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Summary

A mangrove fungal isolate Fusarium moniliforme NCIM 1276 was found to produce the maximum extracellular endo-
polygalacturonase and pectate lyase activities in liquid medium containing 1% citrus pectin and 0.2% glucose at pH 5
and pH 8, respectively. The enzyme secretion started after 10 h, when the spores were completely germinated, and
maximum production occurred after 72 h in the extracellular medium. The production of polygalacturonase was
enhanced by 0.2% glucose and completely repressed by 1% glucose. Pectate lyase secretion was also induced by a
similar concentration of glucose in the extracellular medium and significantly decreased at 1% glucose. Quantification
of extracellular and intracellular polygalacturonase and pectate lyase protein concentrations by ELISA and immu-
nocytolocalization data suggested that glucose may control the expression of both enzymes at a transcriptional level.

Abbreviations: PG — polygalacturonase; PL — pectate lyase; PGA — polygalacturonic acid

Introduction

Plant pathogenic fungi secrete cell-wall degrading
enzymes (CWDEs) such as pectinases, which are
important in degradation of plant pectin, a polymer of
galacturonic acid found in the middle lamella of the cell
wall. Cell-wall degrading enzymes are essential for fun-
gal pathogens that do not have specialized penetration
structures as well as for necrotrophic pathogens during
the late stages of the invasion process. Pectinases are the
first enzymes to be secreted by fungal pathogens when
they attack plant cell walls (De Lorenzo et al. 1997,
Idnurm & Howlett 2001).

Polygalacturonase (PG) (EC 1.2.3.15) and pectate
lyase (PL) (EC 4.2.2.1) both act on homo-galacturonic
regions of the pectin molecule by hydrolytic and trans-
elimination cleavage mechanisms, respectively. Secre-
tion of these enzymes during infection of plants has been
reported for various plant—pathogenic fungi (Collmer &
Keen 1986; Di Pietro & Roncero 1998; Garcia-Maceira
et al. 2001; ten Have ef al. 2001), and they have also
been described in the non-pathogenic fungus Rhizocto-
nia AG-G (Machinandiarena ez al. 2005) and in several
yeasts (da Silva ef al. 2005). In addition, Sclerotinia
sclerotiorum produced several PG isoenzymes during
the saprophytic as well as the parasitic mode of growth

(Li et al. 2004). PG produced by Erwinia carotovora (Lei
et al. 1985) and Agrobacterium tumefaciens Biovar 3
(Rodriguez-Palenzuela et al. 1991) has been known
to determine virulence and cause necrosis in Vigna
unguiculata (Cervone et al. 1987). Apart from acting as
virulence factors during infection, endo-PG and PL may
also function as virulence determinants by releasing
their end products (oligogalacturonides) which act as
inducers of plant defense molecules such as phytoalexins
(Davis et al. 1984). Similarly, PL has been also impli-
cated in the pathogenicity of Fusarium solani var
pisi and Colletotrichum gloesosporioides (Crawford &
Kolattukudy 1987; Yakoby et al. 2000) thereby sug-
gesting that in nature both PG and PL are agents of
fungal pathogenicity.

Environmental conditions and medium constituents
have been known to affect the expression of PG and PL
genes in various pathogenic organisms. For example, in
an earlier study it has been shown that, in Botrytis
cinerea, PG gene expression is subject to ambient pH
and the carbon source available. These genes are found
to be repressed by glucose and induced by pectin or
polygalacturonides present in the medium (Wubben
et al. 2000), whereas constitutive PG expression was also
reported in B. cinerea (Van der Cruyssen et al. 1994).
Additionally, in Aspergillus nidulans, the secretion of PG
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occurs at low pH and PL at higher pH of the medium
(Dean & Timberlake 1989). Recently, another study
showed that during ripening of Persea americana cv.
Fuerte fruits, the pericarp pH regulates PL secretion and
affects the pathogenicity of Colletotrichum gloeosporio-
ides (Yakoby et al. 2000). These evidences suggest that
the concentration of glucose as well as medium pH or
host cell sap pH may regulate the expression of pectin-
olytic enzymes during pathogenesis.

