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ABSTRACT
The world avocado industry is very reliant on phosphorous acid for the control of Phytophthora cinnamomi root rot of avocado. The 
threat of fungal resistance necessitated investigation into alternative methods of disease suppression. In a fi eld trial conducted in 
Tzaneen, South Africa, soluble potassium silicate was applied as a soil drench to mature ‘Hass’ trees on ‘Duke 7’ rootstock, to deter-
mine whether silicon has disease suppressive properties under fi eld conditions. Silicon application resulted in higher root densities 
compared to that of potassium phosphonate (Avoguard®) injections.These results were also related to canopy ratings, as trees that 
received frequent silicon applications, showed better canopy conditions compared to control treatments. One (Si x 1) and two (Si x 2) 
silicon applications per season resulted in signifi cantly higher root densities under moist conditions compared to the control treatment, 
but this effect was negated under conditions of drought stress. Three (Si x 3) silicon applications resulted in signifi cantly higher root 
densities throughout the season, compared to the control and potassium phosphonate (Avoguard®) treatments. Canopy conditions 
followed a similar trend to that of root density. Under conditions of limited drought stress, tree canopies showed less symptoms of 
disease stress. However, during dry conditions, canopy condition deteriorated dramatically. This was alleviated when rainfall returned 
during December 2005. All silicon treatments resulted in better canopy conditions (viz. Si x 3 rendering a canopy rating of 2.75 and 
Si x 1 giving a rating of 3.25) compared to that of the control (4.25) and potassium phosphonate (Avoguard®) (4) treatments. Drought 
stress however infl uenced this trend. Due to the fact that phenols are formed in reaction to pathogen infection, and literature indicate 
silicon application to enhance phenol expression, total phenolic content of avocado leaves and roots were determined. No signifi cant 
differences were observed in total leaf phenolic content between treatments. However, the effect of silicon application on phenol 
expression in avocado roots in the presence of Phytophthora cinnamomi was evident. Signifi cantly higher levels of phenols occurred 
with Si x 3 treatments compared to the control. The effect of silicon on phenol concentration in avocado roots is similar to, or exceeds 
that of potassium phosphonate (Avoguard®). These preliminary results indicate silicon to have both a direct mechanism of action as 
well as an indirect action by elevation of phenolic levels in the plant.

INTRODUCTION
Phytophthora cinnamomi is an aggressive plant pathogen 

causing extensive root rot in avocados (Persea americana Mill.).  
On average the disease leads to an annual loss of 10% of the 
world avocado crop, which amounts to several million US$ world-
wide (Zentmeyer & Schieber, 1991). 

Numerous control measures have been implemented to con-
trol root rot, including biological control (McLeod, Labuschagne 
& Kotze, 1995; Duvenhage & Kotze, 1993; Casale, 1990) and in-
duction of host resistance (Phillips, Grant & Weste, 1987). How-
ever, chemical control remains the most important control meas-
ure, and to this end, phosphate-based fungicides play a major 
role. Phosphonate fungicides, including fosetyl-Al (Aliette®) and 
its breakdown product, phosphorous acid, are highly mobile in 
plants (Guest, Pegg & Whiley, 1995) and are believed to control 
Phytophthora spp. by a combination of direct fungitoxic activity 
and stimulation of host defence mechanisms (Guest et al., 1995; 
Hardy Barrett & Shearer, 2001).

Duvenhage (1994) fi rst reported on the possibility of resistance 
to fosetyl-Al and H3PO3 and found that isolates of P. cinnamomi 
obtained from trees treated with fosetyl-Al or H3PO3 were less 
sensitive to these compounds in vitro, compared to isolates ob-
tained from untreated trees. He concluded that the possibility of 

resistance does exist (Duvenhage, 1999), which would pose a 
serious threat to the avocado industry. 

To determine whether potassium silicate is a viable alterna-
tive treatment against Phytophthora root rot of avocado, stud-
ies have been conducted to determine the effect of potassium 
silicate application on Phytophthora cinnamomi root rot develop-
ment in avocado plants.

The suppressive effects of silicon on plant diseases have been 
indicated by numerous authors (Ma & Takahashi, 2002; Epstein, 
1999). Mechanisms of suppression include increased mechani-
cal barriers (Datnoff, Deren & Snyder, 1997), plant enzymes 
(Samuels, Glass, Ehret & Menzies, 1993) and fungi-toxic com-
pounds (Fawe, Abou-Zaid, Menzies & Bélanger, 1998). 

The aim of this study was to determine whether the applica-
tion of soluble silicon from potassium silicate to P. cinnamomi 
infected trees would suppress the disease.
 
