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ABSTRACT

Zhang, J. X., Bruton, B. D., and Biles, C. L. 1997. Polygalacturonase
isozymes produced by Phomopsis cucurbitae in relation to postharvest
decay of cantal oupe fruit. Phytopathol ogy 87:1020-1025.

Production of polygalacturonase (PG), a cell wall-degrading enzyme,
by Phomopsis cucurbitae (latent infection fungus) was studied in relation
to different carbon sources and various stages of cantaloupe fruit devel-
opment. P. cucurbitae produced multiple PG isozymes both in vitro and
in vivo. The fungus produced the highest PG activity and the greatest
number of isozymes on pectin compared with those produced on glucose,
galactose, and sucrose. Eight P. cucurbitae PG isozymes (pls 3.7, 4.2,
6.6, 7.0, 7.3, 7.5, 7.8, and 8.6) were detected in extract from inoculated
mature fruit (40 days after anthesis) by isoelectric focusing. 1sozyme
bands with pls of 4.2, 7.3, and 7.8 were the most prominent. A similar set

of PG isozymes was produced by P. cucurbitae in autoclaved mature fruit
tissue (mesocarp). When tissue discs taken from 20-, 30-, 40-, and 50-
day postanthesis fruit were inoculated with P. cucurbitae, PG activity and
the number of PG isozymes extracted from the macerated fruit tissue
discs increased with the degree of fruit maturity and ripening. Increases
in PG activity and PG isozymes were also correlated with reactivation of
latent infections and the beginning of tissue maceration. An anionic PG
isozyme (pl 4.2) was only visualized on decayed 50-day-old fruit exocarp,
as well as 40- and 50-day-old fruit mesocarp. The experimental results
support the hypotheses that P. cucurbitae PG isozymes play an important
rolein fruit decay once latent infection becomes active following harvest.

Additional keywords: catabolite repression, fruit rot.

Postharvest decay of cantaloupe (Cucumis melo L. var. canta-
lupensis Naudin), caused by severa fungal pathogens, can result
in severe losses and limit export possibilities. Phomopsis cucur-

We have reported, in abstract form, tRatucurbitae produces
several PG isozymes in vitro and in vivo (42,43). As a further step
in understanding the role &t cucurbitae PG in the fruit decay

bitae McKeen (teleomorph Diaporthe melonis Beraha & O'Brien)  process and its relation to latent infection, the current study sought
has been reported to cause serious postharvest decay of cantalotgpdetermine (i) the effect of carbon source on the production of PG
grown in the southwestern United States (5,8), Japan (32), Meisozymes; (ii) the PG isozymes produced in autoclaved fruit tis-

ico, Costa Rica, and Guatemala (B).cucurbitae infects unripe  sues and fresh fruit tissue; and (iii) PG activity and expression

fruit during net formation and goes dormant until the fruit is harof PG isozymes in relation to the decay of exocarp or meso-
vested (8,9,32). The triggering mechanisms by which the latemarp tissue at various stages of fruit development through post-
infection becomes active after the fruit ripens are unknown. harvest storage.

Plant pathogens can produce a series of plant cell wall-degrad-
ing enzymes involved in pre- and postharvest diseases (3,4,10,17).
Pathogens produce cell wall-degrading enzymes in sequence, with
pectic enzymes forming first and hemicellulose- and cellulose- Fungal culture. A P. cucurbitae isolate, Pc-1062, was isolated
degrading enzymes produced later (3,31). It is commonly acceptéidm decayed cantaloupe fruit produced at the Lane Research
that tissue maceration is the result of degradation of the pectfftation, USDA-ARS, Lane, OK. The isolate was grown on potato
fraction of cell wall polymers by endopectic enzymes (31hoAg  dextrose agar (PDA) at 25°C for 4 days and then transferred to
the pectic enzymes, polygalacturonase (PG) (EC 3.2.1.15) has bemrtoclaved soil tubes. The fungus was allowed to grow for another
associated with pathogenesis and disease severity in a variety ©flays in the soil tubes, and then stored at 4°C. The isolate, recov-
host/pathogen interactions (3,4,7,14-16,31,33,37,41). The viruleneeed as needed from storage, was grown on PDA at 25°C for 4
of pathogen strains has been related to total PG activity (27) olays prior to inoculation of fruit tissues. All experiments were
specific PG isozymes (7,14). The production of PG isozymes bgonducted at 25°C.
fungi is influenced by many factors such as in vitro and in vivo Production of PG by P. cucurbitae on different carbon
conditions, nutrients, and fungal strains (2,7,14,34,36,38,39,42,43%our ces. Modified Richard’s solution containing 10 g of KNG

