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The effect of root or leaf applications of soluble Si on severity of grape (Vitis vinifera L..) powdery mildew

[Uncinula necator (Schwein) Burrill] was determined. On potted plants, root-feeding at 1.7 mM Si had no effect on
disease severity, but foliar sprays at 17 mM Si substantially reduced the number of mildew colonies that developed
on inoculated leaves. Scanning electron micrographs showed that, on Si-sprayed leaves, hyphae did not develop in
areas where thick Si deposits were present on the leaf surface; and where surface deposits were not present, Si was
translocated laterally through the leaf and surrounded the appressoria. Leaves on plants that were fed Si via roots
showed a similar deposition of Si surrounding the appressoria. On water-sprayed leaves and leaves from untreated
plants, internal deposition of Si was more variable and generally less than on Si-sprayed or root-fed plants. Conidia
germination and germtube development on agar media were weakly promoted by the presence of Si. Reduced severity
of grape mildew by Si sprays may be partly due to a physical barrier to hyphal penetration and to a resistance
response involving the lateral movement of Si and its deposition within the leaf at fungal penetration sites.

In monocot crops, the association between Si and reduced
severity of fungal diseases has been known for some time. Ger-
mar (1934) reported that wheat (Triticum aestivum L.) plants
supplied with Si are more resistant to powdery mildew (Erysiphe
graminis f. sp. hordei) than control plants. Since then, Si has
been implicated in several other monocot disease resistance re-
sponses, including sorghum (Sorghum vulgare Pert.) resistance
to anthracnose (Colletotricum graminicolum) (Narwal, 1973),
barley (Hordium vulgare L.) and wheat resistance to powdery
mildew (E. graminis f. sp. hordei) (Jiang et al., 1989; Kunoh
and Ishizaki, 1976; Leusch and Buchenauer, 1989; Sargent and
Gay, 1977), and rice (Oryza sativa L.) resistance to blast (Pir-
icularia oryzae Cav.), brown spot (Bipolaris oryzae Shoemaker)
and sheath blight (Corticium sasakii Shiriai) (Aleshin et al.,
1986; Datnoff and Snyder, 1991; Mathai et al., 1978; Volk et
al., 1958). The exact role silica plays in enhancing disease re-
sistance in monocots is as yet undetermined, but localized de-
posits of Si have been found in host tissue surrounding fungal
haustoria (Kunoh and Ishizaki, 1976; Sargent and Gay, 1977).

In dicots, less attention has been paid to the association be-
tween Si and resistance to fungal infection. Although Wagner
(1940) reported that cucumber powdery mildew severity was
reduced by supplying plants with Si, current interest in this
phenomenon was not spawned until the mid-1980s, when it was
reported that the natural incidence of powdery mildew was re-
duced by feeding Si to solution-cultured cucumbers (Adatia and
Besford, 1986; Miyake and Takahashi, 1983). The reduction in
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cucumber powdery mildew with Si feeding has since been shown
to be coincident with an accumulation of Si in the leaves (Men-
zies et al., 1991a). Using scanning electron microscopy (SEM)
and energy dispersive X-ray analysis (EDX), Samuels et al.
(1991a) showed that infection of Si-fed cucumber plants results
in a deposition of Si in host cell walls at hyphal penetration
sites. Associated with this response are a reduction in haustoria
formation and an increase in phenolic production (Menzies et
al., 1991b). Timed Si-feeding studies have also found that sol-
uble Si polymerizes quickly in cucumber leaves and that disease
development is suppressed only if Si is present in soluble form
(Samuels et al.,, 1991b). To minimize disease development, Si
must therefore be provided continuously in the nutrient feed.
Until recently, studies associating reduced disease severity
with Si in cucumber and monocot crops have involved root
absorption of Si from soil or culture media. In a concurrent
study, it was shown that Si was effective in reducing powdery
mildew severity on cucumber, muskmelon, and zucchini squash
when applied as a foliar spray (Menzies et al., 1992). Whether

Table 1. Effect of Si and K;HPO,sprays on powdery mildew colony
development on grape leaves.

