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Fungal physiology and the formation of calcium oxalate
films on stone monuments

DANIELA PINNA

SUMMARY. Extensive, uniform, yellow-brown films are observed on many
monuments. The origin of these films, composed predominantly of calcium
oxalate, has been investigated by several authors. Oxalate film formation may
be related, in some cases, to the activity of such microorganisms as fungi,
which presumably form oxalic acid via the metabolic transformation of or-
ganic substances already present on the stone. The present work provides an
overview of the physiological factors affecting oxalate synthesis by fungi and of

oxalic acid in fungi metabolism.
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INTRODUCTION

This investigation deals with the origin of the
yellow-brown films observed on many monu-
ments (Fig. 1, 2, 3). The films are extensive, ho-
mogeneous and mainly composed of calcium
oxalate, both monohydrate (whewellite) and di-
hydrate (weddellite). According to some authors
(Matteini and Moles, 1986; Alessandrini ef al.,
1989) these films are the result of the transfor-
mation of organic substances applied to the
stone for protective and/or aesthetic purposes.

Lazzarini and Salvadori (1989) suggest that,
in some cases, bacteria and fungi may be re-
sponsible for the metabolic transformation of
the organic substances on the stone with the
final production of oxalic acid (hereinafter
referred as OA).

9 (1993)

Rossi-Manaresi et al. (1989) have demon-
strated calcium oxalate formation in exposure
experiments; bacteria and fungi found in the
samples were probably responsible for the OA
production (Ciccarone and Pinna, in press). Cal-
cium oxalate films were produced on marble
samples from cultures of Penicillium oxalicum
(Chiari et al., 1989). These films, formed of fi-
brous crystals orthogonal to the surface, are on
the whole resistant to drastic acid attack (HCI
35%).

Another hypothesis ascribed film formation
to a natural cause, i.e. to OA production from
lichens which could have colonized the monu-
ment surfaces; such colonization would have
been favoured by the unpolluted atmosphere of
the past (Del Monte and Ferrari, 1989; Del
Monte, 1991).
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Figure [. Certosa of Pavia. Fragments of Carrara
marble sculpture with Ca oxaiate films (from G. Aless-
andrini. Centro CNR «Gino Bozza», Milano).

B

Figure 2. Certosa of Pavia. Polished cross section
(90x). The colour film is a perfect replica of the
marble surface (from G. Alessandrini. Centro CNR
«Gino Bozzar, Milano).

Figure 3. Roma. Ludovisi collection, sarcophagus with
Paride judgement: thin section, Nicols x (68x). Cal-
cium oxalates in the marble fractures (from M. Ta-
basso, ICCROM, Roma).

158

This review is focused on the hypothesis invol-
ving fungi metabolism. To obtain a better
knowledge of the physiological factors involved
in oxalate synthesis in fungi and the function of
OA, papers concerning OA and oxalate produc-
tion in fungi published from 1980 to 1992 have
been examined.

OXALIC ACID SYNTHESIS IN FUNGI

Two pathways of oxalic acid synthesis have
been reported (Fig. 4).

GLUCOSE
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ACETATE + ACETYL CoA
OXALATE \\
OXALOACETATE CITRATE
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SUCCINATE GLYOXYLATE
OXALATE

Figure 4. Summary of metabolic pathwavs of oxalic
acid synthesis in fungi.

1) The hydrolitic cleavage of oxaloacetate to
oxalate and acetate. This mechanism involves
the tricarboxylic acid cycle (TCA), since oxa-
loacetate is one of the products of this cycle.
This pathway occurs in several Ascomycetes:
Aspergillus niger (Mueller, 1986), Cryphonectria
(Endothia) parasitica (Havir and Anagnostakis,
1985) and Sclerotinia sclerotiorim (Maxwell and
Bateman, 1968). Kubicek er al. (1988) suggest a
pathway of oxalate accumulation by Aspergillus
niger which occurs completely in the cytoplasm
and does not involve the TCA. The enzyme re-
sponsible for this is oxaloacetate hydrolase
which appears to be a cytoplasmic enzyme in

AEROBIOLOGIA



Aspergillus niger and is induced by shifting the
pH of the culture from 6 to 8. Aspergillus niger
is able to form oxaloacetate without the reac-
tions of the TCA because it contains a cytoplas-
mic pyruvate carboxylase. In contrast, To-
moyeda er al. (1988) suggest that in Aspergillus
niger oxalate seems to be yielded via both oxa-
loacetate and glyoxylate (see below). When py-
ruvate, citrate, glyoxylate or oxaloacetate were
added separately to the growing fungus, oxalate
was produced in all media tested. They found
enzyme activity indicative of both pathways in
the celldree extracts of the mycelia in the
growth culture.,