g of KH,PQ, 2.5 g of MgSQ@ 7H,0, 0.02 g of FeGIH,O, 1,000
ml of distilled water, and different carbon sources was used to cul-
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ture the fungus. Carbon sources were 1% (wt/vol) pectin, sucrose,
glucose, galactose, or 0.1% (wt/vol) lyophilized fruit tissue (meso-
carp). Two 7-mm plugs dP. cucurbitae from PDA culture were
introduced into each 250-ml flask containing 150 ml of autoclaved
or filter-sterilized medium. The flasks were placed on an orbital
shaker (115 rpm) for 8 days, and the contents of the flasks were
filtered through Miracloth (Calbiochem-Behring, La Jolla, CA). Fil-
trates were centrifuged at 20,00@ for 20 min. The supernatants
were separated from other contents of the filtrate and stored at



—20°C. The dry weight of the fungal mass left on the Miracloth and@alculated by running the proteins from a pl calibration kit (pl 3—
in the filtrate was determined after being dried at 60°C for 7 days10) (Pharmacia LKB Biotechnology Inc.) on the same gels as the

Fruit inoculation. Full-slip cantaloupe fruit (cv. Magnum 45) samples and staining them with Coomassie Blue R-350 (Pharmacia
were collected from field plots at the Lane Research Station arid<B Biotechnology Inc.).
stored at 4°C for 10 days (50 days postanthesis) before inoculation.Analysis of data. Each experiment was repeated at least once,
Fruit were surface-disinfested with 80% ethanol, and tissue sarand all experiments had three or more replicates per treatment. Ana-
ples were removed with a cork borer (7-mm diameter). A PDA funlysis of variance of data was performed by a general linear model
gal plug (5-mm diameter) @ cucurbitae was placed into each of procedure using SAS (SAS Institute, Cary, NC). Treatment means
five inoculation sites per fruit. An autoclaved cotton ball waswere compared using Duncan’s multiple range st (.05).
placed behind the inoculum, the hole sealed with Kwik Seal caulk
(DAP Inc., Dayton, OH), and the fruit incubated at 25°C. After 5 RESULTS
days, the lesions from each of 20 fruit were cut perpendicularly,
and the diameter of macerated tissues was recorded. Decayed tisFruit decay. P. cucurbitae isolate Pc-1062 produced mean le-
sues were collected and stored at —20°C. sion diameters of 6.1 cm after 5 days at 25°C. The lesions were

Inoculation of fruit tissue discs. Cantaloupe fruit (cv. Mag- soft, water-soaked, symmetrical, easily distinguishable from healthy
num 45) were harvested at 20, 30, 40 (horticultural maturity), antissues, and the same as those caused by natural infections.

50 days (10 days postharvest stored at 4°C) postanthesis, resped=ffects of carbon source on fungal growth, PG activity, and

tively, from plants grown in the greenhouse. Tissue plugs (18-mnsozymes produced by P. cucurbitae. The specific carbon source
diameter) were removed from surface-disinfested fruit with a corkised affected the total PG activity and isozymes producde by
borer. The epidermis was removed and discarded. The remainiegcurbitae in shake culture (Figs. 1 and 2). The highest PG activ-
plug was sliced into exocarp (2-mm thick) and outer mesocarjpy was obtained when pectin was used as the carbon source, fol-
(10-mm thick). Six discs of each tissue type were transferred infowed by sucrose, fruit mesocarp, glucose, and galactose. There
each of three autoclaved glass plates containing moist filter papevas similar fungal growth on each of the other carbon sowitbs,
Each disc was positioned such that the exterior part was exposeide greatest growth produced on mesocarp (Fig. 3). Total PG acti-
Hyphal discs (5-mm diameter) & cucurbitae were taken from  vity produced byP. cucurbitae on different carbon sources did not
the leading edge of the fungal colony and placed onto the surfacerrelate with fungal growth on the same sources (Figs. 1 and 3).
of each fruit tissue disc. After 72 h, the edge of macerated tissue The number of PG isozymes produced on glucose, galactose,
was determined using a dissecting probe. The macerated tissaed sucrose was less than that produced on pectin (Fig.2).

