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Abstract

This study investigated the relationships between pathogenesis, types of symptoms and in vitro production of
cell-wall degrading enzymes by P. violae, P. sulcatumand P. ultimum. The three pathogens, considered as the three
Pythiumspeciesprincipally responsiblefor cavity spot on carrot roots, secreted only low levelsof fatty acid esterases
activity, suggesting they havelimited ability to degrade suberin in the walls of the outer cell layers of carrot tissues.
Among the enzymes that degrade cell-wall polysaccharides, only pectate lyases and cellulases were produced by
P. violae, and these were produced late and in small amounts: the symptoms caused by P. violae were limited and
typical of cavity spot. Conversely, P. ultimum caused maceration of tissues, and secreted polygal acturonases and
(3-1,4-glucanasesearlier and in larger amountsthan P. violae. P. ultimum also produced alarge diversity of proteins
and cellulase isoenzymes. Although secreting all the monitored enzymes in higher quantity than the two previous
species, P. sulcatumwas responsiblefor only typical limited symptoms of cavity spot, with abrown colouring. The
role of plant reactionsinduced in responseto early pectinolytic enzyme production by P. sulcatum may account for
this apparent inconsistency.

Abbreviations: A7 — absorbance at 276 nm; CWMCP — cell-wall material containing protopectin; pl —isoelectric
point.

Introduction the disease. P. ultimum, which has a very wide host

range (Plaats-Niterink, 1981), isalso commonly isol at-

Cavity spot of carrots, aroot disease caused by Pythi-
umspp., resultsin severeyield losses aswell asreduc-
tionsin quality wherever this crop is grown intensive-
ly. The significant role of the slow-growing species P.
violae in the development of this disease was estab-
lished ten years ago by Groom and Perry (1985), and
described more precisely by White (1986) and Mont-
fort and Rouxel (1988). Other Pythium species may
also beinvolved in thisroot disorder. In Europe, White
(1986) and more recently Guérin et al. (1994) demon-
strated the role of the slow-growing P. sulcatum as
well as of the fast-growing P. ultimum, P. irregulare,
P. intermedium and P. sylvaticum in the etiology of

ed from cavity spot lesions on carrotsin the USA, and
so is considered as the second most important species
after P. violae (Vivodaet a., 1991). Similarly, Benard
and Punja(1995) demonstrated that among eight Pythi-
um species aggressive on carrots in British Columbia,
the most highly aggressive were P. violae, P. ultimum
and P. sulcatum. Finally, another fast-growing species,
P. coloratum, has been described as responsible for
symptoms on carrot roots in Western Australia (El-
Tarabily et a., 1996).

It therefore appearsthat cavity spot may be caused
by several Pythium species, differing by morpholog-
ical (Plaats-Niterink, 1981), biological, biochemical
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(Guérin et al., 1994), and molecular criteria (Briard
et al., 1995). Though their relative importance varies
among geographical areas, multiple species may be
isolated from a single region, asingle field and even a
single root lesion (Guérin, 1993). The complex origin
of the disease |eads to the question of possible differ-
ences in the pathogenicity of these different species
on carrots, including the type of symptom produced
by each species and its colonization potential of root
tissue.

Cavity spot symptoms have been widely described
intheliterature as being trans ucent and well-delimited
elliptical lesions, oriented across the breadth of the
root (Groom and Perry, 1985; Montfort and Rouxel,
1988; Vivodaet al., 1991; Zamski and Peretz, 1995).
Thistypical aspect was mainly reported after P. violae
attacks, in the field or in experiments with artificial
inoculation. More progressive, brown root symptoms
have been observed after inocul ation with fast-growing
species, such asP. coloratum (El-Tarabily et a., 1996),
and on carrotsinthefield (Montfort and Rouxel, 1988),
but no information was given asto the Pythium species
present or the particular environmental conditions. A
specific description of cavity spot symptomsinrelation
to the causal agent is thus needed to clarify the rela-
tionship between Pythium sp. and symptomatology on
carrot roots.

Most avail able information on cavity spot concerns
P. violae, notably regarding the process of lesion for-
mation by collapse of the superficial root tissues (Bri-
ard, 1990). Histological and ultrastructural observa-
tions have shown degradations of pectic substances
and cellulose in infected root tissues (Guérin, 1993),
and recent results suggested that this species was able
to secrete sufficient enzymic activity to degrade cell-
wall polysaccharidesin situ (Zamski and Peretz, 1996).
The only results concerning the other Pythium species
involved in the cavity spot established a global rela
tion between aggressiveness and in vitro production
of pectolytic enzymes by P. violae, P. sulcatum, P.
ultimum, P. sylvaticum and P. irregulare; pectolytic
activities were not characterized (Benard and Punja,
1995). Consequently, further information is required
concerning the ability of Pythium species to degrade
carrot root tissues.

