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Activity of cyazofamid against
Sclerospora graminicola, a downy
mildew disease of pearl millet
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Abstract: The efficacy of cyazofamid was tested against pearl millet downy mildew disease caused by Sclerospora
graminicola Schroet. Significant inhibition of sporangial sporulation, zoospore release and motility was observed
at 0.3 mg mL−1, and this concentration also provided good fungicidal activity under in vitro conditions. Under
glasshouse conditions, none of the concentrations tested, either 0.01–2 mg mL−1 as seed treatment or 1–10 mg
mL−1 by foliar application, was found to be phytotoxic. The effect of cyazofamid was tested by seed treatment
alone, seed treatment followed by foliar application and foliar application alone. Seed treatment with cyazofamid
offered only 19.7% disease control, but seed treatment followed by a single foliar application to diseased plants
provided good control over disease, seed treatment with two foliar applications was significantly superior and foliar
application alone showed a high level of activity, with 10 mg mL−1 giving 97.9% disease control. Lack of systemic
activity of cyazofamid was evident, root treatment giving disease levels on a par with the untreated control. The
fungicide exhibited strong curative activity, but only moderate translaminar activity, with only marginal (34.8%)
disease control after treatment of the adaxial leaf surface at 10 mg mL−1. Loss of cyazofamid activity over time was
very low, indicating stable residual and rainfastness activity. These results indicate that cyazofamid has a high
potential to be an effective fungicide for the control of downy mildew disease of pearl millet.
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1 INTRODUCTION
Pearl millet [Pennisetum glaucum (L.) R. Br.] is the
only cereal that reliably provides grain and fodder
under dry land conditions. It is grown in India in
an area of 11.2 million ha and is the staple food for
millions of poor people in arid and semi-arid regions of
the country. Pearl millet is rich in nutrition compared
with other cereals and adapts well to low-fertility
soils in areas receiving less than 400 mm of annual
precipitation.1 However, downy mildew caused by
Sclerospora graminicola (Sacc.) Schroet is a major biotic
constraint, causing an annual economic loss of $US
270 million, and is an important biological constraint
in the major pearl millet growing countries.2 It is highly
destructive and widespread.3 An estimated yield loss
of up to 80% has been recorded in F1 hybrids, and
many epidemics have been recorded. The oomycetes
have distinct physiology, which causes many of the
most effective fungicides to fail against them.4 The
systemic phenylamide fungicide metalaxyl has been
used successfully since the 1970s to control this disease

and significantly increases the yield.3–6 Evolution of
metalaxyl-resistant strains among Oomycetes of plant
pathogens has led to the exploration of new chemicals
for downy mildew management.

Cyazofamid, 4-chloro-2-cyano-N, N-dimethyl-5-
p-tolylimidazole-1-sulfonamide, a fungicide of the
phenylimidazole chemical class, was discovered and is
being developed by Ishihara Sangyo Kaisha, Ltd. Cya-
zofamid exhibits a broad spectrum of activity against
Oomycetes and Plasmodiophoromycetes at very low
rates.7 It has a good toxicological, ecotoxicological
and environmental profile. The mode of action of
cyazofamid is blocking electron transfer in the mito-
chondrial cytochrome bc1 complex by binding the Qi
centre of the enzyme. Since this mode of action differs
from those of other currently registered and com-
monly used fungicides, there is no cross-resistance
between cyazofamid and other fungicides, including
the strobilurin-type fungicides and the phenylamides.8

There are some reports that cyazofamid is best
used as a foliar application for potato, grapevine,
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tomato, cucurbits, onion, lettuce, rice and Chinese
cabbage,7–13 but there are no data concerning the
effect of cyazofamid against pearl millet downy
mildew.

This paper describes the sensitivity of S. graminicola,
a downy mildew pathogen of pearl millet, to
cyazofamid, the effect of the latter on downy mildew
disease under greenhouse conditions and the chemical
nature of the fungicide.