Days after Concn

inoculation Spray (mm) Colonies” SE

13 Water 10 a’ 2.2
Si 17 3b 0.9
K,HPO, 3.7 11 a 3.0
K.HPO, 11.0 11 a 0.9

16 Water 15 a 3.3
Si 17 6b 0.8
K,HPO, 3.7 17 a 3.1
K,HPO, 11.0 17 a 2.8

19 Water 18 a 4.1
Si 17 6 b 0.9
K,HPO, 3.7 21 a 4.4
KHPO, 11.0 20 a 2.0

"Mean number of colonies per leaf from four plants, two leaves per
plant.

‘Mean separation within each day by Duncan’s multiple range test, P
= 0.05.

J. Amer. Soc. Hort. Sci. 117(6):906-912. 1992.



Si will enhance disease resistance in noncucurbit dicots when
applied either via the roots or as a foliar spray is unknown.
Foliar application of Si, if effective, may provide a practical
means of boosting plant disease resistance in field-grown crops.

In grape culture, powdery mildew caused- by Uncinula ne-
cator is one of the most common and difficult-to-control dis-
eases. To our knowledge, Si has not yet been associated with
disease resistance in grape or any other noncucurbit dicot. The
objective of this study was to assess the effectiveness of soluble
Si, applied either as a foliar spray or to the roots, in reducing
severity of grape powdery mildew.

Materials and Methods

Effects of foliar applications of K and PO, In hydroponic
feeding studies of cucumber, soluble Si solutions have been
prepared by diluting a predissolved potassium silicate such as
Kasil #6 (National Silicates, Toronto, Canada) (Menzies et al.,
1991a, 1991b; Samuels et al., 1991a, 1991b). Such a solution
is extremely basic and must be pH neutralized before it is ap-

Table 2. Effects of root and spray applications of Si on the number
of powdery mildew colonies on grape leaves.

D Colonies Ln(colonies + 1)

ays after

inoculation Treatment MeanseE M e ans E

Run I~

14 Untreated 4.7 1.3 l4a” 0.3
Waler spray 1.9 0.7 0.8ab 0.2
Si root-fed 2.8 1.2 1.0a 0.3
Si spray 0.2 0.1 02b 0.1

18 Untreated 6.3 1.6 1.7a 0.3
Water spray 4.2 1.3 13a 0.3
Si root-fed 4.4 1.5 13a 0.3
Si spray 0.9 0.4 05b 0.2

26 Untreated 7.3 20 19a 0.2
Water spray 5.4 1.0 18a 0.2
Si root-fed 5.4 21 14a 0.3
Si spray 0.9 04 05b 0.2

Run 2%

13 Untreated 25.3 87 3.0a 0.3
Water spray 22.4 79 29a 0.2
Si root-fed 20.4 3.5 30a 0.2
Si spray 2.8 0.8 1.1b 0.3
Untreated 29.9 87 31a 0.3

16 Water spray 235 7.7 3.0a 0.2
Si root-fed 19.4 3.7 29a 0.2
Si spray 3.0 0.8 1.2b 0.3
Untreated 314 83 33a 0.2

20 Water spray 215 6.7 2.8a 0.3
Si root-fed 19.0 3.6 29a 0.2
Si spray 3.3 1.0 11b 0.3
Untreated 32.4 10.1 3.2a 0.3

25 Water spray 22.6 46 30a 0.2
Si root-fed 19.8 41 29a 0.2
Si spray 2.4 0.8 1.0b 0.3
Untreated 31.1 86 32a 0.3

32 Water spray 22.2 58 30a 0.2
Si root-fed 16.1 36 26a 0.2
Si spray 2.4 0.7 1.0b 0.2

‘Ln-transformation to provide homogeneity of variance.