Penetration of unwounded tissue requires the pro-
duction by the pathogen of enzymes able to degrade
natural barriers (Kolattukudy, 1985) such as the suber-
ized cell-walls present in the outer layer of carrot root
tissues (Esau, 1940). It is therefore important to ver-
ify whether Pythium spp. pathogenic on carrot roots

also can secrete enzymes such as fatty acid esteras-
es, as reported in P. ultimum by Mozzafar and Weete
(1993). The role of cell-wall polysaccharide degrad-
ing enzymes also is important in the development of
disease symptoms due to Pythium species, as observed
by Chérif et a. (1991) in the breakdown of pectic and
cellulosic material in cell-walls of cucumber infected
by P. ultimum. Moreover, the production of enzymes
that degrade cell-wall polysaccharides may vary with
Pythium species: P. aphanidermatum, responsible for
cottony-leak disease on cucumber, and P. ultimum,
implicatedin blighted foliar disease of Highlandsbent-
grass, display pectinolytic and cellulolytic activities
(Winstead and McCombs, 1961; Moore and Couch,
1968), whereas P. butleri, responsible for root-rot of
Belladonna (Atropa belladonna L.), produces poly-
galacturonase, pectin and pectate lyases (Janardhanan
and Husain, 1974). Protopectinase, an enzyme able to
solubilize pectic molecules from protopectin (Sakai et
al., 1993), is secreted by P. debaryanum, pathogenic
on potato tubers (Wood and Gupta, 1958). In addition,
considering that carrot root cell-walls are particular-
ly rich in polysaccharides (Kirtschev and Kratchanov,
1980) and that their protopectin content is correlat-
ed with carrot susceptibility to another root pathogen,
Mycocentrospora acerina (Le Cam et al., 1994a), it is
important to characterize and compare enzymic activ-
ities of the Pythium spp. involved in cavity spot.

This study investigated the relationships between
enzymic activity and pathogenesisinP.violae, P. sulca-
tum and P. ultimum. The cell-wall degrading enzymic
potential was tested in vitro, as previoudy established
in several models, including Pythium spp. (Janard-
hanan and Husain, 1974; Carder, 1989; Riou et al.,
1991; Lehtinen, 1993; Le Cam et a., 1994b; Dege-
fu et a., 1995). After abiological characterization of
typical strains, proteins secreted in vitro by the three
Pythium spp. were quantified and analysed by iso-
electric focusing, and fatty acid esterase activity was
assessed. Cell-wall polysaccharide degrading activi-
ties were identified and quantified and strains were
analysed for cellulase isoenzyme diversity. Resultsare
discussed with regard to disease symptomsinduced on
carrot roots by the different strains.



Material and methods
Fungal strains

Three strains (P. violae 20, P. sulcatum 199 and P. ulti-
mum 185) obtained from the collection of the Station
de Pathologie Végétale (Le Rheu, France) were used
in this study. All three strains were isolated from cav-
ity spot symptoms on carrot roots grown in the north
western region of France and were maintained at 4°C
on malt-agar. Each strain was morphogically represen-
tative of its species (Plaats-Niterink, 1981).

Biological characterization

The aggressiveness of each strain was quantified by
measuring symptom size on inoculated carrot roots
as described by Montfort and Rouxel (1988). Briefly,
healthy carrot roots, grown for 4 months in the field,
were washed thoroughly, then wounded using an abra-
sive sheet and inoculated with 4 mm diameter plugs
(4 per root) cut from the edge of a 5 day-old fungal
colony grown at 20°C on a carrot juice-agar medium
(200 ml commercial carrot juice, clarified by addition
of 10 g per litre of CaCOs then centrifugation, and
20 g agar per litre). Agar plugs were used as con-
trols. Roots were incubated at either 20°C or 25°C
in darkness in a moist chamber, where humidity was
maintained by daily spraying with sterile water. After
4 days, the disease index was calculated as the mean
size of 32 inoculation sites per strain and temperature.
The size of each dlliptical lesion was calculated from
its two diameters. The appearance of symptoms also
was described for each treatment.

Mycelial growth rate was cal culated for each strain.
One 4 mm diameter plug was cut from the edge of a
5 day-old fungal culture grown at 20°C on malt-agar
and transferred to a9 cm Petri dish containing 15 ml of
carrot juice-agar medium. Growth rate (mm/24 h) was
assessed by measuring two right angle diameters of the
fungus colony obtained at 20°C or 25°C, at intervals
of 8 and 16 h. Results were expressed as the mean of
three replications.