While searching for high activity pectinase producers
from mangrove ecosystems, a fungal strain identified as
Fusarium moniliforme was isolated from decaying leaves
of mangrove plants (Rhizophora apiculata and Avicennia
officinalis) in the saline, detritus-rich mud of a mangrove
estuary on the west coast of India (18°55" N, 72°54” E)
(Rao 1996). In liquid medium containing 1% citrus
pectin as carbon source, the organism produced a single
PL at pH 8 and a single PG at pH 5 (Rao et al. 1996;
Niture et al. 2001). In the present study, we have
investigated the effect of glucose on the extracellular and
intracellular PG and PL expression under different pH
conditions by ELISA based quantification of protein
contents. Further, glucose acts as a catabolic repressor
for enzyme synthesis at cellular level, which was visu-
alized by immunocytolocalization studies.

Materials and methods

Pectin (citrus fruit 8% methyl esterified), polygalac-
turonic acid (PGA), di-, tri-, and saturated p-galact-
uronic acid, Freund’s complete adjuvant, horseradish
peroxidase (HRP), anti-rabbit IgG (whole molecule)
and paraformaldehyde were purchased from Sigma
Chemical Company USA. Tetramethylbenzidine/
Hydrogen peroxide (TMB/H;,0,) and anti-rabbits 1gG
gold conjugate were purchased from Bangalore Genei
Pvt Ltd India. Divinyl sulfone (DVS) was purchased
from Aldrich Chemical Company USA. ELISA plates
were purchased from Greiner Labortechnik Pvt Ltd
Chandigarh, India. Araldite, DMP-30 (2,4,6)tri[dime-
thylaminomethyl]phenol), glutaraldehyde and uranyl
acetate were purchased from Pelco International USA.
Wheat bran was obtained from the local market. All
chemicals and reagents were of analytical grade.

Liquid medium conditions

Fusarium moniliforme was isolated from decaying leaf
litter from a tidal mangrove estuarine ecosystem on the
west coast of India (Rao 1996). The fungus was rou-
tinely maintained on Czapek—Dox agar containing 1%
(w/v) pectin at 10 °C.

In all the experiments reported herein, a spore sus-
pension was prepared in sterile distilled water from a
5-day-old Czapek—Dox agar slant. An aliquot containing
10° spores per ml was inoculated into fresh medium. The
medium contained 37.9 mM (NH,4),SO4, 11.5 mM
K,HPO,, 14.7 mM KH,PO,; and 6.8 mM CaCl, in
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50 ml sterile glass-distilled water with 1% pectin and
0.2% glucose as carbon source except where stated. The
pH was adjusted to pH 5 for PG and pH 8 for PL with
sterile 0.1 M NaOH or 0.1 M HCI. Culture flasks were
incubated for 96 h at 200 rev/min and 30 °C. Pectin was
replaced with bD-galacturonic acid, PGA, cellulose,
starch, xylan, wheat bran and glucose in order to deter-
mine production of the two enzymes on these carbon
sources. The effect of glucose on the production of PG
and PL was studied by supplying various concentrations
of glucose (0.1-1%) in the pectin medium. Under opti-
mal culture conditions, the time course of enzyme pro-
duction was examined by harvesting the culture broth at
different time periods. Fungal biomass was harvested by
centrifugation, washed with sterile distilled water twice
and the pellet dried till constant weight at 80 °C. For
determination of intracellular PG or PL activity and
immunochemical determination of concentration, the
wet mycelial pellet was washed with sterile water and
sonicated for 1 min in acetate buffer (50 mM) pH 5 or
Tris/HCI1 (50 mM) pH 8. The cell debris was removed by
centrifugation and enzyme activity and protein concen-
trations were determined by standard assay conditions
and using sandwich ELISA as described below.