2) Oxalate is produced via citrate (from
TCA), isocitrate and glyoxylate. Maxwell and
Bateman (1968) studied this pathway in Sclero-
tium rolfsii and showed that the final stage is
catalysed by glyoxylate dehydrogenase, the ac-
tivity of which depends to a considerable extent
on the pH of the culture medium. The same
pathway has been attributed to Paxillus involu-
tus by Lapeyrie et al. (1987). This mycorrhizal
fungus, growing on a medium containing am-
monium, produced consistently low oxalate le-
vels. The authors suggested that in this fungus
most oxalate is synthesized via glyoxylate, be-
cause ammonium ions inhibited glyoxylate dehy-
drogenase activity.

The two mechanisms are similar to those de-
scribed for the plants (review in Franceschi and
Horner, 1980). While in the plants there is evi-
dence for another pathway, ie. the production
of OA from L-ascorbic acid, none of the papers
examined were concerned with this mechanism.

SHAPE OF CALCIUM OXALATE CRYSTALS

Studies in literature indicate that calcium oxa-
late dihydrate (weddellite) is the most common
form produced by fungi; only five studies report

the production of whewellite (Tab. I).

9 (1993)

The factors that determine the crystalline
form of the oxalate are not yet clear. According
to Punja and Jenkins (1984a) the availability of
Ca may influence the morphology and hydrata-
tion state of the crystals. Keller (1985) has pro-
posed that crystallization is genetically con-
trolled while Horner er al. (1985) have sug-
gested that high pH and a high Ca/oxalic acid
ratio are generally necessary conditions for wed-
dellite formation. Under conditions of low pH.
weddellite becomes unstable, dissolves and is
reprecipitated as whewellite. Rao and Tewari
(1987) have suggested that the two forms are
related to the amount of water present.

In regard to the mechanism of crystal forma-
tion, Horner et «al., (1983), Powell and Arnott
(1985) and Whitney and Arnott (1986a, 1986b,
1987) have suggested that the crystals are
formed within the wall of the hyphae and. as
they increase in length, their distal ends pro-
trude through the hyphal wall. This conclusion
is in agreement with evidence for intracellular
origin of similar crystals in several higher plants
(review in Franceschi and Horner, 1980). Whit-
ney and Arnott (1986a) have pointed out that,
once the crystal protrudes. it is not clear
whether its subsequent growth is the result of
calcium and oxalic acid provided from sources
within or outside the parent hypha.

ANALYTICAL METHODS FOR OXALIC
ACID AND CALCIUM OXALATE

There are several tests to determine the
presence and quantity of OA and Ca oxalate
produced by fungi. Polarizing and fluorescence
light microscopy, scanning and transmission
electron microscopy are used to observe speci-
mens and study the crystal morphology as well
as the relationship between fungus and host
plant in the case of mycorrhizal fungi.
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Table 1.

Fungi Author(s) WED WEW  Ca oxalate
Agaricus bisporus Whitney and Arnott ('87) +
Garibova eral. (87)
Aphilloporales Keller (°85) +
Aspergillus niger Mueller ('86), Tomoyeda er al. (88) +
Basidiomycetes (litter fungi) Horner et al. (91} +
Cristulariella pyramidalis Kurian and Stelzig ('79a) +
Cryphonectria parasitica Bennet and Hindal ('§9,'90), Havir and
Anagnostakis ('83.7°85), Hilman er al. (90) +
Dasyscvpha capitata Horner et al. (85) +
Geastrum species Krisai and Mrazek ('86) +
Gaestrum minus Horner et al. ('85) + +
Gaestrum saccatum Whitney and Arnott ('86b) +
Gilbertella persicaria Whitney and Arnott ('86a.'88) -+
Hysterangium crassum Cromack et al. ('79) -+
Inocybe species Ceruti et al. ('83) +
Irpex lacteus Ketler (85) +
Leucostoma cinctaand L. personii Traquair ('87) +
Mucor hiemalis and Rhizopus orvzae Powell and Arnott ('85) +
Mycena citricolor Rao and Tewari ('87) +
Paxillus involutus Lapeyrie et al. (87) +
Lapeyrie ('88), Duchesne ('8§9) +
Penicillium oxalicum Ikotun (84} +
Chiari et al. ('88) +
Pleurotus ostearus Garibova er al. ('82) +
Radiomycetaceae
(genera Hesseltinella, Radiomyces) Benny and Khan ('88) +
Sclerotinia sclerotiorum Marciano er al. ('83), Godoy et al. (90) +
Sclerotinia trifoliorum Callahan and Rowe ('91) +
Sclerotiunt ceviporum Stone and Armentrout ('85) +
Sclerotitum rolfsii Punja and Jenkins ("84a, '85) + +
Smith et al. ('86) +
Scopuloides hydnoides Keller ('85) +
Brown rot fungi Espéjo and Agosin ('91) +
Forest litter fungi Arnott ('82) +
Fungi from compost litter Arnott and Fryar ('84) +
Fungi in semiarid environments Verrecchia ("90a, b) Verrecchia er al. ((90) + +
Mycorrhizal fungus Snetselaar and Whitney ("90) +
Wood rot fungus Arnott and Webb ('83) +
160 AEROBIOLOGIA