Production of culturefiltrates

Pythium strains were cultured in a non-shaken liquid
medium containing per litre: 2.5 g carboxymethylcel-
lulose (Sigma, C-4888), 2.5 g citrus pectin (Sigma,
P-9135), 2.72 g KH2PO,, 1.23 g mgS0,4,7H,0 and
1 g casein hydrolysate; pH was adjusted to 5.8 pri-
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or to autoclaving. One hundred milliliters of medium
were placed in 300 ml Erlenmeyer flasks and inocul at-
ed with 10 mycelia plugs (4 mm diameter) from the
edge of a5 day-old funguscolony grown on malt-agar.
After 7, 14 or 21 days of incubation at 20°C for P.
violae and 25°C for P. sulcatum and P. ultimum, cul-
tures were harvested by vacuum filtration through G3
sintered-glassfilters, then under pressurethrough 3 um
and 0.45 um Sartoriusfilters. Filtrates were digfiltrat-
ed and concentrated (Millipore filters, PLGC11K25)
at 4°C if needed, and conserved at —18°C.

Protein content and isoelectrofocusing (IEF)

Protein content in the filtrates was measured as
described by Bradford (1976). Results were expressed
as the mean of two replications.

Concentrated 21 day-old culture filtrates were sub-
jected to isoelectrofocusing on an ultra-thin (0.5 mm)
3-9 pH range polyacrylamid gel (Pharmacia, Phast-
Gel IEF 3-9). Samples were loaded and gel was
focused on a Phastsystem apparatusat 2000V, 2.5 mA
and 3.5 W until 410 Vh (Accumulated volts x hours).
Proteinswere stained automatically by precipitationin
a 20% (w/v) trichloracetic acid solution and colouring
in a0.4% (w/v) silver nitrate solution. The experiment
was repeated three times, with samples loaded at dif-
ferent sites on the gel. A standard was prepared by
loading a calibration kit (Pharmacia) under the same
conditions.

Fatty acid esterase activity assay

Fatty acid esterase activity was assayed by following
the degradation of the p-nitrophenyl ester of butyric
acid, asdescribed by Nguyen-Theand Chamel (1991).
Release of p-nitrophenol was measured at 405 nm in
areaction mixture at 30°C containing 100 ul culture
filtrate in 2.5 ml of a solution containing 0.1% (v/v)
p-nitrophenyl-butyrate(Sigma, N-9876) in 0.1 m Tris-
HCI buffer pH 8.0 supplemented with 0.01% (v/v) Tri-
ton X-100. Results were expressed in absorbance units
per minute per milliliter of culture filtrate (arbitrary
unit) and as the mean of two replications.

Assay of cell-wall polysaccharide degrading enzymic
activities

Enzymicactivitieswere measured on concentrated cul -
ture filtrates and were expressed in pkat/ml of culture
filtrate, except for xylanase activity.
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Polygalacturonase and $3-1,4-glucanase activities
were determined by measuring release of reducing
groupsin amedium containing 450 | substrate and 50
ul sample at 40°C. Enzymic reactions were stopped
by adding 1 ml of 0.2 m sodium borate buffer pH
9.5. Reducing groupswere visualized by reaction with
500 | of asolution of 2% (w/v) 2-cyanoacetamide at
90°C during 10 min and A7 was measured. Poly-
galacturonase activity was measured in a solution
of 0.25% (w/v) sodium pectate (Sigma, P-1879) in
0.05 m citrate-phosphate buffer pH 5.0 with 0.0005 m
EDTA and 0.025 m NaCl. g-1,4-glucanase activity
was measured in a mixture containing 0.25% (w/v)
carboxymethylcellulose (Sigma, C-4888) in 0.05 m
Trismaleate buffer pH 5.0. A7 was measured for
galacturonic acid or glucose as standards (0-0.4 pmol
mi—1). Results were expressed as the mean of three
replications.

Pectin methylesterase activity was determined by
automatic titration of the carboxyl groups released
from a 0.5% (w/v) solution of 75% esterified pectin
(Sanofi) in water. The reaction mixture was kept under
nitrogen at 30°C. Results were expressed as the mean
of two replications.

Lyase activities were determined at 25°C by mea-
suring the release of a reaction product absorbing at
235 nm, in a medium containing 2 ml substrate and
100 pl sample. Pectin lyase activity was measured in a
reaction mixture containing 0.25% (w/v) of 75% ester-
ified pectin (Sanofi) in 0.1 m citrate-phosphate buffer
pH 6.0 containing 0.16 m KCI. The reaction mixture
wascentrifuged for 20 minat 213009 (Voragen, 1972).
Pectate lyase activity was measured in a 0.5% (w/v)
sodium pectate (Sigma, P-1879) solution in 0.05 m
Tris-HCI buffer pH 8.6 containing 3 mm CaCl,. Molar
extinction coefficients used to evaluate activities were
5500 m~—1cm—? for pectin lyase and 4800 m—* cm—?
for pectate lyase. Results were expressed as the mean
of two replications.