was soft, water-soaked, and slightly discolored, whereas healthyrbitae, utilizing pectin, produced at least 15 PG isozymes with a
tissue remained firm and natural looking. The diameter of macepl range of 3.7 to 8.6. When the simple sugars, glucose, galactose,
ated tissue was measured, and the decayed tissues were colleated sucrose, were used as the sole carbon sources, seven PG iso-
and stored at —20°C. zymes (pls 4.0, 4.2, 4.5, 7.3, 7.5, 7.8, and 8.6) were detected on

Protein extraction from fruit tissues. Ten grams of decayed glucose and sucrose, and five PG isozymes (pls 4.0, 4.2, 7.5, 7.8,
tissues, sampled from inoculated fruit or fruit tissue discs, waand 8.6) were detected on galactose. When autoclaved fruit tissue
placed in 10 ml of an extracting buffer containing 50 mM Na-(mesocarp) was used as the carbon source in the shake culture, 10
acetate, 500 mM NaCl, and 1 mM EDTA (pH 5.0) in a centrifugePG isozymes (pls 3.7, 4.2, 4.3, 6.6, 7.0, 7.3, 7.5, 7.8, 8.2, and 8.6)
tube. The mixture was homogenized for 1 min using a polytromvere visualized (Fig. 4).

(Kinematica, Littau, Switzerland). The homogenates were cen- PG isozymes produced by P. cucurbitae in inoculated fruit.
trifuged at 32,000 »g for 20 min, and supernatants were col- Eight PG isozymes with pls of 3.7, 4.2, 6.6, 7.0, 7.3, 7.5, 7.8, and
lected. Healthy tissues processed by the same procedure served

as controls.

PG and protein assays. PG activity of the samples from shake 0.5
cultures, inoculated fruit, or tissue discs were assayed by meast
ing reducing groups. The 2-cyanoacetamide method as describ
by Gross (22) was utilized, with galacturonic acid as a standarc
One unit of enzyme activity was defined as 1 pmol of reducing
groups released per minute at 30°C. Protein was determined usi
a protein assay kit (Bio-Rad Laboratories, Hercules, CA) accord
ing to the manufacturer, using bovine serum albumin as a standarad

Detection of PG isozymes. Isoelectric focusing-polyacrylamide
gel electrophoresis (IEF-PAGE) was used to separate and visuz
ize P. cucurbitae PG isozymes. IEF gels (total acrylamide concen-
tration = 7%; and degree of cross-linking = 3%, 0.5-mm thickness

containing 5% (vol/vol) 40% ampholytes (pH 3.5 to 10) (Pharmacie

LKB Biotechnology Inc., Piscataway, NJ) were cast using an IEF

kit (Pharmacia LKB Biotechnology Inc.). Samples prepared from .

shake cultures, inoculated fruit, or inoculated fruit tissue discs wer -1 .
dialyzed against distilled water and concentrated 10-fold using

Centriprep concentrator (Amicon, Beverly, MA) with a 10,000-

molecular weight cut-off membrane before loading onto IEF gels 0.0 i

Samples (20 pl/replication) were applied, and gels were run on tr
Multiphor II apparatus (Pharmacia LKB Biotechnology Inc.) at a
power of 20 W and a maximum of 2,000 V for 2 h, including 20
min of pre-IEF. PG isozymes were detected by overlaying the carbon sources
running gel with a pectate agarose gel containing 1% agarose and . . o