Enzyme assays

PG. The assay measured reducing sugars released from
0.3% PGA by the method of Nelson (1944) and
Somogyi (1952). The reaction mixture (1 ml) was 0.1 M
sodium acetate buffer pH 5.0 with 0.7% NaCl and
0.25% Na-EDTA. The reaction product absorbance
was monitored at 500 nm. One unit of enzyme activity is
defined as the amount of enzyme, which releases 1 pmol
of galacturonic acid per minute at 40 °C at pH 5.0
(Collmer et al. 1988).

PL. The assay measured the increase in absorbance
at 232 nm of 0.24% PGA in 60 mM Tris/HCI buffer,
pH 8.5 with 0.6 mM CaCl, at 40 °C. One unit of
lyase activity was defined as the amount of enzyme,
which produces 1 umol of unsaturated galacturonide
(6=4600 M~' cm™") per minute (Collmer ez al. 1988).

Protein concentration was determined by the Lowry
method using bovine serum albumin as a standard.

PG and PL polyclonal antisera preparation

Extracellular PG and PL produced by Fusarium in
shake flask cultures were purified as described earlier
(Rao et al. 1996; Niture et al. 2001). Polyclonal anti-
sera were raised as described previously (Niture &
Pant, 2004) and purified in accordance with the pro-
tocols given by Dunbar & Schwoebel (1990). Protein
specific antisera were purified on an immunoaffinity
matrix prepared according to the method of Sairam
et al. (1974) and the specificity of each of the two
antisera was individually checked by western dot blot
as described earlier (Towbin et al. 1979). Both the
protein specific antisera were labeled with HRP and
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the sandwich ELISA was standardized according to
Perlmann & Perlmann (1994). In all further experi-
ments unknown antigen concentrations were quanti-
fied using a standard graph of this ELISA as
described previously (Niture & Pant 2004).

Transmission electron microscopy (TEM )

Fusarium, grown on 1% pectin or 1% glucose alone in
standard liquid culture medium conditions for PG or PL
production, was fixed in glutaraldehyde, dehydrated in
an alcohol series and embedded in araldite (Mollen-
hauer 1964). Sections were cut with a glass knife on
an LKB Bromma 2088 ultratome V then picked up
onto nickel grids. Immunolabeling was carried out as
described by Horisberger & Rosset (1977). The ultra
thin sections were blocked with 1% BSA for 3 h at
25 °C and incubated with primary antibodies of either
PG or PL (1 pg/ml in PBS/T containing 1% BSA) at
4 °C overnight. Subsequently, the sections were washed
and incubated with anti-rabbit IgG gold conjugate
(1:300 dilution) for 3 h at 25 °C and then stained with
uranyl acetate for 10 min in the dark, washed with
5 mM lead citrate and viewed on a Zeiss EM 109 TEM.

Statistical analyses

Each experiment was performed at least 3 times and the
data are shown as mean+ SD where applicable. Statis-
tically significant differences between groups in each
assay were determined using a Student’s ¢-test.

Results and discussion
Western dot blot analysis

The present fungal strain Fusarium moniliforme pro-
duced a single form of PG and PL in liquid medium
containing 1% pectin at pH 5 and at pH 8, res-
pectively. The biochemical properties of these two
enzymes were totally different from each other (Rao
et al. 1996; Niture et al. 2001). Polyclonal antisera
were raised against purified PG and PL in two dif-
ferent New Zealand white rabbits and purified as
described earlier (Niture & Pant 2004). To examine
the specificity and cross-reactivity of antibodies with
antigens, western dot blotting was performed. As
shown in Figure la and b, PG antiserum did not
cross-react with PL and the PL antiserum did not
cross-react with PG antigen, thereby suggesting that
the antibodies were specific for the protein against
which they were raised. In an earlier study, we have
shown that the antibodies did not cross-react with any
other intra- or extra-cellular protein of F. moniliforme
(Niture & Pant 2004). After labeling with HRP, these
protein-specific antibodies were used for ELISA-based
quantification intra-or extra-cellular PG and PL con-
centrations.
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Figure 1. Western dot blots of PG and PL (a) PG western dot blot.
(b) PL western dot blot. Spot 1: PL antigen (0.2 ug)-coated. Spot 2: PG
antigen (0.2 ug)-coated