Xylanase activity was determined at 40°C in a
medium containing 450 pl substrate (0.5% (w/v)
xylan-azure in 0.05 m sodium acetate buffer pH 5.0)
and 50 pl sample (Massiot, 1992). The reaction was
stopped by addition of 1 ml cold ethanol. After cen-
trifugation (500 g), Asgs Was measured in the super-
natant. The xylanase activity was expressed as the
amount of enzyme which increased the absorbance of
0.1 unit per minute per milliliter of culture medium
(arbitrary unit). Results were expressed as the mean of
three replications.

Preparation of cell-wall material containing
protopectin (CWMCP)

Carrot roots from a hybrid susceptible to cavity spot
were grown for 4 monthsin the greenhouse, in a ster-
ilized soil mixture. Cell-wall material was prepared
from peelings of carrot roots (1 mm thick) using the
technique described by Massiot et al. (1988) and mod-
ified as follows: 200 g of peelings were immersed in
800 ml of agueous 96% (v/v) ethanol containing 1%
(v/v) hydrochloric acid. The mixture was blended for
35 s, boiled for 10 min, cooled, and filtered on a G3
sintered-glass. The material was washed with agueous
80% (v/v) ethanol until the sulphuric acid-phenol test
(Duboiset a., 1956) was negative, rinsed with acetone,
then air-dried. Before use, water soluble pectins were
removed from the cell-wall material by two successive
applications of the following protocol: suspension in
0.025 m sodium acetate buffer pH 4.5 for 1 h, rinsing
in 96% ethanol solution and drying in acetone.

Degradation of CWMCP

Twenty milligrams of CWMCP suspended in 5 ml
0.025 m sodium acetate buffer pH 4.5 were incu-
bated overnight at 40°C with 50 ul of either con-
centrated filtrates of 21 day-old cultures of the three
strains of Pythium or a preparation obtained from
Aspergillus niger and rich in polygalacturonase, pro-
vided by Megazyme (North Rocks, Australia). The
same quantity of polygalacturonaseactivity was added
in the tubes for P. sulcatum and Aspergillus niger.
Enzymic activities in the tubes corresponding to P.
violae, P. ultimum and P. sulcatum were in the same
proportions as in the crude filtrates. One tube con-
taining only CWM CP and three tubes containing only
culture filtrates in buffer were used as controls. After
incubation, tubes were heated at 95°C for 10 min and
centrifuged. The supernatant was filtered on 0.45 ym
membranes, then analysed by gel-permeation chro-
matography on a system composed of a series of four
TSK HPLC columns (50 — 40 — 30 — 20 — XL; 300
x 7.8 mm) thermostated at 40 °C. Samples were elut-
ed with a 0.4 m sodium acetate buffer pH 3.6 at 0.8
ml min—'. The eluate was monitored at 520 nm using
the automated colorimetric method with metahydrox-
ydiphenyl as reagent (Thibault, 1979). The quantity
of pectic substances solubilized was determined by
a measure of the galacturonic acid content using the
same automated method with galacturonic acid as the
standard (0.05-0.25 mol ml—1).



| soel ectrofocusing of 5-1,4-glucanases

Concentrated 21 day-old culture filtrates were cen-
trifuged at 16000 g. Isoelectrofocusing of (3-1,4-
glucanases was assayed on an ultra-thin (0.5 mm)
polyacrylamidegel prepared by injection between two
glassplates (230 x 115 mm) of 15 ml of aacrylamide-
bisacrylamide solution (10% (w/v) acrylamide, 0.26%
(w/v) bisacrylamide) containing 0.075% (w/v) persul-
fate ammonium and either 1 ml 3-10 pH range ampho-
lines (Serva, Servalyt 3-10) or 1 ml 3-6 pH range
ampholines (Serva, Servalyt 3-6). Sampleswere [oad-
ed and proteinsmigrated on a Pharmacia FBE 3000 flat
bed apparatus at constant power (25 W). After 3.5 h,
the gel was equilibrated by immersionin 0.25 m Tris-
mal eate buffer pH 5.0 for 10 min and blotted for 2.5 h
at 37 °C against substrate-containing buffered agar gel
(0.5% (w/v) CMC (Sigma, C-4888), 1.5% (w/v) noble
agar (Difco) in 0.1 m Tris-maleate buffer pH 5.0), as
described by Bertheau et al. (1984). The agar gel was
gently soaked for 0.5 hin 1% (w/v) Congo red, rinsed
in water and 1 m NaCl, then immersed and soaked in
1 m NaCl for 20 min. After repetition of thiscolouring
protocol, the gel was placed in 1 m NaCl overnight.
(-1,4-glucanase activity appeared translucent on ared
background. Thisexperiment wasrepeated threetimes,
with samplesloaded at different sites on the gel.

