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Induction of polygalacturonase and the
formation of oxalic acid by pectin in brown-
rot fungit

F. Green lll,* C.A. Clausen, T.A. Kuster and T.L. Highley

Extracellular polygalacturonase (PG) production was estimated in vitro, using liquid cultures of three species of
brown-rot decay fungi (Postia placenta, Gloeophyllum trabeum and Serpula incrassata), by cup-plate assay, assay of
reducing sugars, and decrease in viscosity. Although all three experimental assays demonstrated that PG was
induced by pectin in all three fungi, decrease in viscosity gave the best correlation with decay capacity in soil
block tests. PG activity, determined as an increase in reducing sugar activity, was greatest in G. trabeum and
weakest in S. incrassata. The optimum pH for PG activity was between pH 2.5 and 4.5. Oxalic acid production
was also enhanced by pectin and functioned synergistically with PG activity. We conclude that these fungi
produce PG that is best induced by pectin and that PG activity exceeds production of xylanase and endoglucanase
activity in vitro. Polygalacturonase is likely to act synergistically with oxalic acid to solubilize and hydrolyse the
pectin in pit membranes and middle lamellae. Thus, production of PG and oxalic acid should facilitate early spread
of hyphae and enhance the lateral flow of wood-decay enzymes and agents into adjacent tracheids and the wood

cell wall, thus initiating the diffuse decay caused by brown-rot fungi.
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In a preliminary report on the formation of oxalic acid by
brown-rot fungi, it was observed that pectin was a more
efficient inducer of oxalic acid in Postia placenta than other
hemicellulosic or cellulosic substrates (Green et al. 1994).
Many studies on oxalic acid production by wood-decay
fungi have focused on the possible role of oxalate in cellu-
lose or hemicellulose hydrolysis (Schmidt el al. 1981; (Bech-
Anderson 1987; Espejo & Agosin 1991; Shimada et al. 1994).

Studies of pectin-hydrolyzing enzymes in wood-decay
fungi are scarce, probably because of the relatively low
content (trace to 4%) of pectin in solid wood (Kertesz
1963). The low pectin content may be misleading in terms
of the importance of pectin during early decay because
most pectin is located in the central region or torus of the
pit membranes and in the compound middle lamellae (CML)
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of the wood cell wall (Tschernitz & Sachs 1973; Murmanis
& Chudnoff 1979; Militz 1993b).

The effects of treating conifers with commercial pectinase
enzymes to improve penetration of preservatives have
been thoroughly studied. Tschernitz (1973) demonstrated
that the penetration of Douglas-fir sapwood increased fol-
lowing commercial pectinase (Pectinol) treatment. Gjovik
(1977) showed increased penetration of creosote following
Trichoderma colonization of conifer wood. The mould
fungus Trichoderma viridae reduced the pectin content of fir
wood to the same degree as pectinase enzymes (Sharma &
Kumar 1979). Experiments have also been conducted to
determine if removal of pit membranes by treatment with
pectin-degrading enzymes would increase the flow rate of
preservatives into the sapwood of pine tracheids (Nicholus
& Thomas 1968; Militz 1993a).

The objective of the present study was to survey polygalac-
turonase (PG) activity in three taxonomically diverse brown-
rot Basidiomycetes grown in liquid culture. In addition,
degradation of the bordered pits in wood blocks decayed by
P. placenta was studied by transmission electron microscopy.
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Figure 1. Changes in pH and oxalate concentrations in liquid
cultures of brown-rot fungi supplemented with pectin (a, b),
cellobiose (c, d) or both (e, f). O—P. placenta MAD-696; @—P.
placenta ME-20; V-—G. trabeum MAD-617; ¥-S8. incrassata
MAD-563.

Materials and Methods

Fungi

Four strains of brown-rot fungi [Postia placenta (Fr.) M. Las. et
Lomb. MAD-698 and ME-20, Gloeophyllum trabeum (Pers. Fr.)
MAD-617 and Serpula incrassata (Berk. & Curt.) Murr. MAD-563]
were maintained on malt/agar. Pectin/agar plates were prepared
by adding 1 g ammonium oxalate, 2 g citrus pectin (Sigma) and
3 g agar to 200 ml water (Highley 1973).