Effect of different carbon sources on the production of PG
and PL activity

The present fungus was isolated from decaying leaves of
mangrove plant where its mode of nutrition is sapro-
phytic rather than pathogenic. Under laboratory con-
ditions when F. moniliforme was grown in medium
containing different carbon sources, it produced both
the pectin-degrading enzymes, viz., PL and PG at pH 5
and at pH 8 (Table 1), irrespective of whether the
medium contained D-galacturonic acid, PGA, pectin,
cellulose, starch, xylan or wheat bran (1%, w/v each). In
the presence of 1% pectin, the production of both
enzymes was substantially enhanced (0.23 U/ml for PG
and 3.6 U/ml for PL) as compared to other carbon
sources. In contrast, in the presence of 1% (w/v) glu-
cose, no measurable PG activity was detected in the
extracellular medium at pH 5. However, a low level of
PL activity (0.05 U/ml) was detected even in the pres-
ence of 1% glucose only at pH 8 under the standard
assay conditions.

Effect of glucose on extracellular enzyme production
To examined the role of glucose on the regulation of

PG and PL production, the isolate was grown in the
presence of different concentrations of glucose (0.1-1%)

Table 1. Effect of different carbon sources on PG and PL production
at pH 5 and 8, respectively.

Substrate (1% w/v) PG (U/ml) PL (U/ml)
D-galacturonic acid 0.12+0.01 0.16+£0.12
Polygalacturonic acid 0.21+0.03 2.2+0.23
Pectin 0.23+£0.08 3.6+£0.51
Cellulose 0.013+0.012 1.0+£0.23
Starch 0.08+0.02 0.3+0.08
Xylan 0.06+£0.01 0.6+0.03
Wheat bran 0.04+0.001 1.74+0.01
Glucose ND 0.05+0.01

Each value represents the mean of replicated values +SE. Enzyme
activities were determined after 96 h of fungal growth.
ND: not detected.
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Table 2. Effect of glucose on extracellular PG and PL production at pH 5 and 8 in 1% pectin medium.

Glucose % (w/v) Biomass (mg/ml) PG (U/ml) PG (ug/ml) PL (U/ml) PL (ug/ml)
0 2.1+0.02 0.23+0.1 5.1+0.1 3.6£0.12 18.240.03
0.1 41405 0.25+0.3 5.7+0.21 40402 2+1.3
0.2 58+0.3 0.28+0.01 7740.3 8.1+0.4 272424
0.4 6.1£0.2 0.140.01 3.240.65 6.240.81 208+1.5
0.6 6.3+0.1 0.1£0.01 1.540.1 434044 12.740.6
0.8 6.3£0.2 0.02+0.001 0.28+0.1 2.0£0.01 8.1+0.3
1.0 6.4+0.2 ND ND 1.6+0.1 50+0.1

All values are 96 h after inoculation. Each value represents the mean of replicated values + SE. Protein concentrations were determined by

Sandwich ELISA.
ND: not detected.