Satigtical analysis

Analysis of variance and comparison of means were
applied to the experimental data with Newman-Keuls
test.

Results

Biological characterization of the three Pythium
strains

All three Pythium species induced superficial necrosis
(lessthan 1 mm deep) on carrot roots, confirming their
potential role in cavity spot disease (Figure 1a). P.
violae and P. sulcatum produced typical symptoms,
with delimited elliptical lesions (<200 mm?) oriented
across the breadth of the root. At 20°C, symptoms
caused by P. violae were translucent and significantly
larger in surface than at 25 °C, whereas those caused
by P. sulcatum were brown and larger at 25°C. The
largest lesions were due to P. ultimum, with sizes of
at least 300 mm? at 20°C and of about 500 mm? at
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25°C; the symptoms were less typical of cavity spot,
however, with maceration of the superficial tissuesand
development of white mycelium on the root surface.

Mycelial growth rate was influenced to a great
extend by temperature. Lesion size of necroses was
comparable to the mycelial growth rates at the two
temperatures (Figure 1b), with P. violae and P. sul-
catum as slow-growing (<20 mm/24 h), small-lesion
species, and P. ultimumas afast-growing (>20 mm/24
h) species that caused large lesions.

Protein content and analysis

Protein content developed differently in the three fil-
trates (Table 1): content increased with culture dura-
tionfor P. sulcatumand P. ultimum, but after 21 daysof
growth, the P. sulcatumfiltrate contained twiceasmuch
proteins as that of P. ultimum. Conversely, the protein
content of the P. violae filtrate was almost constant at
the three times of harvest, indicating that the level of
protein secretion decreased after 7 days of culture.

IEF showed that most proteins produced by the
three strains presented a pl in an acid pH range (3.0
5.5) (Figure 2). Only the P. ultimum filtrate produced
proteins with pl between 5.5 and 8.0. The P. ultimum
filtrateinthispH range also yielded 4 bandsat pl higher
than 8.0, 2 and 1 bands were revealed in P. violae and
P. sulcatum filtrates, respectively.

Fatty acid esterase activity

Fatty acid esterase activity was detected in the 21 day-
old culture filtrates of the three strains studied (Table
1), but production in P. sulcatum was twice that in P.
ultimum and four times that in P. violae. This result
obtained for P. sulcatumwas confirmed by the analysis
of afiltrate from an independant experiment (48.3 +
0.9 absorbance unit min—1 ml—1 culture filtrate).

Cell-wall polysaccharide degrading enzymes

After 7 daysof culture (Table 1), no cell-wall polysac-
charide degrading enzyme could be detected in the
filtrate of P. violae. Two enzymes were produced by
the two other species; polygalacturonase and pectin
methylesterase were secreted by P. sulcatum and (-
1,4-glucanase and polygal acturonase (two-fold lower
than P. sulcatum) were secreted by P. ultimum.

After 14 days of culture, 3-1,4-glucanase and pec-
tate lyase activities were detected in P. violae fil-
trates, whereasall the cell-wall polysaccharide degrad-
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Figure 1. Biologica characterization of the three Pythium strains, at two temperatures: 20 and 25 ° C. (a) Aggressiveness on carrot roots (means
of 32 measurements + SD); (b) Mycelia growth rate (means of 3 replicates + SD) — Histograms associed to the same letter did not differ

significantly according to Newman-Keuls' test (« = 0.05).

ing enzymes that were monitored were secreted by P.
sulcatum, with some of themin large quantities(3-1,4-
glucanase, polygalacturonase). After the same period,
P. ultimummaintained 3-1,4-glucanase and polygal ac-
turonase production, but secreted only very low levels
of pectin lyase.

After 21 days of culture, the enzymic activity
of P. violae was stable, compared to 14 days of
culture. P. sulcatum secreted all the enzymes mon-
itored. (-1,4-glucanase and polygalacturonase were
produced in large amounts. The enzymic production

of P. ultimum was stable, with $8-1,4-glucanase and
polygalacturonase production being respectively five
and fifteen-fold lower than P. sulcatum, but without
detectable xylanase, pectin methylesterase and pectate
lyase. The 3-1,4-glucanase and polygal acturonaseval -
ues obtained by P. violae, P. sulcatum and P. ultimum
were confirmed by measure of the activities on two
independant filtrates.
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Table 1. Enzymic production by the three Pythium strains after 7, 14 or 21 days of culture at 20°C for P. violae, 25°C for P. sulcatum and

