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Abstract

Plasmopara halstediisolates showing an atypical reaction to metalaxyl were collected in France, in 1995 and
1996, and tested in the laboratory for their level of sensitivity to this fungicide. Primary and secondary infections
caused by one of these isolates were not controlled by the metalaxyl concentration registered for seed treatment.
The EGy of this isolate was 12 800 mg a.i. kK§ compared with 22 mg a.i. kg for sensitive isolate, indicating

a 582-fold decrease in sensitivity to the compound. There was no reduction in the agressiveness of the resistant
isolate. Using other anti-oomycete fungicides, it appeared that propamocarb, contact fungicides (fluazinam, folpet,
mancozeb) and the mixed formulations dimethomorph + mancozeb, cymoxanil + mancozeb and ofurace + folpet
were effective against primary infections made with metalaxyl resistant and sensitive isolates, but not against
secondary infections. Metalaxyl mixed with fluazinam, folpet or mancozeb was more effective against primary
infections with the resistant isolate than metalaxyl alone. Theg BEfive other isolates ranged from 5 800 to 32

900 mg a.i. kg?, indicating a variability in metalaxy! sensitivity of resistant sunflower downy mildew isolates.
This is the first report of physiological resistance to metalaxylasmopara halstedii

Introduction metalaxyl is widely used. Metalaxyl is a systemic
phenylamide fungicide which is particularly effective
Downy mildew, Plasmopara halstedijFarl.) Berl. et against host-dependant growing myceliunPdfialste-
de Toni, of sunflowerHelianthus annuuk., is a major dii (Mouzeyar et al., 1995). Its common use in France
disease of this crop. Mostimportant yield losses are due since 1990 has meant that losses caused by this disease
to primary infections through the roots (Allard, 1979) have been insignificant despite the spread of new races
and early secondary infections (aerial) which result in showing virulence on most cultivars (Penaud, 1994).
systemic infection of plants by the fungus (Regnault However, in 1995 and 1996 (Penaud et al., 1997),
and Tourvieille, 1991). prospecting in France showed downy mildew isolates
This obligate parasite is specific to sunflower. It which exhibited, in the laboratory, atypical responses
shows a number of physiological races which can be to metalaxyl.
distinguished by their differential virulence on sun- This led us to study the metalaxyl sensitivity level
flower genotypes (Gulya et al., 1991). Race A is the of these isolates by a method based on that of Melero-
most widespread of the five races known in France Vara et al. (1982). The metalaxyl sensitivity level and
(Roeckel-Drevetetal., 1997). Use of resistant cultivars sporulation capacity of an atypical isolate collected in
is the most effective method to control this pathogen 1995 (ApR2) were compared with those of a sensi-
(Vear, 1978) but as genetic resistance of sunflower tive isolate (A). In addition, the existence of several
may be overcome by new physiological races (Car- members of Peronosporales showing cross-resistance
son, 1981), chemical control by seed treatment with between metalaxyl and related fungicides (Cohen and
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Reuveni, 1983, Diriichter et al., 1987, Samoucha
and Cohen, 1984) led us to test the sensitivity of ApR2
to some other anti-oomycete fungicides.

Materials and methods
Host-parasite system

Sunflower genotypes used were a population culti-
var Peredovik susceptible to all known French downy
mildew races, two commercial hybrids, Fantasol and
Albena, and an experimental hybrid EL64 , the last
three susceptible to race A.

Plasmopara halstediisolates of race A used as

tive humidity of 70%, a photoperiod of 16 h and a light
intensity of about 20QE m—2s~1.

Eleven days after infection, after an abundant
watering, the seedlings were covered with transpar-
ent polythene bags to provide a saturated atmosphere.
Three days later, the percentage of seedlings bearing
zoosporangia on their cotyledons and/or young leaves
was noted. This percentage was calculated, for each
metalaxyl concentration and each downy mildew iso-
late, for 20 replicates of 16 seedlings. This large num-
ber of replications made it necessary to carry them
out over 10 maintenance cycles, with 2 replicates per
cycle.