2 MATERIALS AND METHODS
2.1 Fungicide
Cyazofamid was used as a 100 g L−1 SC (Ranman;
Ishihara Sangyo Kaisha Ltd) throughout this study.

2.2 Plants
Pearl millet cultivar 7042S, which is highly susceptible
to S. graminicola, was used for all tests. Seeds were
sown into soil in the field or previously divided into
earthen pots (12–15 cm diameter).

2.3 In vitro studies
2.3.1 Preparation of inoculum
Zoosporangia of S. graminicola collected from highly
diseased leaves of 21-day-old plants of 7042S cultivar
in the field were used for inoculation. In the
evening, existing zoosporangia were brushed and
removed from the diseased leaves into tap water.
After surface wetness had been removed, leaves were
incubated in a moist chamber overnight. In the
early morning, zoosporangia were harvested and the
spore load was adjusted to 4 × 104 cells mL−1 using a
haemocytometer.

2.3.2 Sensitivity of Sclerospora graminicola to
cyazofamid fungicide
2.3.2.1 Inhibition of sporulation. Symptomatic leaf
tissue was collected from infected plants and existing
zoosporangia were brushed and removed from the
diseased leaves into tap water. After leaf surface
wetness had been removed, leaves were cut into
1 cm2 pieces and subsequently treated (smeared) with
aqueous dispersions of 0.01, 0.05, 0.1, 0.15, 0.2,
0.25 or 0.3 mg mL−1 cyazofamid for 30 min. Sterile
distilled water treatment to infected leaves (1 cm2)
served as control. Treated leaves were then incubated
in moist chambers in the dark for 12 h and examined
for sporulation. Sporangia from each treatment were
harvested in 1 mL sterile distilled water, and spore load
(inhibition) was assessed using a haemocytometer.

2.3.2.2 Inhibition of zoospore release and zoospore
motility. Sporangial suspensions of S. graminicola
(5 × 104 zoosporangia mL−1) were treated with 0.01,
0.05, 0.1, 0.15, 0.2, 0.25 or 0.3 mg mL−1 cyazofamid
in 1:1 (v/v) ratio for 15 and 30 min under dark
conditions. Zoospore release was assessed by counting
the empty and intact sporangia microscopically.

A zoospore suspension of S. graminicola (5 × 104

zoospores mL−1) was treated with cyazofamid in
1:1 (v/v) ratio for 15–30 min, and zoospore motility
was observed under a microscope (five different
fields). The relative percentage zoospore motility was
calculated on the basis of the numbers of zoospores
showing motility in treated suspensions compared with
that in the control.

2.3.2.3 Fungistatic and fungicidal properties of cyazo-
famid. Cyazofamid at 0.01, 0.05, 0.1, 0.15, 0.2, 0.25
and 0.3 mg mL−1 was added to zoosporangia suspen-
sions of S. graminicola (5 × 104 zoosporangia mL−1)
and incubated for 15–30 min. The sporangial sus-
pension was then separated and removed from the
cyazofamid by centrifugation (3000 rpm for 5 min at
4 ◦C). Pellets of zoosporangia were washed with dis-
tilled water twice with centrifugation (3000 rpm for
2 min at 4 ◦C). The percentage of zoospores released
in the washed zoosporangia suspension was observed
under microscope and compared with that of the
untreated control.

2.4 Greenhouse studies
2.4.1 Seed treatment and foliar application
Highly infected seeds (cultivar 7042S) were treated
with slurry containing 0.01, 0.05, 0.1, 0.5, 1 or 2 mg
mL−1 cyazofamid as a seed dressing, as a seed dressing
followed by foliar spray or foliar application alone with
cyazofamid at 1, 2, 3, 4, 5 or 10 mg mL−1. Treated
seeds were sown in earthen pots containing soil + sand
+ manure (2 + 1 + 1 by weight) under greenhouse
conditions. Two-day-old seedlings were inoculated
with a zoospore suspension of S. graminicola (4×104

zoospores mL−1) following standard protocols.14

Cyazofamid foliar spray was applied to inoculated
plants (before disease expression) to near run-off
on the seventh and fifteenth days after emergence.
Distilled water seed treated or foliar-sprayed batches
served as controls. Each treatment consisted of 25
plants in four replications. Disease incidence was
recorded when the plants were 30 and 60 days old.