‘Mean number of colonies per leaf from nine plants, two leaves per
plant.

‘Run 1 and Run 2 refer to the first and second replicate runs of the
experiment.

"Mean separation of In-transformed counts within each run of the ex-
periment and day by Duncan’s multiple range test, P = 0.05.
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plied to plants. If HP O,is used, the solution contains 0.61 mol
K and 0.33 mol PO,/mol Si. Ideally, nutrient feed solutions
effective in reducing powdery mildew incidence in cucumber
should contain at least 1.7 mm Si (100 ppm SiO,) (Menzies et
al.,, 1991a). The Si foliar spray used throughout this study was
prepared with Si 10 times more concentrated, containing Si, K,
and PO,at 17, 10, and 5.5 mM, respectively. In this experiment,
sprays of K.HPO,at two concentrations were compared with
the Si spray to determine whether K and PO,affect mildew
severity.

Sixteen rooted woody cuttings of the grape rootstock hybrid
LN33 were potted in sawdust and spaced evenly on greenhouse
benches to provide 0.5 m’/plant. Treatments were applied after
10 weeks of growth under = 30C day maximum/I8C night min-
imum, during which the plants sprouted between five and seven
shoots that grew to = 10 nodes each. Watering was as needed
with a nutrient solution prepared with reverse osmosis (RO)
water to contain minimal Si. The solution contained (mm): 13
NO, 15 HPO, 7.0 K, 0.08 Si, plus micronutrients.

Four spray solutions were prepared using RO water: a 17-
mM Si solution; two K,HP O,solutions pH neutralized with
H.,PO,; and a water control. The K,HP O,solutions were pre-
pared at 3.7 mMm (K and PO,at 7.4 and 5.5 mm, respectively)
and 11 mMm (K and PO,at 22 and 16 mmMm, respectively). A drop
of Tween 20 was added to each liter of solution. The sprays
were applied, until drip, to the upper surface of two mature
leaves on each of four randomly chosen vines. Twenty-four
hours later, the leaves were inoculated with U. necator conidia.
The conidia were collected 1 h before inoculation by shaking
mature colonies on infected grape leaves into a flask of Fluor-
inert (FC-43; 3M Canada, London, Ont.). The number of viable
conidia present was determined using a haemocytometer. The
Fluorinert suspension was sprayed onto the upper surfaces of
the leaves to provide inoculum at 500 conidia per leaf. Colonies
became visible and were counted 13 days after inoculation. Col-
onies were counted again 2 and 5 days later. Duncan’s multiple
range test was used to separate treatment means of counts for
each day.

Si foliar and root applications. Thirty-six potted LN33 grape
plants were cultivated as described above, except that from the
time of planting, nine randomly chosen vines were watered, as
needed, with the standard nutrient solution plus 1.7 mm Si (Si-
R). All other vines were watered with the low-Si nutrient so-
lution. Each vine sprouted between four and six shoots that were
allowed to grow without pruning or training through most of
the study. Foliar treatments were applied when each plant had
a shoot with at least six fully expanded leaves. The treatments
were: an untreated control; a RO water spray; and a 17 mMm Si
spray prepared as described above. Each foliar treatment was
assigned to nine randomly selected vines receiving the low-Si
nutrient solution. A single shoot with at least six leaves was
chosen on each plant, and foliar sprays were applied until drip
to upper surfaces of the fifth and sixth leaves from the shoot
tip, counting only leaves with laminas >3 cm long. Treated
leaves and similarly selected leaves on root-fed and untreated
plants were marked with a felt-tip pen for identification. Marked
leaves were inoculated as described above 24 h after foliar treat-
ments had been applied.

Eleven days after inoculation, the first colonies appeared on
inoculated leaves. Sporulating colonies were counted on all
marked leaves at 3, 7, and 15 days after the first colonies were
detected. The diameters of all colonies were measured 9 days
after colonies first appeared.