Artificial aerial contaminations were prepared as
follows: Peredovik seeds were metalaxyl-treated and

inoculum were the isolate A, sensitive to metalaxyl, allowed to germinate as previously. For each metalaxyl
collected in 1988 (Tourvieille et al., 1988) and main- concentration, 8 seedlings were planted in 1 litre pots
tained on EL64 seedlings, and six isolates resistant filled with soilless compost. After the first pair of leaves
to metalaxyl, ApR2 and ApR4, ApR5, ApR6, ApR7, had expanded, a suspension o 3.0* zoosporangia
ApRS8 collected in many areas of France respective- ml~! of distilled water was applied on leaves with a
ly in 1995 and 1996 using the protocol described by very small spray so as to distribute inoculum homoge-
Penaud et al. (1997). These isolates were maintainedneously. The pots were then covered with transparent
on Peredovik seedlings treated with the registered rate polythene bags to maintain a saturated atmosphere for
of metalaxyl, 2 100 mg active ingredient (a.i.) g 48 h. Thirteen days after infection, after 24 h in a satu-
The maintenance cycle for both sensitive and resis- rated atmosphere, the percentage of seedlings bearing
tant isolates consisted every two weeks, of using the chlorotic spots and zoosporangia on the leaves was
spores produced on seedlings from the previous infec- noted. This percentage was calculated, for each downy
tion cycle to infect a new series of germinated seeds. mildew isolate and each metalaxyl concentration, for

Evaluation of metalaxyl sensitivity Bf halstedii
isolates

7 replicates of 8 seedlings.

Metalaxyl efficacy against primary and secondary
infections of the downy mildew isolates was charac-
terised by metalaxyl effective concentrations giving

Fungicide-free seeds (100 g) were treated by shaking 50% (EGy) and 95% (EGs) inhibition of fungal devel-

them for 1 min in glass jar of water (30 ml) containing
the appropriate weight of metalaxyl (as Apron 35) to
give the following rates 0, 0.21, 2.1, 21, 210, 2 100
and 21 000 mg a.i. kg! seed and dried at room
temperature (Melero-Vara et al., 1982).

Artificial infections through roots were prepared
as follows: seeds were allowed to germinate in ster-
ile moist filter paper for 48 h. They were then inoc-
ulated with P. halstediiusing the method described

opment. The resistance factor was the ratio between the
ECso of the isolates tested and the 0f the reference
isolate (A) which was metalaxyl sensitive. As data were
proportions of plants showing sporulation, they were
analysed by a generalized linear model (glm), using
the canonical links and variance functions for bino-
mial distribution. This method is also called the log-
logistic regression, since the metalaxyl concentrations
are transformed using a log-scale. A dose-response

by Cohen and Sackston (1973). For each metalaxyl model was fitted to observed data and its significance
concentration, batches of 20 germinated seeds weretested through the analysis of deviance, which mea-

placed in pill boxes and just covered with a suspen-
sion of 1¢ zoosporangia mi of distilled water for

5 h at 18+ 1°C. Each batch was planted in 1 litre
pots filled with soilless compost (16 seedlings per pot
with undamaged root initials). The seedlings were then
placed in a growth chamber at #81°C, with a rela-

sures the likelihood of the model (Collett, 1991). A
Chi-square test was performed to assess whether the
deviance value showed significant departure from the
null hypothesis, which was rejected whenP(< 0.05

as useral. Approximate confidence intervals ofsgC
and EGs were computed according to Collett (1991).
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Table 1 List of fungicide formulations used in experiments with primary and secorflagmopara halstedinfections

Proprietary name Active ingredient(s) Application rate  Formulation  Manufacturer
g a.i. kg1 seed