P. ultimum

Strains P. violae 20 P. sulcatum 199 P. ultimum 185

Days of culture 7 14 21 7 14 21 7 14 21
Protein content (g ml—1

culture medium filtrate) 14.4 (1.3) 15.9(0.1) 15.1(0.1) 7.8(0.6) 16.3(0.7) 235(0.4) 42(0.1) 10.2(0.8) 11.6(0.2)
Fatty acid esterase” N.D.2 N.D.2 11.9(03) N.D.2 N.D.2 485 (0.5) N.D.2 N.D.2  282(11)
Cell wall polysaccharide-

degrading activities

(pkat ml—1 culture

medium filtrate)

Cellulase (experiment 1) 0 78.9 (2.4) 52.4(1.3) 0 90.8(5.3)  239.6(4.4) 327(7.5) 40.0(L5) 48.3(0.2)
Celulase (experiment 2)  N.D2 N.D2 552(1.3) N.D.2 N.D.2 248.7(462) N.D2 N.D2 321(3.9)
Xylanase® N.D.2 N.D.2 0 N.D.2 N.D2  2310-3(210-3) NpaA N.D.2 0
Polygal acturonase

(experiment 1) 0 0 0 20.3(2.6) 330.3(17.6) 444.7(25.7) 135(0.1) 27.0(2.4) 30.0(2.8)
Polygalacturonase

(experiment 2) N.D.2 N.D.2 0 N.D.2 N.D.2 1435(12.8) N.D2 N.D2 188(27)
Pectin methylesterase 0 0 0 525(3.9) 335(0.5) 33.3(0.8) 0 0 0
Pectin lyase 0 0 0 0 2 14(0.2) 0 43(0.1) 6.3(0.2
Pectate lyase 0 30(0.2) 7.2(14) 0 9.8(0.3) 14.2 (0.5 0 0 0
Pectin solubilized from

cwmMmcPd N.D.2 N.D.2 1038 N.D.2 N.D.2 4378 (244) N.D.2 N.D2 450 (77)

a not determined
b (arbitrary unit): absorbance unit min—1 ml—1 culture filtrate
¢ (arbitrary unit): 0.1 absorbance unit min—1 mi—1 culture filtrate

d (arbitrary unit): mg uronic acid mg— MIA ml—1 culture filtrate/24 h

€e: detection limit of the method
(): standard deviation

Degradation of CWMCP

The 21 day-old filtrates of all the Pythium species
degraded the carrot cell-wall material containing pro-
topectin. The most important solubilization of pectic
substances was achieved by the P. sulcatum filtrate, P.
violae being the least active (Table 1). Pectic mole-
cules of high molecular weight (> 50000, and notably
higher than those present in control samples) (Figure
3) were solubilized by thefiltrates. Medium molecular
weight moleculeswere present in thefiltrates, probably
originating from the culture medium. No uronic acid
was detected in the absence of the enzyme. Among
the three species, only P. sulcatumwas responsiblefor
the production of oligomers from pectic substances.
However, the degradation of the solubilized pectic
substances by this species was limited, compared to
that achieved by a pure polygal acturonase preparation.
Although the amount of solubilized pectic substances
(6440 4 700 mg uronic acid mg—* MIA ml—* culture

filtrate/24 h) was comparable to that solubilized by
P. sulcatum, pectins were further degraded to a great
extent into oligomers by the pure enzyme. The solu-
bilization of high molecular weight pectic molecules
and their limited degradation by Pythium sp. filtrates
could indicate that these pectic molecules were solu-
bilized by the action of a protopectinase present in the
filtrates, as defined by Nakamuraet al. (1995).

(3-1,4-glucanase analysis

|EF of 8-1,4-glucanase isoenzymes gave profiles dif-
fering among the Pythium species (Figure 4). 1soen-
zymes secreted by P. violae focused with difficulty,
probably because of the presencein the filtrate of car-
boxymethylcellulosenot degraded by the fungusin the
culture medium. As for proteins, P. violae and P. sul-
catum produced isoenzymes in both an acid (4.5-5.5
and 3.0-5.0, respectively) and in a basic (9.0-10.0)
pH range. In contrast, P. ultimum produced (3-1,4-
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Figure 2. |EF profiles of concentrated culture filtrates of Pythium
strainson an ultra-thin polyacrylamide gel after detection of proteins.
Lane 1: standards, lane 2: P. violae 20, lane 3: P. sulcatum 199, lane
4: P. ultimum 185; standards (from acid to basic pl): amyloglucosi-
dase, soybean trypsin inhibitor, 3-lactoglobulin A, bovine carbonic
anhydrase B, human carbonic anhydrase B, myoglobin-acidic band,
myoglobin-basic band, lentil lectin-acidic band, lentil lectin-middle
band, lentil lectin-basic band, trypsinogen.

glucanase isoenzymes with pl only in the 5.0-9.5 pH
range, with 7 out of 10 bands different from those of
P. violae and P. sulcatum.