907



The spray treatments were reapplied to the fifth and sixth
leaves on another developing shoot on the same plants 18 days
after first spraying. These and similar leaves on the untreated
and Si root-fed plants were marked and inoculated as described
above. At the time of the second inoculation, sporulating col-
onies were present on leaves inoculated previously on the same
plants, but no visible colonies appeared on the second set of
leaves until 10 days later. Counts of sporulating colonies were
made at 3, 6, 10, 15, and 22 days after the first colonies were
detected. Most shoots on the vines were trimmed to =20 leaves
just before the fourth count, but shoots with marked leaves were
left untrimmed.

Treatment means for colony diameters and colony counts taken
each day for each run of the experiment were separated by
Duncan’s multiple range test. Colony development over time
was fit to the exponential function, y = b,(I - €"), using
the NLIN procedure of SAS statistical software (SAS Institute,
Cary, N.C.).

Leaf Si distribution. Young colonies of U. necator were iden-
tified on some leaves of all treatments 10 days after inoculation
of each replicate run of the Si-R and foliar spray experiments.
Leaf sections were sampled by excising with a razor blade 1-
cm’areas containing the colonies. At least three leaves from
each treatment were sampled in each run of the experiment. The
excised leaf sections were immediately transferred to aluminum
or carbon SEM stubs that had been coated with double sticky
tape. The samples were air dried, rather than fixed, to prevent
the redistribution of elements within the tissues, and then sput-
ter-coated with gold. Uncoated samples were also tested as a
control for this step to verify that gold did not interfere with the
X-ray analysis for Si.

Energy-dispersive EDX was performed using a Cambridge
250 scanning electron microscope (Cambridge Instruments,
Cambridge, U.K.) operated at 20 kV, equipped with a Link An
10 000 X-ray analyzer (Link Systems, Highwicombe, U.K.),
and interfaced with a Kontron Image Processing System (Kon-
tron Bildanalyse, Munich). X-ray spectra were gathered, and
the elements of interest were designated as windows consisting
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Fig. 1. Mildew colony development over time following Si treat-
ments (first run). Each point represents the mean number of colonies
per leaf from nine plants. Curves were fit to the function y = b,(1
-e""). Untreated: b,= 7.33, b,= -0.327, R°= 0.64. Water
spray: b,= 6.27, b= -0.142, R’= 0.65. Si root-fed: b,=
5.62, b,= -0.225, R’= 0.46. Si spray: b,= 1.04, b,= -0.163,
R’=0.41.
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Fig. 2. Mildew colony development over time following Si treat-
ments (second run). Each point represents the mean number of col-
onies per leaf from nine plants. Curves were fit to the function y =

b,(1 - ¢*”). Untreated: b,= 31.6, b= -0.530, R°= 0.59.
Water spray: b,= 22.5, b,= -2.27, R’= 0.59. Si root-fed: b,
= 17.99, b= -2.39, R’= 0.76. Si spray: b,= 2.77, b, =
-1.27, R°= 0.58.

of seven channels of 0.02 KeV. The location of each element
was mapped by the image analysis computer by positioning the
beam of the SEM on an individual pixel for a dwell time of 10
msec over a raster of 256 x 256 pixels. When X-rays from the
element of interest were found in the pixel, they were indicated
by a bright spot on the quadrant of the four-channel map corre-
sponding to that element, Distributions of Si, K, and Ca were
generated by overlaying the appropriate quadrant of the four-
channel map on the original SEM image.

Conidia germination and germtube development. To deter-
mine whether dissolved Si inhibits conidia germination and
germtube growth in U. necator, conidia were germinated on 2%
agar media amended with Si at 0, 1.7, 8.4, and 17 mm. Each
treatment was replicated four times in individual petri dishes.
Conidia were collected by pressing two sporulating colonies
onto the agar surface in each dish. Percent germination and
average germtube length were determined by examining 100
conidia per dish after 24 h of incubation at 20C. This experiment
was repeated once.