with the same concentration of pectin (1%) at different
pH values and fungal biomass, extracellular activities
and protein concentrations were measured. On
increasing the glucose concentration in the combined
medium (pectin + glucose), an increase in the biomass
from 4.1 mg/ml at 0.1% to 6.4 mg/ml at 1% was ob-
served (Table 2). PG activity and protein concentration
was also increased with increasing glucose concentra-
tion of the medium from 0.1 to 0.2%. However, at
high glucose concentrations (0.4-1%), a gradual de-
creased in enzyme activity and PG protein concentra-
tion was observed, which was undetectable at 1%
glucose concentration under the given assay conditions.
These data indicate that at higher glucose concentra-
tions, PG production was repressed, whereas an initial
concentration of 0.2%, glucose (w/v) was required for
induction of the enzyme. On the other hand, measur-
able PL activity was observed irrespective of the glu-
cose concentration up to 1% at pH 8 (Table 2).
Maximal PL production (27.2 ug/ml) as well as enzyme
activity (8.1 U/ml) was noted in the presence of 0.2%
glucose, which decreased at higher glucose concentra-
tions (Table 2). It was also noted that, the organism
also produced a higher amount of PL activity and
protein concentrations compared with PG in the cor-
responding media. While no detectable PG protein was
observed in 1% glucose medium, measurable amounts
of PL activity (1.6 U/ml) and PL specific protein (5 ug/
ml) were detected. This suggests that although the
overall production of PL protein was repressed on
increasing the medium glucose concentrations complete
repression was not observed as with PG. Hence, it may
be suggested that, the production of these enzymes in
Fusarium is dependent on the balance between the
availability of substrate (pectin) and catabolite repres-
sor i.e., glucose. A similar case was found in the pro-
duction of pectinolytic enzymes from Aspergillus sp
(Aguilar & Huitron 1987). The effect of varying the
pectin concentration on PG and PL production showed
that 1% pectin along with 0.2% glucose was essential
for maximum production of both enzymes (0.28 U/ml
of PG, and 8.1 U/ml of PL) whereas, lower or more
than 1% (w/v) concentration of pectin decreased the
production of both enzymes in the extracellular med-
ium (data not shown).

Effect of glucose on intracellular synthesis of PG and PL

Next we studied the effect of glucose on the intracel-
lular synthesis of PG and PL in the presence of pec-
tin. When the fungus was supplied with pectin
(1%)+ glucose (0.2%), the organism synthesized
maximum intracellular PG and PL (PG 77+4.5 ng/mg
of biomass, PL 82+5.3 ng/mg of biomass) at pH 5
and at pH 8, respectively compared with pectin alone
(Figure 2). However, in the presence of 0.5-1% glu-
cose along with 1% pectin, there was a 95% decrease
in intracellular PG production. The effect of glucose
on PL synthesis was slightly different than with PG.
In the presence of 0.5% glucose only ~20% reduction
in the intracellular concentration of PL was observed
whereas, at 1% glucose concentration there was an
80% decrease in PL synthesis compared with 0.2%
glucose and 1% pectin. Interestingly, when the fungus
was grown in the presence of glucose alone, the
organism synthesized significant amount of PL (15 ng/
mg biomass) however, intracellular PG concentration
was not detectable under these conditions. These data
clearly indicate that glucose acts as a catabolic
repressor for PG synthesis. Similar results were pre-
viously reported by De Lorenzo et al. (1987) using
their fungal strain of F. moniliforme, which produced
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Figure 2. Effect of glucose on intracellular protein concentration of
PG and PL at pH 5 and 8. The intracellular protein contents of PG and
PL were determined by sandwich-ELISA as described in Materials and
methods section. Pec. = Pectin. Glu. = glucose.
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Figure 3. Time course of PG and PL production in liquid medium by F.

several PG isoenzymes and showed that glucose
repressed the PG mRNA and protein production.