Discussion

Resultsreported here congtitute the first report onrela-
tionships between aggressiveness and in vitro produc-
tion and quantification of cell-wall degrading enzymes
by P. violae, P. sulcatum and P. ultimum, the three
major Pythium species responsible for cavity spot on
carrots.

In our study, P. violae, considered to be the pre-
dominant species in cavity spot development, pro-
duced typical symptoms of the disease, with atranslu-
cent appearance and rapid cicatrization of the super-
ficial root tissues. This species induced a weak and
late enzymic activity in vitro, since cellulase and pec-
tate lyase were detected only after 14 days of culture.
The protopectinase activity apparently produced by P.
violae was weak, leading to a limited solubilization
of pectic substances from CWMCP. The presence of
protopectinase activity should be confirmed by other

CWMCP (control)

F’"\ v

Polygalacturonase + CWMCP

P. violae 20 (control)

P. violae 20 + CWMCP

P. sulcatum 199 (control)

P. sulcatum 199 + CWMCP

M/\‘\-w P. ultintum 185 (control)

15 25 35

P. ultimum 185 + CWMCP

elution volume (ml)

Figure 3. High performance gel-permestion chromatography pro-
files of pectic molecules solubilised from cell-wall materia contain-
ing protopectin (CWMCP) after degradation by the three Pythium
strains and polygal acturonase. VVO: exclusion volume of the column;
V1: total volume of the column.

experiments. The enzymic secretion after 21 days of
culture may be of importance for pathogenicity of P.
violae on carrot roots, but the weak pectolytic enzyme
production by P. violae, however, could explain the
limited ability of the speciesto degrade cell-walls and
to induce extended symptoms. Its slow growth rate
may allow time for a plant to react to invasion by the
pathogen, and limit lesion size.

P. ultimum was responsible for less characteristic
cavity spot symptoms:. root necrosis progressed very
quickly, especialy at 25°C, with extensive degrada-
tion of the outer root tissues, and mycelial develop-
ment on the root surface. This type of symptom was
comparable to those observed after artificial inocula-
tion of carrotswith P. coloratum, another fast-growing
species (El-Tarabily et al., 1996). P. ultimum also pro-
duced enzymicactivity earlier than P. violae. Consider-
ing the data obtained for carrot root tissue degradation
by Sreenath et al. (1984) with a mixture of 3-1,4-
glucanases and pectinases, enzymic production by P.
ultimum is presumed to be qualitatively and quanti-
tatively sufficient to degrade carrot root tissues. This
earlier and greater level of secretion may explain the
ability of P. ultimum to induce more extended and
progressive symptoms than P. violae. Moreover, the
greater number of 8-1,4-glucanaseisoenzymes secret-
ed by P. ultimummay favor an extensive degradation of
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Figure 4. |EF profiles of concentrated culture filtrates of Pythium
strains on an ultra-thin polyacrylamid gel after detection of cellu-
lases. Lanel: P.violae 20, lane 2: P. sulcatum 199, lane 3: P. ultimum
185.

cellulose, which requires several kinds of activity such
asendo-3-1,4-glucanase, 3-glucosidase or cellobiohy-
drolase (Walton, 1994). Furthermore, considering the
probable role of protopectin contents in resistance to
another carrot pathogen (Le Cam et a., 1994a), the
pectinase (notably protopectinase) activitiesin P. ulti-
mum, higher than in P. violae, would account for the
more efficient degradation of carrot root tissues. Fur-
ther studies are needed to investigate the role of the
(3-1,4-glucanase isoenzymes in cavity spot develop-
ment.

The third species studied, P. sulcatum, produced
typical cavity spot symptoms with a brown colouring,
especialy at theedgeof thenecrosis. It wasunexpected
to observethe broad spectrum of enzymes produced by
this species. Moreover, pectin methylesterase, which
had been looked for but not detected in a number of
Pythium species (Wood and Gupta, 1958; Winstead
and McCombs, 1961; M ooreand Couch, 1968; Janard-
hanan and Husain, 1974) was detected in this genus.
Xylanase activity, which may be a reciprocal activity
to a 3-1,4-glucanase activity (Walton, 1994), also was
detected for the first time in a Pythium species. After
14 days of culture, al the monitored enzymes were
detected, with high levels for polygalacturonase and
(3-1,4-glucanase. Among the three species, P. sulca-
tum solubilized the largest amount of protopectin, in
apparent correlation with the amount of depolymeriz-
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ing enzymes (polygalacturonase, pectate lyase, pectin
lyase and probably protopectinase) present in the fil-
trates.