Results and Discussion

In the experiment to determine whether the K and PO,in the
Si spray affected powdery mildew severity, there were no dif-
ferences in the number of U. necator colonies that developed
on water-sprayed and K.HPO,-sprayed leaves (Table 1). At the
last count, made 19 days after inoculation, colony development
on Si-sprayed leaves was 33% of that on water-sprayed leaves.
This result indicates the severity of U. necator infection is un-
affected by K and PO,together on the leaf surface but is reduced
by the presence of Si. We also observed (not quantified) that
older leaves developed fewer colonies.

In both replicate runs of the foliar spray and Si-R experiment,
the final colony count variance differed among treatments and
was directly related to the mean. A In-transformation [In(colonies
+ 1)] provided variance homogeneity so that mean separation
could be performed. Colony development on SGR plants did
not differ from that on untreated or water-sprayed controls (Ta-
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Fig. 3. SEM images of Si-sprayed leaves. (A) 72 h after spray application showing thick potassium silicate layer (bottom asterisk) that obscures
normal grape leaf cuticle texture (top of image). (B) Four-channel X-ray map shows distribution of elements of interest in grape leaf 10 days
after inoculation. Quadrats: Upper left, Si; upper right, Ca; lower left, K; lower right, SEM image of region scanned. Right side of field
shows edge of spray deposit. (C) Enlargement of SEM image of area mapped in (B). On Si spray deposit to right (asterisk), conidia have
not produced hyphae. On the area without apparent deposit to left, abundant hyphae extend across the leaf surface. Modified areas of host

cell wall around lobed appressoria (arrow) are not as collapsed as surrounding cells following air drying.

(D) Silicon distribution shown by

overlay of Si map on original SEM image. Dots indicate regions of high Si around appressoria (arrow).

ble 2). However, the Si foliar spray reduced the number of
colonies to = 14% and 9% of that of control leaves in the first
and seconds runs of the experiment, respectively (Table 2).
Colony diameter averaged 4.6 mm and did not differ among
treatments.

The stability of the infection levels achieved in the foliar
spray and Si-R experiment is shown in Figs. 1 and 2. Colony
development over time for all treatments in both runs of the
experiment followed the exponential relationship with time, y
= b,(1 - "), where y is the number of sporulating colonies

J. Amer. Soc. Hort. Sci. 117(6):906-912. 1992.

x days from the onset of colony development, b, is the asymp-
totic maximum predicted colony count, and b,is a negative
constant related to the initial rate of colony development. Final
colony counts were higher and maximum counts were achieved
in less time for all treatments in the second run (Fig. 2) of the
experiment than in the first run (Figs. 1 and 2), possibly due to
higher mean leaf temperatures resulting from fewer cloudy days
during the second run. However, early in both runs, colony
counts had plateaued and were close to the predicted maxima.
The reduction in the colony count due to the Si spray was thus
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Fig. 4. SEM images of nonsprayed leaves 10 days after inoculation. (A) Leaf from untreated plant. Fungal hyphae on leaf display lobed
appressoria surrounded by modified host wall. (B) Si distribution on leaf shown in (A). White dots indicate regions of high Si. The amount
of Si in untreated leaves varied from not detectable to similar to Si-treated. (C) Leaf from Si-R plant. Germinating conidia are surrounded
by modified host cell wall. Below, mature hyphae is seen with lobed appressoria. (D) Si distribution of leaf shown in (C). Regions of
modified host cell wall contain high Si (white dots). All bars = 20 um.

stable and unlikely the result of a slowing of fungal development
that delayed colony appearance.

Whitish spots of dried solution were observed on Si-sprayed
leaves. Under the SEM, the normal lined texture of the leaf
cuticle was obscured by circular areas where a thick coating had
formed (Fig. 3A). Using X-ray mapping, it was confirmed that
these droplets consisted of potassium silicate (Fig. 3B).