2.5 Fungicide nature
2.5.1 Systemic activity of cyazofamid against downy
mildew
The systemic activity of cyazofamid was tested
by treating the root regions of ten-day-old downy
mildew infected plants raised in pots (25 plants
in four replicates per treatment) with suspensions
of 1, 2, 5 or 10 mg mL−1 cyazofamid. Treatments
were made by dipping the roots in the fungicidal
suspensions for 30 min. Plants were transplanted
to pots and maintained following recommended
practices.15 Observations were made for recovery from
disease 5 days after fungicide root treatments.

2.5.2 Curative activity
Twenty-one-day-old downy mildew infected (sporu-
lating) pearl millet plants were sprayed with 1, 2,
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5 or 10 mg mL−1 cyazofamid to near run-off, and
plants were then maintained under greenhouse con-
ditions. Each treatment consisted of 25 plants in four
replications. Observations were made for inhibition of
pathogen as shown by recovery of plants from disease.

2.5.3 Translaminar activity
Cyazofamid suspensions of 1, 2, 5 or 10 mg mL−1

were applied to ten-day-old downy mildew infected
(sporulating) plants either on the abaxial or the adaxial
leaf surfaces or on both leaf surfaces by surface
smearing. Infected plants smeared with distilled water
served as control. Each treatment consisted of 25
plants in four replications. Data on the inhibition of
sporulation were recorded in each case after 5 days.

2.5.4 Residual activity and rainfastness
Twenty-one-day-old plants were sprayed with suspen-
sions of 1, 2, 5 or 10 mg mL−1 cyazofamid. Treated
plants were subjected to artificial rain in sleeves by
sprinkling with tap water for 2 h, dried overnight and
later inoculated with S. graminicola (5 × 104 zoospores
mL−1) and examined for disease symptoms.

3 RESULTS
3.1 Sensitivity of Sclerospora graminicola to
cyazofamid
3.1.1 Inhibition of sporulation
A significant (P < 0.001) dose-dependent sporulation
inhibition was noticed with all the cyazofamid
dilutions, 0.01, 0.05, 0.1, 0.15, 0.2, 0.25 and 0.3 mg
mL−1 (Table 1). With the highest concentration,
0.3 mg cyazofamid mL−1, 100% sporulation inhibition
was recorded. Further, a significant inhibition of
sporulation to 9750 sporangia cm−2 was found with
the low dose of 0.01 mg mL−1, whereas the untreated
control recorded 22 500 sporangia cm−2.

3.1.2 Inhibition of zoospore release and motility
All the tested concentrations proved to be very effective
in inhibiting zoospore release and arresting zoospore
motility (Table 1). At the lowest concentration of
0.01 mg mL−1, cyazofamid gave 14.2 and 53.2%

inhibition of zoospore release and zoospore motility.
Complete inhibition of zoospore release and motility
was found at 0.25 and 0.3 mg mL−1 respectively.

3.1.3 Fungistatic and fungicidal properties of
cyazofamid against Sclerospora graminicola
A similar trend in inhibition of zoospore release and
arrest of zoospore motility was evident in this trial to
that in the sensitivity test (Table 2).

3.1.4 Seedling emergence
Seed treatment with different concentrations of
cyazofamid revealed significant (P < 0.001) enhanced
germination to varying degrees (data not shown in the
tables). Maximum germination of 93% was recorded
at 1, 2, 5 and 10 mg cyazofamid mL−1, whereas in
the untreated control only 90% seed germination was
recorded.