0.1% polygalacturonic acid in 0.1 M Na-acetate buffer, pH S.ﬁgwﬁ'fsflg%iyagﬂﬁiiﬁmgV%Etﬁggna‘zf:;f;&lgfggﬁg;ncélge%
Incubation and staining procedures were conducted according @, respectively, as the sole carbon source. Bars indicate standard errors of
Ried and Collmer (35). The pls of the respective PG isozymes wefeur replicates.
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Fig. 2. Isoelectric focusing-polyacrylamide gel electrophoresis of polyga-
lacturonase isozymes produced by Phomopsis cucurbitae isolate Pc-1062 in
8-day shake culture using different carbon sources. pl markers are illustrated
on the left.
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Fig. 3. Growth of Phomopsis cucurbitae isolate Pc-1062 in 8-day shake
cultures using galactose, glucose, sucrose, and pectin, respectively, as the
sole carbon source. Bars indicate standard errors of four replicates.
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8.6 were detected in decayed mature fruit tissue (mesocarp) 6 days
after inoculation at 25°C (Fig. 4). PG isozymes with pls of 4.2,
7.3, and 7.8 were consistently detected as intense bands on IEF
gels.P. cucurbitae produced a set of PG isozymes in autoclaved
fruit tissue similar to those in inoculated fruit (Fig. 4). There was
no PG activity detected in extracts from healthy fruit tissues.
Effects of fruit development stages and tissue types on P.
cucurbitae PG activity, isozymes, and fruit tissue maceration.
Total specific PG activity oP. cucurbitae in inoculated fruit tis-
sue discs increased as the fruit reached maturity (Fig. 5). Three
days after inoculation, specific PG activity on 20- and 30-day-old
fruit tissue discs was significantly lowelP € 0.05) than that on
40- (horticultural maturity) and 50-day-old tissue discs. There was
no difference P = 0.05) in PG activity between 20- and 30-day-
old, or 40- and 50-day-old fruit exocarp. For fruit mesocarp, PG
activity on 20- and 30-day-old fruit tissue discs was loviRer=(
0.05) than on 40- and 50-day-old tissue discs, and PG activity on
50-day-old tissue discs was highér=£ 0.05) than on 40-day-old
tissue discs (Fig. 5). There was no differenee=(0.05) in PG
activity between mesocarp and exocarp discs at the same stages of
fruit development. PG activity was not detected from noninocu-
lated fruit tissue discs taken from the fruit at the same develop-
mental stages.
Maceration of fruit tissue discs increased as the fruit ripened
(Fig. 6). Maceration of 40- or 50-day-old fruit mesocarp discs

pl markers
'Autoclaved
Decayed
Healthy
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Fig. 4. Isoelectric focusing-polyacrylamide gel electrophoresis of polyga-
lacturonase isozymes produced by Phomopsis cucurbitae isolate Pc-1062 in
autoclaved cantaloupe fruit tissue, decayed tissue, and noninoculated tissue.
pl markers areillustrated on the left.



was 66 and 34% greater when compared with 20- and 30-day-old
fruit mesocarp discs, respectively. When fruit exocarp discs were in-
oculated with P. cucurbitae, maceration of 40- or 50-day-old fruit
tissue discs increased 70 and 22% over that observed on 20- and 30-
day-old fruit discs, respectively. There was no difference (P = 0.05)
in tissue maceration between 40- and 50-day-old fruit tissue discs.
The number of PG isozymes produced by P. cucurbitae in both exo-
carp and mesocarp discs increased as the fruit age increased (Fig. 7).
However, as the fruit matured, the number of expressed PG iso-
zymes increased and their pls decreased. An anionic PG isozyme
(pl 4.2) was only visualized from decayed discs of 50-day-old
fruit exocarp and the mesocarp of 40- to 50-day-old fruit (Fig. 7).

DISCUSSION

P. cucurbitae is a latent infection pathogen that is activated upon
fruit ripening. The triggering mechanisms by which the fungus
again becomes active are largely unknown. However, the ability
of P. cucurbitae to macerate tissue corresponded to the accumu-
lation of PG isozymes in mature fruit (40 to 50 days postanthesis).
Eight PG isozymes were detected from decayed cantaloupe fruit
tissue following inoculation with P. cucurbitae. The same set of
PG isozymes was found from fruit naturally infected with P. cu-
curbitae (data not shown). PG activity was not detected from
hedlthy cantaloupe fruit at any developmental stage, which is
consistent with other reports (8,23,28,30). The PG isozymes de-
tected from decayed cantaloupe fruit tissues were, therefore, con-
sidered to be of fungal origin.

Accumulation of PG varied depending on carbon source, and
confirmed that PG production by P. cucurbitae is not constitutive,
but is dependent on ripening-related signals. Galactose, glucose,
and sucrose suppressed, or failed to induce, total P. cucurbitae PG
activity and the accumulation of specific PG isozymes when com-
pared with pectin in shake culture, autoclaved fruit tissue, and
fresh fruit tissue. Galactose was the strongest suppressor of P.
cucurbitae PG activity and isozyme accumulation. Galactose and
other monosaccharides have been shown to catabolically repress
PG activity in many microorganisms (2,6,7,17,20,21,24,29,33).
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Fig. 5. Polygalacturonase activity of Phomopsis cucurbitae isolate Pc-1062
on different fruit tissue discs taken from cantal oupe fruit at different develop-
mental stages. Means with the same letter on each bar, for each tissue type,

are not significantly different (P = 0.05) according to Duncan’s multiple late Pc-1062 on cantaloupe fruit tissue discs at different developmental

range test.