Apron 35 Metalaxyl 35% 2.1 WS Ciba-Geigy

Apron 35 + Sagiterre Metalaxyl 35% + Fluazinam 500¢| 2.1+2.5 WS +SC Ciba-Geigy

Sagiterre Fluazinam 500 g+ 25 SC Ciba-Geigy

Apron 35 + Dithane M45  Metalaxyl 35% + Mancozeb 80% 2.1+10.5 WS + WP Ciba-Geigy

Dithane M45 Mancozeb 80% 10.5 WP Ciba-Geigy

Apron 35 + Foltane Metalaxyl 35% + Folpet 50% 21+9 WS + WP Ciba-Geigy + Sipcam

Foltane Folpet 50% 15.0 WP Sipcam

Milfuram Ofurace 1.2 WP AgrEvo

Vamin TS Ofurace 80 g + Folpet 600 gt1 1.2+9.0 FS AgrEvo

Fulvax Cymoxanil 6% + Mancozeb 70% 0.9+10.5 WP Ciba-Geigy

Forum PM Dimethomorph 50% 4.5 WP Cyanamid Agro

Acrobat M Dimethomorph 9% + Mancozeb 60% 2.25+15.0 WP Cyanamid Agro

Aliette Fosetyl-Al 4.0 WP Réne-Poulenc Agro

Previcur N Propamocarb HCI 722 g} 7.22 SL AgrEvo
Quantification of sporulation A and ApR2 according to the method described above.

For each fungicide and downy mildew isolate, there
For each metalaxyl concentration and each downy were 4 replicates. Comparisons of means were made
mildew isolate (A and ApR2), cotyledons bearing using the Newman-Keuls test at P = 0.05, after data
sporulation were cut, placed in a jar with 10-60 ml convertion with an arcsine square root function.
of distilled water, and shaken thoroughly. The jar was
thenimmersed in ultrasonic-cell for about 10 s to obtain
a zoosporangia suspension. Zoosporangia were countResults
ed using a aemocytometer. Mean zoosporangia num-
bers per cotyledon were calculated for 10 replicates. Metalaxyl sensitivity level of resistant isolate (A)
Results were expressed as zoosporangia number pecompared with that of sensitive isolate (ApR2)
cotyledon. Comparisons of means were made using
the Newman-Keuls test at P = 0.05. As variances were The different maintenance cycles had no significant
heterogeneous, these data were first converted with aeffect on the proportion of seedlings showing sporu-

square root function. lation after primary infections with isolates A (£)
= 0.64) and ApR2 (B = 0.59). Thus there was no
Sensitivity of A and ApR2 isolates to different modification in action of metalaxyl on these isolates
anti-oomycete fungicides during infection cycles. Replications were therefore
considered independently of maintenance cycle.
Fourteen commercial anti-oomycete fungicide formu- For all metalaxyl rates, the percentage of seedlings

lations were used (Table 1). Applications were made showing sporulation was greater with the isolate ApR2
to sunflower seeds of the hybrid Fantasol by Cargill thanwithisolate A (Figure 1). Only the resistantisolate
France and of the hybrid Albena by SPV (Service de la induced sporulation on seedlings treated with 2 100 and
Protection des ¥getaux). The use of different hybrids 21 000 mg metalaxyl kg* seed. The latter concentra-
in this study was not significant because a study on tion induced phytotoxicity on cotyledons in some cases
commercially metalaxyl treated seeds of 42 different but did not modify the normal growth of the seedlings.
sunflower hybrid varieties not containing any race A Adjusted values of E€; and EGs of the sensitive iso-
resistance genes, indicated that there were no interac-late were respectively 22 (confidence interval <192

tion between host genotype and the isolate ApR2 (data < 27) and 510 (36& 510< 710) mg a.i. kg'. This

not shown). The efficacy of these products was tested isolate was thus controlled effectively by the registered
on primary and secondary infections caused by isolatesrate of metalaxyl (2 100 mg a.i. kg). For the isolate
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Figure 2 Comparison of the percentage of sunflower seedlings (cv.