3.1.5 Effect of cyazofamid on downy mildew disease
None of the concentrations of cyazofamid tested
was found to be phytotoxic. No significant disease
control was recorded in seed treatments with the
lower cyazofamid concentrations (Fig. 1), and only
19.2% control was obtained at the higher doses of
1 and 2 mg mL−1. However, this was a significant
reduction in disease level over the control, which
showed 96.2% disease incidence. Significant disease
control was evident when seed treatment with
cyazofamid was followed by one foliar spray, 7 days
after sowing. Disease control of respectively 73.9, 88.4
and 93.5% was obtained with foliar sprays of 4, 5 and
10 mg mL−1. Moderate disease control (37.4%) was
recorded even at the low concentration of 1 mg mL−1.
Highly significant disease control was recorded with
a second foliar spray (15 days after sowing), where
99.2% disease control was recorded at 10 mg mL−1

and 98.2% at 5 mg mL−1. With foliar spray treatment
alone, cyazofamid gave results similar to those with
seed treatment plus two foliar sprays at 7 and 15 days
after emergence (Fig. 1).

Table 1. In vitro inhibitory effects of cyazofamid on asexual spores of Sclerospora graminicola (host-independent stage)a,b

Concentration (mg mL−1)
Number of sporangia

cm−2 (±SEM)
Sporangia releasing

zoospores (%) (±SEM)
Zoospores showing
motility (%) (±SEM)

0.01 9 750 (±478.7) d 14.2 (±0.4) d 53.2 (±0.6) f
0.05 9 250 (±250) d 8.7 (±0.2) c 40.7 (±0.2) e
0.1 5 500 (±500) c 8.0 (±0) c 34.2 (±0.4) d
0.15 3 500 (±288.6) b 3.2 (±0.6) b 20.5 (±0.6) c
0.2 1 500 (±288.6) a 1.2 (±0.6) a 8.5 (±0.6) b
0.25 500 (±500) a 0.5 (±0.2) a 0.7 (±0.4) a
0.3 0 a 0 a 0 a
Control (distilled water) 22 500 (±288.6)e 91.2 (±0.2) e 100 g

a Values are means of four independent replications.
b Means followed by the same letter(s) within the column are not significantly different according to Tukey’s HSD test.
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Table 2. Fungicidal and fungistatic properties of cyazofamid fungicide on asexual spores of Sclerospora graminicola (host-independent stage)a,b

Concentration (mg mL−1)
Number of sporangia

cm−2 (±SEM)
Sporangia releasing

zoospores (%) (±SEM)
Zoospores showing
motility (%) (±SEM)

0.01 3000 (±408.2) c 13 (±0.7) c 48.5 (±0.5) f
0.05 1750 (±250) bc 12.5 (±0.4) c 37.2 (±0.6) e
0.1 1000 (±408.2) ab 11 (±0.4) c 24.2 (±0.4) d
0.15 1000 (±0) ab 5.2 (±0.4) b 11.2 (±0.2) c
0.2 500 (±288.6) ab 1.7 (±0.4) a 4.2 (±0.2) b
0.25 250 (±250) a 0 a 0.2 (±0.2) a
0.3 0 a 0 a 0 a
Control (distilled water) 22 250 (±250) d 91 (±0.4) d 100 f

a Values are means of four independent replications.
b Means followed by the same letter(s) within the column are not significantly different according to Tukey’s HSD test.
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Figure 1. Efficacy of cyazofamid against downy mildew disease of
pearl millet under greenhouse conditions. Values are means of four
independent replications. Bars represent standard errors. Means
followed by the same letter(s) within the column are not significantly
different according to Tukey’s HSD test.

3.2 Fungicide nature
3.2.1 Systemic activity of cyazofamid against downy
mildew
Root treatment of infected seedlings with cyazofamid
left them susceptible, with a disease incidence of 87.7,
89.2 and 89.7% with 10, 5 and 2 mg cyazofamid
mL−1 respectively (Fig. 2). This clearly indicates that
the fungicide does not have systemic action against
downy mildew disease in pearl millet. Although major
systemic action was not observed from root treatments,
slight disease control was noticed in the treatments,
and the disease level was significantly different from
that in the control.