The ahility of P. cucurbitae to grow on a carbon source was not
directly related to PG activity. Growth of P. cucurbitae on pectin,
sucrose, glucose, and galactose was similar. When ripe fruit tissue
(autoclaved mesocarp) was used as the carbon source, greater fun-
ga growth was observed than on any of the single carbon sources.
However, P. cucurbitae grown on sucrose and pectin produced
higher PG activity when compared with mesocarp. When hyphal
mass, total PG production, and specific PG isozymes are com-
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Fig. 6. Percentage of maceration of fruit tissue discs from different ages of
cantaloupe fruit byPhomopsis cucurbitae isolate Pc-1062. Means with the
same letter on each bar, for each tissue type, are not significantly different (

= 0.05) according to Duncan’s multiple range test.
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pared, it is apparent that enhanced growth does not correspond
with enhanced PG production.

Asin the current study, differencesin PG isozymes produced by
fungal pathogens in vitro and in vivo have been previously dem-
onstrated (4,36,41). Botrytis cinerea produced five PG isozymes
in shake culture using pectin as the carbon source, but produced
only one in decaying apple fruit (38,39). In our study, there were
at least 15 P. cucurbitae PG isozymes detected from shake culture
with pectin as the carbon source, but only eight isozymes were
detected from P. cucurbitae-inoculated mature fruit tissue. Auto-
claved fruit tissue used as a carbon source for P. cucurbitae yielded
10 PG isozymes, having similar pls to those produced in inocu-
lated fruit. In immature fruit inoculated with P. cucurbitae, low
levels of PG activity and very few isozymes were detected. The in
vivo experiments confirmed that the fungus produces a group of PG
isozymes that coincide with the reactivation of infection. Me-
tabolic shifts that occur from immature to ripe fruit appear to
induce these specific PG isozymes. Multiple forms of PG may
be derived from different genes or from a single gene product
that undergoes differential glycosylation (11,12,18). The ge-
netic basis of PG isozyme production by P. cucurbitae is cur-
rently unknown.

In many immature fruit, the mechanisms limiting pathogen aggres-
sion are associated with either preformed antimicrobia substances
or with phytoalexins, enzymes, or physical resistance structures
(25). In the current study, when the fruit tissue discs representing
different age cantaloupe fruit were inoculated with P. cucurbitae,
immature fruit (20 and 30 days old) exhibited a much lower per-
centage of maceration compared with mature fruit (40 and 50 days
old). This suggests that the immature fruit have biochemical or
physical factors that restrict fungal growth or production of
the cell wall-degrading enzymes by the fungus. These inhibit-
ing factors may contribute to the fungal dormancy during the
early stages of fruit development and become ineffective at
fruit maturity.

In addition, P. cucurbitae produced significantly lower PG ac-
tivity on immature fruit tissues (20 and 30 days old) than on ma-
ture fruit tissues (40 and 50 days old). Bruton et al. (10) used a
partially purified PG preparation (a mixture of different isozymes)
from decayed cantaloupe fruit to macerate fruit tissues harvested
at 20, 30, 40, and 50 days postanthesis. They observed that little
tissue maceration occurred on 20-, 30-, and 40-day-old fruit tis-
sues compared with the 50-day-old fruit tissues, suggesting a plant
metabolic PG inhibitor present in the younger fruit tissues. Patho-
gen PG-inhibiting proteins (PGIP) have been demonstrated from
severa plant species, and some of them have been purified and
characterized (1,13,19,26,40). Johnston et al. (26) purified a PGIP
from immature raspberry fruit that inhibited endo-PGs from B.
cinerea. They found that the activity of the PGIP was greatest in
immature green fruit, and its activity decreased substantially dur-
ing ripening. This decline was inversely correlated with the patho-

gen’s ability to colonize the fruit (26). Information in the current
study suggests that immature cantaloupe fruit may have a higher
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