Liquid Cultures

Baileys minimal media (BMM; pH 4.0 to 4.4) (Highley 1973),
50 ml, was supplemented with 50 mg pectin, 50 mg cellobiose or
25 mg of each. Flasks were inoculated withi ml 10-day-old liquid
culture (BMM inoculated with malt/agar plug) and incubated at
room temperature on a rotary shaker at 200 rev/min for 14 days.
Aliquots (1 ml) were removed after 3, 7, 10, and 14 days for
determination of pH, oxalate and PG. The fungi were also
assessed for their ability to use pectin as a sole carbon source on
2% purified agar.

Oxalate, protein and Enzyme Assays.
Oxalic acid was estimated using a micro-adaptation of a commer-
cia assay (Sigma).

Protein concentrations were measured using the commercia
BCA protein assay reagent (Pierce Chemical, Cockeysville, MD),
with BSA as standard.

Polygal acturonase was measured by a cup-plate assay (Dingle
et al. 1953), a micro-adaptation of the Nelson-Somoygi reducing
sugar assay, using 1% sodium polypectate as substrate (Green et
al. 1989a), and by the reduction in viscosity of sodium polypectate
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and citrate pectin (Highley 1968, 1973), measured in a Cannon-
Fenske viscometer.

Xylanase and cellulase were also estimated by reducing sugar
assays, using 1% CM-cellulose (CMCase) and 1% xylan,
respectively. (Green et al. 1989b)

Viscometric data are expressed as 10,000/t,, per ml enzyme
solution, where f,, equals the time(s) for the relative viscosity of
the solution to be reduced by50% at 40°C.

Soil Block Tests and Microscopy

Weight loss of southern yellow pine blocks (6 x 6 x 4 mm) was
determined according to American Society for Testing and Materi-
als D-2017 (Anon. 1991). Some blocks from the tests were also
fixed in 4% glutaraldehyde in 0.1 m phosphate buffer, post-fixed
in 1% Os0,in 0.1 m phosphate buffer, rinsed in water, dehydrated
in ethanol and embedded in Quetol 651 (Electron Microscopy
Sciences, PA). Thin sections were photographed on a Hitachi
H300 transmission electron microscope.

Results

Experiments were performed to determine if a representa
tive group of brown-rot Basidiomycetes could utilize pectin
sole carbon source and if the pectin-degrading enzyme PG
or oxdic acid could be detected in liquid cultures containing
pectin, cellobiose or both.

Growth on Pectin/agar

All brown-rot fungi tested grew readily on purified agar
with pectin as the sole carbon source at pH 4.22. Gloeophyl-
lum trabeum (MAD-617) aso formed rudimentary basidioma
after 4 weeks.

Growth in Liquid Culture

All three brown-rot fungi grew readily in minimal salts
medium with pectin, cellobiose or both carbon sources added
(Figure 1). In general, pectin induced low pH and production
of oxalic acid to a greater extent than did cellobiose,
especialy with S. incrassata (Figure 1). Serpula incrassata
produced the most oxaate (1.44 mwm) and the most acidic
conditions (pH 2.77) in minimal salts medium supplemented
with both pectin and cellobiose. Conversely, P. placenta ME-
20 produced very low concentrations of oxalic acid, and the
pH of the medium in which it was cultured increased from
about 4.2 to between 4.5 and 5.0 after 2 weeks in culture.

Estimation of Polysaccharidases Activity
Nearly all enzyme activities peaked 10 days post-inoculation
and generaly followed the order PC > xylanase > CMCase
(Figure 2). Polygalacturonase activity was usualy greatest
when the minimal sats medium was supplemented with
pectin. The exception was ME-20, which produced more PG
when both pectin and cellobiose were used. The greatest PG
activity estimated was in G. trabeum grown on pectin alone.
To estimate the optimum pH range of the PG, filtrates
of 10-day-old cultures were also tested for increased reduc-



induction of formation of polygalacturonase and oxalic acid by pectin

Table 1. Estimation of polygalacturonase activity, by reduction in viscosity of either sodium polypectate (20 g. ) or pectin (20 g 1), in
relation to oxalic acid production, and weight loss in southern yeliow pine wood blocks.