3.2.2 Curative activity
When sprayed with 1, 2, 5 or 10 mg cyazofamid mL−1

to run-off, 21-day-old downy mildew infected pearl
millet plants showed varied levels of recovery from
disease (Fig. 3), with respectively 35.3, 42.3, 74 and
91% cure.

3.2.3 Translaminar activity
Cyazofamid applied to the abaxial regions showed
a disease incidence of 63, 41.5, 24.7 and 16% in
treatments with 1, 2, 5 and 10 mg mL−1 respectively
(Fig. 4). However, movement of fungicide from
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Figure 2. Systemic activity of cyazofamid by root treatment of downy
mildew infected pearl millet seedlings, as demonstrated by inhibition
of disease. Values are means of four independent replications. Bars
represent standard error. Means followed by the same letter(s) within
the column are not significantly different according to Tukey’s HSD
test.
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Figure 3. Curative activity of cyazofamid sprayed on 21-day-old
highly infected plants. Values are means of four independent
replications. Bars represent standard error. Means followed by the
same letter(s) within the column are not significantly different
according to Tukey’s HSD.

adaxial surfaces was very poor, as evidenced by
retention of higher disease percentages of 96, 88.2,
79.7 and 65.2% on the abaxial surfaces at 1, 2, 5
and 10 mg mL−1 respectively. Cyazofamid applied to
both surfaces significantly inhibited the development
of disease, with 44, 28, 7.7 and 2.7% incidence at 1,
2, 5 and 10 mg mL−1 respectively.

3.2.4 Residual activity and rainfastness
In the residual activity and rainfastness tests, signifi-
cant disease control was evident with all cyazofamid
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Figure 4. Translaminar activity of cyazofamid in infected pearl millet
leaves, as indicated by inhibition of downy mildew disease. Values
are means of four independent replications. Bars represent standard
error. Means followed by the same letter(s) within the column are not
significantly different according to Tukey’s HSD test.
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Figure 5. Residual activity and rainfastness of cyazofamid. Values
are means of four independent replications. Bars represent standard
error. Means followed by the same letter(s) within the column are not
significantly different according to Tukey’s HSD test.

concentrations tested (Fig. 5). Among the tested con-
centrations, 10 mg mL−1 provided maximum disease
control of 71%, followed by 5 mg mL−1 (57.6% dis-
ease control), and the lowest dose, 1 mg mL−1, also
gave partial disease control of 18.8% compared with
the untreated control. This result clearly indicates that
loss of cyazofamid activity was relatively small.

4 DISCUSSION
Cyazofamid exhibited strong inhibition of zoospore
motility and zoospore release of S. graminicola in vitro
(Table 1). Inhibition of zoospore motility was sig-
nificantly superior to that of zoospore release at the
same concentration. These observations are consistent
with those from experiments with Phytophthora infes-
tans (Mont.) De Bary.7 Cyazofamid strongly inhibited
all stages in the life cycle of P. infestans, includ-
ing zoospore release, zoospore motility, cystospore
germination and oospore formation and mycelial
growth. Among these, cyazofamid was most active
against zoospore motility in terms of the concentration
required for 50% inhibition.

Zoosporangia viability was evaluated by zoospore
release and zoospore motility of S. graminicola. When

zoosporangia were separated from cyazofamid after
15 min incubation, inhibition of zoospore release and
zoospore motility was observed (Tables 1 and 2). This
activity was comparable with that found after more
than 60 min incubation with cyazofamid, indicating
rapid fungicidal action, and that treatment for more
than 15 min had no further effect. Similar effects
were observed on sporulation activity in vivo (Tables 1
and 2). There are two previous reports concerning
the action of cyazofamid on the viability of fungi
for the control of plant diseases. In a viability
test using zoosporangia of P. infestans, cyazofamid
at 0.1 µg mL−1 exhibited irreversible inhibition of
zoospores after 60 min incubation.7 Another example
is that cyazofamid at 3–10 µg mL−1 showed fungicidal
activity against resting spores of Plasmodiophora
brassicae Woron 1–10 days after treatment, leading
to a reduction in root hair infection on Chinese
cabbage.10