Abundant hyphae of U. necator extended across the leaf sur-

910

face, and the lobed appressoria characteristic of this genus were
visible (Fig. 3C). These lobed appressoria are the initiation sites
of haustoria (Braun, 1987). In areas where spray droplets had
been deposited, conidia were present but had not produced hy-
phae (Fig. 3C). In areas remote from the droplets, the lobed
appressoria were surrounded by a region of modified host cell
wall, and these areas were enriched in Si (Fig. 3D).
Water-sprayed leaves and leaves from untreated plants were

J. Amer. Soc. Hort. Sci. 117(6):906-912. 1992.
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Fig. 5. Germination of Uncinula necator conidia in response to Si
concentration in an agar medium. Means * SE of four replicate cul-
tures, 100 conidia per culture. Regression: y = 36.0 + 0.59x, R’
= 0.13, P = 0.02.
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Fig. 6. Length of germ tubes from Uncinula necator conidia in re-
sponse to Si concentration in an agar medium. Means * SE of con-
idia on four replicate cultures, 100 conidia per culture. Regression:
y = 6.96 + 0.15x, R’= 0.51, P = 0.0001.

indistinguishable under the SEM. In both cases, abundant fungal
hyphae with lobed appressoria spread across the leaf surface
(Fig. 4A). Some leaf samples of both treatments contained Si
in the region surrounding the appressoria (Fig. 4B), although
their presence was quite variable.

In leaves from plants that had been root-fed Si, the appres-
soria were surrounded by Si in all samples tested (Fig. 4, C and
D). Although these leaves showed no reduction in the number
of colonies that developed relative to leaves from untreated plants,
they showed extensive silicification of host tissue surrounding
the fungal appressoria.

In cucumber, the extent of silicification in leaves depends on
the availability of soluble Si as monosilicic acid in the soil or
hydroponic solution (Samuels et al., 1991b). The reduced se-
verity of grape powdery mildew with the Si spray and not with
root-feeding may reflect a quantitative effect of Si that is not
differentiated by the SEM-EDX technique. The extremely high
Soc. Hort. Sci. 1992.
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concentration of Si sprayed on the leaves may have resulted in
Si being absorbed at a level sufficient to enhance host resistance.
Alternatively, the effectiveness of the Si spray may have been
due primarily or in part to a barrier effect on the leaf surface.
The thick potassium silicate deposits that coated a significant
portion of the leaf cuticle may have prevented penetration by
germinating conidia. In the areas of the leaf surface that had
not been coated, fungal development was more extensive (Fig.
3C). However, in these areas some of the Si deposited on the
leaf surface was apparently absorbed and translocated laterally
through the leaf, to where it surrounded the appressoria.

The possibility that infection was reduced by an inhibitory
effect of Si on conidia germination or germtube development is
not supported by the results of the germination study. Germi-
nation and germtube elongation were both weakly promoted by
the presence of Si in the agar media (Figs. 5 and 6). Only a
linear response to Si concentration up to 17 mM was detected,
although the R’was low in each case (Figs. 5 and 6). These
results do not preclude the possibility that dry potassium silicate
deposits on a leaf surface inhibit germtube development or act
as a physical barrier to penetration.

In this study, soluble Si applied to the leaves or roots of grape
plants was absorbed and translocated to leaf tissue surrounding
appressoria of U. necator. This result is similar to that found
in studies with barley and cucumber, in which Si was absorbed
only via the roots (Kunoh and Ishizaki, 1976; Samuels et al.,
1991; Sargent and Gay, 1977). Silicon deposition at sites of
fungal pathogen penetration may be a common component of
the host-defense response in a variety of plant families. In grape,
additional protection against U. necator infection may be pro-
vided by dry deposits of potassium silicate on the leaf surface.
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