Time course of PG and PL production

The time course of PG and PL production at pH 5 and
at pH 8 during spore germination was studied. Fusarium
spores were inoculated into fresh medium containing
1% pectin, and spore germination was observed under
the light microscope. After 8 h of incubation at 30 °C,
germ tube formation was observed and 80% of the
spores were germinated within 10 h. Septum formation
and mycelium development began at 10 h after inocu-
lation (data not shown). Both PG and PL protein
contents as well as activities were detected in the extra-
celluar medium by 10 h after inoculation (Figure 3a and
b). In contrast, Barashi (1968) has studied endo-PG
secretion during spore germination of Geotrichum can-
didium and showed that the release of the enzyme into
the extracellular medium occurred even prior to germ-
tube formation. The present isolate did not secrete either
PG or PL during the early stages of spore germination.
The maximum increase in PG and PL occurred between
24 and 72 h after inoculation and in both cases, the
production reached a plateau after 72 h with no further
increase in either protein production or enzyme activity
being observed (Figure 3a and b).

Immunocytolocalization of PG and PL

Transmission electron micrographs of Fusarium micro-
conidia showed that, when the fungus was grown in the
presence of 1% (w/v) glucose alone at pH 5, no intra-
cellular PG protein signal was detected in the micro-
conidia or mycelium (Figure 4a). In contrast, in the
microconidia or mycelium of Fusarium when grown on
1% pectin-containing medium an intracellular PG sig-
nal was detected by immunostaining. Intracellular PG
protein was localized at the vacuolar region as well as
near to the inner side of the cell membrane (Figure 4b,
arrow). This data again supported the earlier results

PG (U/ml)
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moniliforme at pH 5 and at pH 8. (a) PL. (b) PG.

where in the presence of 1% glucose no extra- or intra-
cellular PG protein was detected by ELISA (Table 1,
Figure 2). Generally in fungi, vacuolar protein trans-
port systems for extracellular secretion of protein have
been reported (Takegawa et al. 2003). In the current
study, we observed the accumulation of PG protein in
the vacuole attached to the inner cell membrane (Fig-
ure 4b) possibly prior to extracellular secretion. Thus
the TEM and ELISA data suggest that, in Fusarium the
synthesis of intracellular PG and its eventual secretion
were induced by pectin but not by glucose, which acts
as catabolite repressor. Catabolite repression of PG and
PL synthesis by glucose during saprophytic growth
conditions and during pathogenesis has been reported
in a number of fungi (Dean & Timberlake 1989; Di
Pietro & Roncero, 1998; Wubben et al. 2000; de las
Heras et al. 2003) including F. moniliforme (De Lorenzo
et al. 1987) and a similar situation was observed in the
present study. On the other hand this fungus produced
about 1.2% of PL activity in the presence of glucose as
compared with pectin (Table 1) suggested that, even
1% of glucose did not repress PL synthesis completely.
Similarly, when the fungus was grown in the presence
of glucose, a lower signal of PL was detected by im-
munostaining compared with pectin-grown mycelium
(Figure 4c and d). Intracellular PL was also found to be
localized in the vacuole attached to the inner cell
membrane (Figure 4c). However, its synthesis was
found to be substantially induced by pectin and the
majority of PL molecules were localized near to the cell
wall components possibly prior to extracellular secre-
tion. (Figure 4d, arrow). These data suggests that
intracellularly, although the production of PL in the
presence of glucose was reduced as compared to pectin,
total repression of PL did not occur at a concentration
of 1% glucose. Thus, ELISA data and immunocytolo-
calization results confirmed glucose as a catabolic
repressor for PG synthesis in F. moniliforme. The
detailed molecular mechanism to support this hypoth-
esis and the role of other sugars or oligogalacturonides
in the regulation of PG and PL during plant patho-
genesis is underway in our laboratory.
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Figure 4. Immunocytolocalizaton of PG and PL. PG antibody used. (a) Glucose-grown microconidia of Fusarium, (V, Vacuole) (b) pectin-grown
microconidia of Fusarium (arrow indicates the gold particles localized at the inner side of the cell membrane). PL antibody used. (c) Glucose-
grown mycelium segment of Fusarium, (d) pectin-grown mycelium segment of Fusarium (arrow indicates the gold particles localized near to the

cell wall components).
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