Figure 1 Comparison of the percentage of sunflower seedlings (cv. ) _ : -
Peredovik) treated with seven metalaxyl concentrations, showing

Peredovik) treated with seven metalaxyl concentrations, showing 4 . \ !
sporulation after primary infections witRlasmopara halstediA sporulation after secondary infections wiRfasmopara halstedii

and ApR2.0 and A indicate values for replicates infected with ~ @nd APR2.0 and A indicate values for replicates infected with
isolates A and ApR2 respectively. In some cases, several replicates S0lates A and ApR2 respectively. In some cases, several replicates

have the same value have the same value.

Quantification of sporulation

A Newman-Keuls test indicated that mean zoosporan-
gia numbers were not statistically different at P=0.05
ApR2, the EGy was 12 800 (10 00& 12 800< 16 between A and ApR2 isolates for metalaxyl concentra-
400) mg a.i. kg but the EGs could not be calculated  tions lower than 2.1 mg a.i. kg (Figure 3). In contrast,
with reliability because there were 25% of sporulating a significant difference was noted for higher or equi-
seedlings with 21 000 mg a.i. k§. The resistance  valent concentrations and a decrease of zoosporangia
factor was thus 582 (52& 582 < 607), indicating number when fungicide concentration was increased.
that the ApR2 isolate was 582 times more resistant to Without metalaxyl, zoosporangia numbers produced
metalaxyl than the isolate A (Figure 1). by A and ApR2 were not statistically different. Thus,
After secondary infections caused by the isolate A, while the isolates produced differentamounts of sporu-
no symptom was noted for 2 100 and 21 000 mg a.i. lation in the presence of fungicide, they were similar
metalaxyl kg seed but the percentage sporulation without fungicide.
was higher than after primary infections for the other
metalaxyl rates (Figure 2). Adjusted values ofgC  Sensitivity of A and ApR2 isolates to different
and EGs of the sensitive isolate were respectively 67 anti-oomycete fungicides
(45 < 67 < 99) and 920 (440< 920 < 1 900) mg
a.i. kg~1. Thus, this isolate was effectively controlled Results are presented in Table 2. Among fourteen for-
by the 2 100 mg kg* metalaxyl concentration. These mulations tested in primary infections, only dimetho-
concentrations could not be calculated with reliability morph and fosetyl-al were not entirely effective against
for the isolate ApR2 because 91% of seedlings showed the sensitive isolate. With isolate ApR2, only propamo-
disease symptoms with the 21 000 mg a.i. kindicat- carb and use of contact fungicide (fluazinam, folpet,
ing that the EGy and EGs were higherthan 21000 mg  mancozeb), alone or in mixture with other fungicide,
a.i. kg~* (Figure 2). prevent sporulation after primary infection. Resistance
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Table 2 Mean percentagest( standard deviation) of sunflower seedlings (cv. Albena and Fantasol) treated with
different fungicide formulations (Table 1), showing sporulation after primary and secondary infections of A and ApR2
Plasmopara halstedisolates. Values labelled by the same letter within any columns are not significantly different at P

=0.05
Primary infections Secondary infections

Treatments A ApR2 A ApR2
Untreated control 93.865.1 a 93.8+ 8.8 a 96.9+ 6.3 a 100.0 a
Metalaxyl 0.0 e 93.8£5.1 a 0.0 e 100.0 a
Metalaxyl + Fluazinam 0.0 e 63 8.8 e 0.0 e 100.0 a
Fluazinam 9.4+ 3.6 de 9.4 3.6 de 100.0 a 100.0 a
Metalaxyl + Mancozeb 0.0 e 78118 e 0.0 e 100.0 a
Mancozeb 3.1k6.3 e 6.3+ 8.8 e 100.0 a 100.0 a
Metalaxyl + Folpet 0.0 e 0.0 e 0.0 e 100.0 a
Folpet 4.7+ 6.0 e 3.1+ 3.6 e 100.0 a 100.0 a
Ofurace 7.8:3.1 de 875144 a 68.5£17.7 b 100.0 a
Ofurace + Folpet 0.0 e 3163 e 65.6£27.7 b 96.9+-6.3 a
Cymoxanil + Mancozeb 0.0 e 0.0 e 100.0 a 100.0 a
Dimethomorph 219231 cd 281149 cd 100.0 a 100.0 a
Dimethomorph + Mancozeb 0.0 e 0.0 e 100.0 a 100.0 a
Fosetyl-Al 20.3+ 3.1 cd 344165 c 90.6-18.8 a 100.0 a
Propamocarb HCI 0.0 e 0.0 e 75010.2 b  100.0 a