X-ray elemental analysis using an EDS micro-
probe connected with SEM is useful to localize
individual elements more specifically. X-ray dif-
fraction and infrared spectrometry are carried
out to determine the presence of Ca oxalate
crystals and to identify the monohydrate and the
dihydrate form. Some authors use nuclear mag-
netic resonance and mass spectrometry to deter-
mine the presence of OA.

The identification of Ca oxalate can also be
based on solubility characteristics: KMnO, titra-
tion, positive staining with silver-nitrate dithio-
oxamide and precipitation by the addition of a
calculated quantity of Ca acetate. KMnO, can
also be used to estimate the OA content.

Other useful techniques to detect OA are thin
layer and gas chromatography and UV absorp-
tion. High performance liquid chromatography
can be used to detect the concentration of OA
present in the mycelium or in the culture me-
dium. The ability of the species to utilize a cer-
tain compound from solution for oxalate syn-
thesis has been demonstrated by labeling the
compound (for example NaH'*CO;) and detect-
ing the labeled element in the OA molecule.

FACTORS AFFECTING THE SYNTHESIS
OF OXALIC ACID AND ITS FUNCTIONS

Effect of calcium, bicarbonate, nitrate, pH, light

Several papers dealt with the relationship be-
tween OA and calcium. OA formation would be
a process of biomineralization evolved by fungi
and other eukaryotic organisms as a means to
deal with high levels of calcium (Kazmierczak er
al.,, 1985).

The hypogeous fungus Hysterangium crassum
exudes large amounts of OA in the soil (Cro-
mack er al, 1979) which causes more intense
weathering of the clay within the fungal mats
than in adjacent uncolonized soil. According to
Arnott and Fryar (1984), the Ca oxalate crystals

9 (1993)

produced by forest litter fungi may be important
in the long term maintenance of Ca concentra-
tion in the soil. Mineral uptake for the sur-
rounding vegetation may be enhanced through
the gradual breakdown of the crystals. Whitney
and Arnott, examining oxalate crystals in Agari-
cus bisporus (1987) and in vitro growth of Gil-
bertella persicaria (1988), suggested that OA
production in these two fungi could act to re-
duce Ca ion concentration in the environment.

Bennet and Hindal (1989) showed that the
presence of Ca ions in a substrate stimulates
OA production in vitro by some strains of Cry-
phonectria parasitica. At high calcium concen-
tration, growth was reduced but OA synthesis
was enhanced. Ca oxalate reduces the Ca cyto-
plasmic concentration to less than toxic levels
and growth continues.

Lapeyrie et al. (1987) studied the influence of
three ions characteristic of calcareous soils, Ca’*,
HCO,~, NO,™, on oxalate production by the ec-
tomycorrhizal fungus Paxillus involutus. Since ex-
tremely high concentrations of exogenous Ca*
caused a reduction in fungal growth and a lower-
ing of oxalate concentration, the authors sug-
gested that OA synthesis is not primarily an
adaptation to calcium per se. Small additions of
bicarbonate ions substantially increased OA
production when nitrate was present. When Ca
was present, most of the OA was associated
with the mycelium, probably as Ca oxalate; in
the absence of Ca, most of the OA occurred
free in the culture medium. Calcium ions couid,
however, directly stimulate oxalate synthesis to
mantain intracellular ion balance. In this case,
OA would be involved in osmotic pressure
regulation. This study showed that bicarbonate
provides a strong stimulus to OA synthesis and,
based on this result, it is likely that bicarbonate
in calcareous soil is a major cause of oxalate
synthesis. The source of nitrogen also was found
to be very important in oxalate production.
Colonies grown on nitrate produced large quan-
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tities of oxalate in comparison to those grown
on ammonium. Nitrate assimilation produces
OH~ and the resulting proton imbalance could
stimulate OA synthesis to control cell pH. In
such a case, oxalate production in the form of
soluble Ca salt would be a mode of osmoregula-
tion, as already reported by Raven and Smith
(1976).