Thus, it appearsthat differencesin aggressiveness
and types of symptoms due to P. violae and P. ulti-
mum may be explained, at least partialy, by differ-
ences in enzymic activity, as shown fromin vitro stud-
ies. The type of symptom produced by P. sulcatum,
however was apparently not correlated with produc-
tion of cell-wall degrading enzymes, suggesting that
their role in the infection process was not the same as
in P. violae and P. ultimum. Indeed, our results showed
clear differencesin the kinetics of production among
the three species: in contrast to P. violae and P. ulti-
mum, the first enzymes secreted by P. sulcatum were
exclusively pectinolytic (polygalacturonaseand pectin
methylesterase). A similar sequence was observed by
Dori et a. (1992) for infection of wheat tissues by
another soil fungus, Gaeumannomyces graminis var.
tritici: pectinolytic enzymes were produced one day
before symptom appearance on wheat, whereas cellu-
lolytic activity appeared 2 days later. Such a sequence
would be related to substrate accessibility (Collmer
and Keen, 1986). The limited symptoms caused by
P. sulcatum might thus be due to plant reactions to
the pectic fragments liberated as a consequence of a
high and early enzymic (notably pectinolytic) activity
(Ryan and Farmer, 1991). Moreover, xylanase activity
may also induce defense reactions per se, as shown on
tobacco leaf tissue (Sharon et ., 1993).

Caution is required in the search for relationships
between aggressivenessand enzymic activitiesasmea-
sured in vitro, since in these conditions, many factors
can act on the enzymic production. It is particularly
noticeable that in our study, the production of cell-
wall degrading enzymes by Pythium spp. was very
low, compared to the levels detected in the same con-
ditions with other pathogens such as Botrytis cinerea
(Wood and Gupta, 1958) or Mycocentrospora aceri-
na (Le Cam et al., 1994b). These observations raise
the question of ability of some Pythium species to
expressinvitro their total potential of cell-wall degrad-
ing enzymic activity.

The low level of fatty acid esterase activity, when
compared with the secretion observed with Fusari-
um solani and Rhizopus stolonifer (Nguyen-The and
Chamel, 1991) could bedueto thelack of aninducer in
the culture medium, even though this enzymic activity
was aready observed in such conditions by Lehtinen
(1993) in Septoria nodorum. According to Alghisi and
Favaron (1995), the production of this enzyme may be
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either entirely constitutive, or due to a basal level of
synthesis, sufficient to degrade cell-wall polysaccha-
rides into molecules which further induce synthesis of
the enzyme. Further work would be necessary to verify
whether the poor secretion of fatty acid esterase by P.
violag, for example, can explain the limited degrada-
tion of suberized cell-walls during the penetration of
unwounded carrot roots (Briard, 1990; Guérin, 1993).

The low level of production of cell-wall polysac-
charide degrading enzymes by the Pythium spp. test-
ed, cannot be explained by absence of an induc-
er, since pectin and carboxymethylcellulose, known
as able to induce enzymic production (Winstead and
McCombs, 1961; Moore and Couch, 1968; Janard-
hanan and Husain, 1974) were present in the culture
medium. Thelow level of enzymic potential could pos-
sibly explainthelimited development of the cavity spot
symptoms, with degradation of the root tissues only to
a moderate depth (0.5-1 mm, data not shown); this
may be compared with phenomena observed on carrot
rootsinfected by other pathogens such as Phytophtho-
ra megasperma (Breton and Rouxel, 1985) or Myco-
centrospora acerina (Davies et al., 1981). It may be
postul ated that the sequence of enzymic production, in
association with alow (P. violae, P. sulcatum) or fast
(P. ultimum) growth rate, affects the plant infection
response and thus the type of symptoms characteristic
of each Pythium species. However, the enzymic pro-
duction may be more important in situ, as shown for
P. ultimum (Moore and Couch, 1968). This differen-
tial induction may be due to the greater diversity of
substratesin planta (Wood, 1960). Therefore, it would
be interesting to compare the enzymic activities of the
three Pythium spp. in situ, as with Mycocentrospora
acerina on carrots (Le Cam, 1994). However, in the
study undertaken on cavity spot by Zamski and Peretz
(1996), the enzymic activities detected in situ were
very poor and apparently difficult to quantify. Cavity
spot presents many of the disavantages described by
Wood (1960) for this type of study, notably a limited
development of symptoms and weak enzymic activi-
ties.

To overcome these difficulties, further work
in progress in our laboratory is proceeding along
two complementary directions. first, a biochemical
approach, investigation of the ability of enzymes pro-
duced by thethree Pythiumspeciesto degradecel l-wall
polysaccharidesfrom carrot rootsis being undertaken;
secondly, by using microscopi c observationscombined
with the use of specific probes, an analysis of the pat-

ternsof tissue colonization and degradation by Pythium
Spp. is underway.
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