ab

alone or in mixture controlled aerial infection by iso-
c 181 late A. The results obtained with the registered rate
{é 16 1 of metalaxyl confirmed that this fungicide was totally
= B ar2 effective in controlling primary and secondary infec-
g 14 7 tions of the sensitive isolate but not of isolate ApR2.
212
) Metalaxyl sensitivity level of resistant isolates
“é’ 10 A collected in 1996
Q
§ *7 The five isolates were inhibited only by high rates of
g 6 metalaxyl and none was controlled by the registered
£ rate (Table 3). Only the B{g of ApR5 was statistically
5 47 different from that of the other isolates. It was the least
g 5. metalaxyl sensitive, with a resistance level 2.6 times
N ] greater than that of the ApR2 isolate. Thefg6f other

0

isolates did not differ statistically.

0 021 21 21 210 2100 21000

Metalaxyl concentrations (mg active ingredientkg')

Discussion
Figure 3 Effect of metalaxyl on the number of zoosporangia®j10

produced by a metalaxyl sensitive (A) and a metalaxyl resistant o - :
(ApR2) isolates ofPlasmopara halstediiThe vertical lines repre- This is the first report oP. halstediiisolates show

sents the standard deviation of the means of 10 experiments periNg such a high level of metalaxyl resistance in the
isolate. Values labelled by the same letter are not significantly dif- laboratory. Viranyi et al. (1992) previously observed
ferent at P=0.05. differences in tolerance to metalaxyl seed treatment
between downy mildew isolates, but the metalaxyl con-
centrations used were 1 or 2 mg Kgeed whereas the

to metalaxyl of ApR2 was coupled with resistance to . )
y P P registered rate is 2 100 mg kg

ofurace. Secondary infections with ApR2 were not
controlled by any of the fungicides and only metalaxyl
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Table 3 Metalaxyl concentrations inhibiting of 50% “ ;
(ECsc) growth of ApR2, ApR4, ApRS, ApR6, ApR7 and For P. halstedij metalaxyl resistance could affect

ApR8 Plasmopara halstediisolates (95% confidence both systemic invasion by mycelium and zoosporangia
interval) production. This phenomenon is also foundHhy-
tophthora parasitica(Ferrin and Wadsworth, 1992).
However, Coffey and Young (1984) showed that spo-

Isolates EGy (mg active ingredient kg?t)

ApR2 10 000< 12800 < 16400 rangia productionifPhytophthorainfestangas inhib-
ApR4 5 000< 7100 < 10100 ited in both sensitive and resistant isolates. In the
ApR5 16 900< 32900 < 64300 absence of metalaxyl, ApR2 sporulated as well as
ApR6 6 300< 9700 < 14900 the sensitive isolate, thus the acquisition of resistance
ApR7 3900< 5800 < 8700 did not disturb the sporulation capacity of ApR2. As
ApR8 5800< 9300 <15200 the sporulation capacity of an isolate is an indication

of its competitiveness (Ferrin and Wadsworth, 1992),
ApR2 appears likely to remain iR. halstediipopula-
tions containing metalaxyl sensitive isolates. Studies
on the stability of resistance are in progress to deter-

The ApR2 resistance level is similar to that of oth- mine the probability of survival of resistant isolates in
er metalaxyl resistant oomycete plant pathogens. Forthe absence of metalaxyl.
example, Klein (1994) reporteBseudoperonospora Results obtained with several other anti-oomycete
humulistrains showing a resistance factor close to 500. fungicides against A and ApR2 isolates showed that
This high level of metalaxyl resistance in ApR2 exclud- use of propamocarb and most mixtures with contact
ed any possibility of controlling it by increasing therate fungicides (folpet, mancozeb, fluazinam) controlled
of metalaxyl. ApR2 primary infections efficiently. Several studies