Cyazofamid exhibited strong preventive, residual,
curative and sporulation inhibition activity, and rain-
fastness against S. graminicola under greenhouse con-
ditions (Figs. 3 and 5). The fungicide had only limited
translaminar activity (Fig. 4). These observations are
consistent with those from experiments against P. infes-
tans and Pseudoperonospora cubensis (Burk. & Curt.)
Rostov., except for curative activity.11 Cyazofamid
exhibited no curative activity against P. infestans and
moderate activity against P. cubensis in pot tests. How-
ever, in some field trials, this fungicide exhibited
curative activity against both P. infestans on potato
and P. cubensis on cucumber.11–13 Since cyazofamid
had high levels of curative activity against S. gramini-
cola on pearl millet in a pot test (Fig. 3), this fungicide
would exhibit curative activity against the disease in
the field.

Seed treatment with cyazofamid at all concentra-
tions tested, 1, 2, 5 and 10 mg mL−1, enhanced
pearl millet germination. This result suggests that
cyazofamid may contribute to suppressing microor-
ganism epidemics on the seed surface that affect pearl
millet germination. Another possibility is that this
phenomenon arises from an unknown mechanism of
cyazofamid.

Downy mildew caused by S. graminicola is one of
the most damaging diseases of pearl millet.3 Three
fungicide applications are traditionally recommended
in India, before sowing (seed treatment) and at the
seventh and fourteenth day after emergence. Tests of
seed treatment using artificial inoculation with cyazo-
famid did not provide any significant disease control.
On the other hand, seed treatment plus foliar appli-
cation gave protective activity, with 4, 5 and 10 mg
mL−1 clearly suppressing the development of downy
mildew disease. It is emphasized that foliar treatment
alone was effective and gave similar reaction to that
with seed treatment plus foliar application (Fig. 1).
This indicates that cyazofamid should be used as a
foliar application. Since it is extremely unlikely that
cyazofamid alone will be used for an entire season
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on the basis of resistant management strategy,16 alter-
native applications with other fungicides that have
different modes of action should be used. We have
previously reported the efficacy of the strobilurin
fungicides, azoxystrobin, trifloxystrobin and kresoxim-
methyl, against pearl millet downy mildew at low
concentrations.15 In the present study, cyazofamid
exhibited a similar trend against S. graminicola inhibi-
tion and disease control using higher concentrations
under both in vitro and in vivo conditions. Strobilurins
have different biological properties that consequently
confer a wide range of biokinetic behaviour. All the
commercialized strobilurins can be demonstrated to
have broad-spectrum activity with non-selective toxi-
city against the target enzyme.

Cyazofamid has strong preventive activity, resid-
ual activity, rainfastness and sporulation inhibitory
activity. Translaminar and curative activity are mod-
erate (curative activity against pearl millet downy
mildew is strong). Cyazofamid strongly inhibits the
target enzyme only of Oomycetes. All fungicides
can be used for seed treatment as well as foliar
application. The carboxylic acid amide (CAA) fungi-
cide iprovalicarb also had potential for the control
of downy mildew of pearl millet,17 and this and
related fungicides can be included in control pro-
grammes.

Cyazofamid belongs to a new class of fungicide
with a mode of action that is different from
that of the strobilurins and iprovalicarb. Mode
of action studies have shown that strobilurins act
against mitochondrial cytochrome bc1 at the Qo
site18,19 and iprovalicarb does not affect respiration.20

Although the mode of action of iprovalicarb and
other CAA compounds has not yet been fully
elucidated, there are proposals that they inhibit
phospholipid biosynthesis and interfere with cell-
wall deposition (http://www.frac.info/frac/index.htm).
Further investigations are needed to establish the most
efficient sequential treatments to include cyazofamid
against pearl millet downy mildew.

In conclusion, cyazofamid has a high potential to
be an effective fungicide for the control of pearl millet
downy mildew. This is the first report that cyazofamid
exhibits high activity against S. graminicola and is
a promising fungicide in controlling this disease by
foliar treatment.
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