Viscosity reduction (10,000/t,)

had relatively low activity and narrower optimal pH range

Oxalate Weight loss
Fungus Sodium polypectate Pectin (umol/mg dry wt) (%)
None 0 [
P. placenta MAD-698 28.3 17.4 39 59
P. placenta ME-20 6.0 38 12 9
G. trabeum MAD-617 12.9 9.7 39 50
S. incrassata MAD-563 74 2.3 48 50

ing group activity, using 1% sodium polypectate as sub-

2oor wor strate in oxalate and citrate buffers ranging from pH 2.5 to

1000 L 1000 5.75 (Figure 3). Postia placenta and G. trabeum showed

800 maximum production of reducing sugars and optimal activ-

t ity from pH 2.8 to 4.5 in oxalate buffer. Serpula incrassata
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Figure 2. Induction of xylanase, CMCase of polygalacturonase
in liquid cultures of the brown-rot fungi P. placenta MAD-698 (a),
P. placenta ME-20 (b). S. incrassata MAD-563 (¢) and G. trabeum
MAD-617 (d) supplemented with pectin (O), ceilobiose (V) or
both (), as measured by increase in reducing sugars. — =
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Figure 3. Optimal pH of polygalacturonase from P. placenta
MAD-698 (O), P. placenta ME-20 (@). G. trabeun MAD-617 (V)
or S. incrassata MAD-563 (V), estimated in oxalate (——) or
citrate buffer (... .).

(approx. 3.5 to 4.0). Citrate buffer always gave lower
activities than oxalate (Figure 2).

When PG activity was estimated by the reduction in
viscosity of pectin or polygalacturonate, P. placenta MAD-
698 had the greatest activity (Table 1). The senescent
isolate of P. placenta, ME-20, had low PG activity, low
production of oxalate (umol/mg) and gave very low weight
loss of wood blocks in the soil block tests (Table 1).
Although S incrassata MAD-563 had the least PG activity,
it also had the greatest oxalate production and a decay
capability similar to those of G. trabeum MAD-6 17 and P.
placenta MAD-698.

When polygalacturonase activity was assessed by the
cup-plate assay, it was visible in P. placenta MAD-698 and
ME-20 in cultures supplemented with pectin or pectin/cello-
biose, but no precipitate was visible with cellobiose alone
(Figure 4). Although G. trabeum showed maximum activity
in cultures with pectin alone, S incrassata only showed
dight PG activity in such cultures.

Ultrastructural Examination of Wood Blocks

To confirm the attack of pectin-rich areas of wood during
decay by brown-rot fungi, southern yellow pine wood
blocks exposed to P. placenta MAD-698 and ME-20 were
examined by transmission electron microscopy. Figure 5a
shows P. placenta MAD-698 penetrating a tracheid-bordered
pit membrane 10 days after colonization. Conversely, Figure
5b shows P. placenta ME-20 on both sides of an apparently
intact pit membrane on day 31. The majority of pit mem-
branes in blocks infested with strain ME-20 remained
Intact.

Discussion

The results from this study confirm that selected brown-rot
fungi can use pectin as sole carbon source and that pectinis
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Figure 4. Cup-plate assay for polygalacturonasein liquid cul-
tures of brown-rot fungi supplemented with pectin (P), cellobiose
(C), or both (CP). 1to 3-P. placenta MAD-698 on P,C and CP,
respectively; 4 to6-P. placenta ME-20 on P,C and CP, respec-
tively; 7to 9--G. trabeum MAD-617 on P,C and CP, respectively:
10 to 12—S. incrassata MAD-563 on P,C and CP, respectively;
A-commercial pectinase (1 mg/ml); B-commercial cellulase

(1 mg/ml).

an efficient inducer of both oxalic acid and PG during
growth of brown-rot fungi in vitro. The production of
many extracellular pectinases by microorganisms is known
to be induced by the presence of pectic materials in the
culture medium (Galiotou-Panayotou et al. 1993). Micales
(1994) showed that oxalic acid was induced in P. placenta
MAD-698 when galacturonic acid was used as carbon
source. The genera of brown-rot fungi used in the present
study were selected to represent the three families of
brown-rotters: Polyporaceae; Coniophoraceae; and Gloeo-
phylaceae. The present results indicate that PG and oxalic
acid function in concert to degrade pectic substances, especi-
ally those in the torus of bordered pit membranes (Tscher-
nitz & Sachs 1973). They provide the first experimental
evidence to support the suggestion that fungal decomposi-
tion of pectin is of importance during incipient wood decay
by brown-rot fungi (Highley 1973; Espejo & Agosin 1991;
Dutton et al. 1993; Evans et al. 1994). Three previous
studies addressed the presence of pectinase enzymes in
brown-rot fungi (King 1966; Highley 1976; Jennings 1991).