On the basis of previously mentioned resuits,
Lapeyrie (1988), investigating the role of bicar-
bonate ions, showed that they can be a substrate
for OA synthesis. He suggested that HCO;~
ions are incorporated into oxaloacetate by pyru-
vate carboxylase and concluded that abundant
OA synthesis seems to be specific to fungi
growing in calcareous soils, since they require
carbonate ions as a substrate where nitrate ions
are the main nitrogen source. In the symbiotic
situation oxalate synthesis by fungi could be an
efficient way of improving the host mineral nu-
trition.

Another hypothesis related to the symbiotic
situation has been suggested by Snetsselaar and
Whitney (1990). The amount of Ca released
when phosphate is liberated from polyphos-
phate granules may be substantial in Monotropa
uniflora mycorrhizal mantles. Ca oxalate crystals
can provide a solution to the problem of dispos-
ing of Ca released when the granules dissolve to
free the phosphate. Jurinak er al. (1986) have
also related mycorrhizal fungi to phosphorous
uptake by plants in semiarid soils. These authors
examined mycorrhizal Pascopirus smithii and
proposed that the solubility of Ca apatite in-
creased when oxalate was present. The result
was a marked increase in soluble phosphorus.

Other factors can influence OA synthesis.
Kurian and Stelzig (1979a) demonstrated that
the optimal pH for OA production by Crystu-
lariella pyramidalis was within the range of
3.4-4.5. Bennett and Hindal (1989) and Punja
and Jenkins (1984b), respectively, showed that
Cryphonectria parasitica and Sclerotium  rolfsii

162

accumulated the greatest amount of oxalate
when the pH of the media was 5.0.

Another study (Hillman er al, 1990) con-
cerned OA production by Cryphonectria para-
sitica under different light regimens (10,000 Ix;
2,500 Ix; dark). Oxalate accumulation was signi-
ficantly stimulated at high light intensity.

Oxalic acid as a factor in mineral weathering

OA may act as a mineral weathering factor
because of its complexing as well as its acid
properties. Kanatchinova and Kasymbekov
(1986) isolated Penicillium roquefortii and P. [i-
vidum from a Russian sandstone.
growth of P. roquefortii (Czapek medium +
sandstone) yielded calcium oxalate. The authors
suggested a relation between decomposition of
the sandstone and production of OA by fungal
activity.

Kanatchinova and Zemlyakov (1987) isolated
fungi producers of OA from Russian ores, phos-
phorites and bauxites. The biosynthetic activity
of the fungi depends on the pH of the medium
and on the quantitative content of calcium in the
natural substrate.

Verrecchia (1990a, 1990b) and Verrecchia er
al. (1990) examined calcrete soils in semiarid
environments in Israel, soils which have a par-
ticular vescicular microfabric. The calcrete hori-
zon is hardened but highly porous and all the
pores are coated with a grey layer of secondary
calcium carbonate. Two kinds of needles are
formed inside the pores: thin and regular need-
les (calcite) and filaments with very sharp spikes
(Ca oxalate) that are of fungal origin. In desert
sediments and soils, microflora are very abun-
dant, especially cyanobacteria and fungi. They
observed fungi developing in the micropores of
the limestone. Under biological control, Ca oxa-
late coexists with Ca carbonate; both contribute
to rock diagenesis. In the pores, biological activ-
ity promotes a complex cycling of Ca leading to
recementation of the matrix and further lithifica-

In vitro
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tion. Thus, the authors concluded that this kind
of calcrete is due to geological evolution as
much as to biochemical control.

