzymes. Col
ony ontogeny and substrate utilization are key to this 
dynamic. 

M.V. Dutton: You mention that you removed the my
celium from the wood blocks and allowed the hyphae to 
regrow over the blocks. What is the significance of this 
approach? 
Authors: Observation of mycelium that has regrown 
over the blocks allowed us to observe "free," adhering, 
or encrusting crystals of known maximum age. This 
permitted us to distinguish between crystals that had 
newly formed versus those that were simply remnants 
from earlier precipitations. Since it is clear that there is 
a dynamic of crystal formation, accumulation and disso
lution, a method was needed to distinguish between 
CaOx precipitation in the later stages of decay and those 
crystals that are not degraded in some fashion after they 
precipitate in the early stages of decay. This also al
lowed us to distinguish at what time-points during decay 
the different categories of crystals, i .e. , "free" crystals, 
adhering crystals and encrusting crystals, were pro
duced. Without doing this it would be impossible to see 
these differences. It is true, however, that newly 
formed crystals do not necessarily indicate that the fun
gus is still actively producing oxalic acid. What it 
shows is that oxalate is present and that the kinetic and 
thermodynamic conditions allow for CaOx to precipitate. 

M.V. Dutton: Three isolates of F. pinicola were used , 
but only the species is referred to in your figures. Are 
the results in the figures representative of all three 
isolates? 
Authors: The micrographs shown (Fig. 2) are repre
sentative for all three isolates. The micrographs shown 
are a mixture from the three isolates of F. pinicola. The 
degradation in very late stages of decay was only ob
served in isolate C. 
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