Their capacity to solubilize and hydrolyse pectic sub-
stances might provide brown-rot fungi with a competitive
advantage over other fungi. Solubilization of the bordered
pit membranes of tracheids during incipient brown-rot
decay would not only provide non-lignified carbon sources
(pectin, hemicellulose and cellulose) for growth but would
also provide access to adjacent tracheids (Figure 6). Cowling
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Figure 5. Transmission electron micrographs of bordered pits of
southern yellow pinein soil block test (a) 10 days post-inocula-
tion with (a) P. placenta MAD-696, showing hyphae penetrating
the bordered pit membrane (arrow), and (b) 31 days post-inocula-
tion with P. placerrta M E-20, showing hyphae on both sides of
the pit membrane but no penetration. Bar = 1 ym.

(1961) and Wilcox (1968) reported that, during early
brown-rot decay by Postia sp., the hyphae ramified through
the entire wood block prior to 5% weight loss, largely by
penetration of simple and bordered pits. In addition to the
pit membranes, the pectin in the compound middle lamellae
(Figure 6) may also be solubilized, thus weakening the
structural cement between tracheids. Meier & Wilkie (1959)
reported cellulose (36%), pectin (20%), and glucomannan
(8%) in the CML of pine tracheids. Large gaps or pockets
were seen during ultrastructural studies of brown-rot decay
(Highley & Murmanis 1985).

The synergistic effects of oxalic acid and pectinase en-
zymes have been well established for numerous piant-patho-
genic fungi, including Sclerotiumrolfsii in beans (Bateman &
Beer 1965), Rhizoctonia in potatoes (Arnadioha 1993) and
Aspergillus niger in onion bulbs (Tanaka & Nonaka 1981).
The oxdic acid serves to lower the pH of the host cells to



Torus of ‘
pit membrane ¥

Figure 6. Bordered pit structure and its relationship to the
layers of the wood cell wall of tracheids. Note that the bordered
pit membraneisnot aspirated. Cell wall layers: Middlelamella
(ML), primary wall (P), S1, S2, S3.

amore favorable range for enzyme action and combines
with the calcium associated with the pectin to facilitate
hydrolysis by PC (Bateman & Beer 1965). Such effects
have been observed during the hydrolysis of the middle
lamella (Bateman & Beer 1965; Collmer & Keen 1986). A
similar chain of events would be expected to occur during
incipient brown-rot decay. The pH of wood blocks de-
creased rapidly to pH 1.7 during the first week of coloniza-
tion with P. placenta MAD-698, concurrent with an increase
in oxalic acid (Green et al. 1991, 1992). The optimum
activity for the endopolygalacturonase of Rhizopus sp. LKN
was 4.5 to 4.75, athough some activity persisted above
pH 7 (Elegado & Fujio 1994).

Transmission electron micrographs of wood blocks de-
cayed by MAD-698 and ME-20 demonstrate that MAD-
698 could penetrate the bordered pit membranes in 10
days, but ME-20 was not able to penetrate pits in 31 days.
Although ME-20 demonstrated PG activity equivalent to
MAD-698, when this was determined by reducing sugar
assay, its ability to reduce the viscosity of sodium polypec-
tate was much less than that of MAD-698. The MAD-698
enzyme sample did contain measurable oxalate, and ME-20
was previously shown to be a non-accumulator of oxalic
acid upon colonizing wood blocks, there being no rapid
decline in wood pH (Green et al. 1992). This inability to
accumulate oxdic acid by ME-20 was recently shown by
Micales (1995) to be the result of overproduction of extra-
cellular oxalate decarboxylase. Thus, lack of oxalic acid ac-
cumulation may preclude effective hydrolysis of pectin by the
PC of ME-20 and thus prevent penetration of wood blocks.

Induction of formation of polygalacturonase and oxalic acid by pectin

In summary, al the brown-rot fungi tested produced PC
activity and oxalic acid in response to pectin as a carbon
source. The greatest PG activity was demonstrated in P.
placenta MAD-698 and G. trabeum MAD-617. The greatest
oxaate production was in S incrassata MAD-563. The
weak decay isolate, ME-20, accumulated low oxalate and
produced weak PG activity as shown by viscosity reduc-
tion. Oxalic acid was shown to facilitate PG activity,
presumably by acting on the substrate as an effective
chelator of Ca”, which results in solubilization of protopec-
tin and ready access of pectic acid to hydrolyzing enzymes.
Thus, pectin hydrolysis forms a positive feedback loop
with oxalic acid production during incipient brown-rot
decay, facilitating hydrolysis of bordered pit membranes
and colonization of the entire wood block prior to measur-
able weight loss, as observed by Wilcox (1968). A reduction
in either oxalic acid or pectin-hydrolyzing enzymes may
interfere with initiation of the decay process, as observed
with the senescent P. placenta ME-20.
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