Oxalic acid as a pathegenic and/or fungitoxic
factor

OA 1s moreover involved, as a pathogenic fac-
tor, in the action of plant pathogenic fungi. OA. a
strong chelator of divalent cations, disrupts the
integrity of the plant cell wall and facilitates lytic
enzyme activity. Godoy er «l. (1990) demon-
strated that mutants deficient in production of
OA from populations of UV-radiated Sclerotinia
sclerotiorum are non pathogenic on beans, even
though the mutants produce
enzymes at levels equal to the wild type. Evi-
dence from various studies (Kurian and Stelzig,
1979a; Havir and Anagnostakis, 1983; [kotun,
1984; Punja et al., 1985; Stone and Armentrout,
1985; Smith er al., 1986) indicate that OA:

1} increases the permeability of the host plas-

degradative

mamebrane,

2} decreases the pH to a value favorable for
fungi growth and the activity of the fungal endo-
polygalacturonase,

3) chelates the calcium of the cell wall, cal-
cium pectate, thus changing this polysaccharide
10 a form that can be hydrolized by the fungal
enzyme.

This role and mechanism, however, is not
completely established. Callahan and Rowe
(1991) in a study on Sclerotinia sclerotiorum,
suggested that OA is not the sole pathogenic
factor responsible for the disease, but other
macromolecular components play a codetermi-
nat role.

Marciano er al., (1983) showed that OA does
not directly effect cell-wall-degrading enzyme
activity. According to these authors, OA may
inhibit polyphenoloxidase and thus limit the
production of the phenolic oxidation com-
pounds that protect the pectic substances in the
cell walls.

9 (1993)

Three studies supported the conclusion that
oxalate could have a role of protection against
plant diseases. Doubrava er al. (1988) showed
that oxalate is a substance which induces sys-
temic resistance to anthracnose, a disease caused
by Colletotrichum lagenarium. According to the
authors, the observations of enhanced suscepti-
bility and resistance caused by oxalate are not in
conflict because cell damage of the host may be
necessary for the induction of systemic resist-
ance. Duchesne et al., (1989) suggested that OA
is a fungitoxic and/or fungistatic substance
against Fusarium oxisporum produced by mycor-
rhizal Paxillus involutus. Mucharromah and Kue
(1991) showed that oxalate induce systemic re-
sistance against plant diseased by some fungi.

Other functions of oxalic acid

OA can have other functions. Whitney and Ar-
nott (1986a, 1987) examinig oxalate production
in  Gilbertella percaria and Agaricus bisporus
suggested that the crystals:

1} can provide a physical or chemical barrier
against attacks by grazing arthropods,

2) may serve as an «exoskeletal system» (only
in G. persicaria) ensuring the rigidity of the spo-
rangiophore wall.

Two papers dealt with other mechanisms of
degradation in which OA seems to be involved.
Orlowska er al. (1986) proposed that the mech-
anism of leaching metals from their oxides is
probably linked with production of OA fungi
capable of carrying out this process. Espejo and
Agosin (1991) demonstrated that OA produced
by three brown-rot fungi has a role in cellulose
depolymerization.

CONCLUSIONS
A relationship between Ca and OA synthesis
has been demonstrated in some fungi. Excess

Ca, toxic for the cell, could be removed by pre-

163



cipitation of calcium oxalate. The primary factor
giving rise to OA formation is not yet clear.
Some authors suggested that Ca may be the pri-
mary inductive factor, while according to others
soil bicarbonate ions, acting as a substrate for
fungal growth, and nitrate have the main re-
sponsibility.

There is agreement on the conclusion that Ca
oxalate producing fungi may be very important
contributors to soil formation and that oxalate
crystals may have a role in the long term main-
tenance of Ca concentration in the soil and in
retention and/or cycling of elements necessary
for plant growth.

On the basis of the above mentioned con-
siderations, it is possible that the material of a
stone work of art, including the eventual organic
substances applied, can act as a suitable sub-
strate for oxalate production by fungi which.
therefore, would have taken part, under certain
conditions, in oxalate films production. Never-
theless, it is not yet possible to establish a rela-
tionship between fungi isolated from stone
monuments and oxalate films because only
some of them are known as OA producers;
many other species need further examination to
establish if they are OA producers or not.
Moreover, further study is required regarding
the kind of fungi which can colonize on a stone
surface and the environmental conditions which
favour such growth.

According to the data in the literature, oxalic
acid may have various functions which are not,
however, mutually exclusive, while calcium oxa-
late, too, can have several functions, although
not necessarily concomitantly.

The shape of Ca oxalate crystals is a property
of the hydratation form of the Ca oxalates. The
factors that determine the crystalline form of the
oxalates need further study.

Another topic which requires further study is
that of the oxalic acid pathway from L-ascorbic
acid. It would be interesting to know if this
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mechanism, which is one of the major precur-
sors of OA in plants, occurs also in fungi.
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