Since there was no increase in the resistance factorhave shown the efficacy of mixtures of metalaxyl with
after ten ApR2 maintenance cycles on seeds treatedcontact fungicides against metalaxyl resistant isolates
with metalaxyl at the registered rate and that some iso- of other oomycetes. Thus, Moss (1987) showed that
lates collected in 1996 had a similar level of resistance, a mixture of metalaxyl and mancozeb gave very good
it cannot be considered that laboratory multiplication control of a metalaxyl resistant isolate@$eudopero-
cycles caused any selection for resistance. nospora cubensisPappas (1985) observed the same

The metalaxyl resistant isolates used in this study phenomenon with metalaxyl resistant isolatesPof
showed a variability which has also been noted in some infestans However, Clerjeau (1994) showed that a
other oomycetes. Staub and Sozzi (1981) reported mixture of metalaxyl and a contact fungicide gave
Plasmopara viticolatrains showing resistance factors poor control of metalaxyl resistant strains f viti-
ranging between 100 and 1 000.PMnhumulistrains, cola. Here, metalaxyl + mancozeb in mixture did not
the resistance factors ranged between 60 and more tharotally control ApR2 infections but was more effective
600 (Klein, 1994). than metalaxyl alone.

This P. halstediimetalaxyl resistance appeared in In this study, only mixtures containing metalaxyl
France 6 years after generalized use of the fungicide. were effective against secondary infections, but these
In other oomycetes, such resistance appeared morewere ineffective when the infection was caused by a
rapidly after the first use of this fungicide. For example, metalaxyl resistant isolate. The other mixtures were
metalaxyl resistant strains & viticola appeared in  totally ineffective. Secondary infections can be con-
France only two years after first fungicide use (Staub trolled by seed fungicide treatment only if the fungi-
and Sozzi, 1981). This slow appearance of resistancecide is systemic. Thus, addition of a contact fungi-
in P. halstediimay be because metalaxyl is exclusively cide, although controlling metalaxyl resistant prima-
used as a seed treatment and is therefore only appliedry infections, is of no value against metalaxyl resis-
once in each sunflower cultural cycle. tant secondary infections since it is not translocated

Although the sporulation capacity of sensitive and to the aerial plant parts. Other systemic fungicides
resistant isolates was affected by metalaxyl concen- tested (ofurace, dimethomorph, propamocarb) were
trations higher than 2.1 mg a.i. kg an increase of  ineffective against secondary infections. Ofurace did
metalaxyl concentration reduced the number of spores not control a metalaxyl resistant infection as there is
produced but did not completely block sporulation of cross-resistance between these two products, a phe-
resistant isolates. nomenon described in most of oomycetes resistant to
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nigue Interprofessionel des &lgineux Metropolitains

and propamocarb are not related to metalaxyl, so there(CETIOM) for its general support of this programme
was no cross-resistance between these products anénd P. Walser for his technical assistance.

metalaxyl because they were ineffective agaisnt sec-

ondary infection whatever the downy mildew isolate.
In order to explain this phenomenon, we can sup-

pose that either these fungicides (and ofurace in sensi-

tive situation) were less effective dh halstediihost-

dependant stages than metalaxyl, this hypothesis was

confirmed for ofurace and propamocarb by Viranyi and
Oros (1991), and/or these products did not move into
the sunflower aerial parts in sufficient concentration to
confer protection, this phenomenon was described in
sunflower for an other systemic fungicide, carbendaz-
im, in the chemical control oclerotinia sclerotiorum
(Lamarque et al., 1985).

The appearance d?. halstediiisolates showing
a high level of metalaxyl resistance in laboratory
indicates that this pathogen, already known to show
changes in virulence, allowing it to overcome host-
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