MATERIALS AND METHODS
Chemicals

Silicon was obtained from Ineos Silicas South Africa (Pty) Ltd, 
Germiston, South Africa. Potassium phosphonate (Avoguard®) 
was obtained from Ocean Agriculture. All solutions were pre-
pared with distilled water. 
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Plant and fungal material
An avocado orchard (latitude 23° 43’ 60S; longitude 30° 10’ 

0E) situated in Tzaneen, South Africa, at an altitude of 847 m, 
was used. Trees consisted of thirteen year old ‘Hass’ trees on 
‘Duke7’ seedling rootstocks planted at a density of 204 trees.ha-1 

(7 x 7 m spacing). The trees were on a southern facing slope.  
The presence of Phytophthora cinnamomi in the orchard soil and 
avocado tree roots was confi rmed by isolation of PARPH medi-

um (Jeffers & Martin, 1986) and subsequent identifi cation.  Fifty 
trees (n) were selected and 10 trees were randomly assigned 
per treatment in a randomised block design.  

Treatments
Treatments consisted of soil drenched with a watering can 

under the drip line of the tree with 20 litre 20 ml.l-1 soluble silicon 
(20.7% silicon dioxide) (Bekker, Labuschagne & Kaiser, 2005) 
per tree either once, twice or three times during a growing 
season. Trees injected with potassium phosphonate (Avoguard®) 
were incorporated as a standard treatment and applied at a 
concentration of 0.5 ml.l-1 water. Untreated trees were used as a 
control treatment and only drenched with water. 

Data collection
Data was collected from January 2005 to January 2006.  Digital 

photographs (described hereafter) and plant samples (root and 
leaf) were taken every second month on the northern slide of the 
tree, and fruit samples were taken at harvest. 

Environmental factors
Temperature was measured every 30 min from January 2005 

to July 2006 using a HOBO® H8 data logger (Onset computer 
Corporations, Bourne, MA, USA). Rainfall data was obtained by 
a rain gauge situated in the orchard. Tensiometers situated in the 
orchard at two different levels measured soil moisture content, 
and this was used as a measure to regulate additional water 
application through drip irrigation.

Tree health assessment
The condition of a tree canopy was rated according to a Ciba 

Geigy (Bezuidenhout, Darvas & Toerien, 1987) avocado tree 
rating from 0 to 10, with 0 = healthy looking tree and 10 = dead 
tree. Ratings were done independently by two parties, as well 
as from digital photographs taken in the fi eld. This was done 
fortnightly. 

Root health assessment
Ten sheets of newspaper were placed on top of each other 

under the drip line of each tree on the soil surface to cover a 
0.5 m2 area, and covered with leaf mulch. After two months, 
the mulch was carefully raked away and the newspaper was 
removed. A digital photo of the exposed roots was taken at a set 
height of 75 cm above the soil level with a Konika Minolta Dimage 
Z5 camera (5 megapixel, 35-420 mm lens). The newspaper was 
replaced with new sheets and covered with mulch. This was 
done fortnightly. 

Photos were analysed using ImageJ 1.33u (Wayne Rasband, 
National Institutes of Health, USA) software. The photos were 
converted from a RGB colour type photo to an 8-bit image.  A 
threshold (upper threshold 255, lower threshold level 170-195) 
was assigned to the foreground colour (the yellow/white avocado 
feeder roots) and the remaining pixels to the background colour 
(soil surface), where after the photo was converted to a black and 
white picture. Pixels not related to roots, including leaf material 
and mulch litter (background noise) in the photo, was deleted 
from the picture (Figure 1). Hereafter it was computer analysed, 
an area fraction determined and recorded as a percentage root 
area. 

Extraction and quantifi cation of total phenolic compounds
Samples were freeze dried for 72 h. The dried material was 

ground with an IKA® A11 basic grinder (IKA Werke, GMBH & 
Co., KG, D-79219 Staufen) to a fi ne powder. One millilitre of a 
methanol : acetone : water (7:7:1 on volumetric basis) solution 
was added to 0.05 g powdered sample, ultrasonifi ed for 5 min 
using a VWR ultrasonic bath, and centrifuged at 13500 rpm 

Figure 1.  Photo preparation for root density determination 
by means of digital images which were analysed using Im-
ageJ 1.33u software.
a) Normal photo of avocado roots on soil surface
b) Photo converted to black and white image
c) Pixels not related to roots (including leaf material and 

mulch litter) removed

a)

b)

c)
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(24000 g) for 1 min. This extraction 
procedure was repeated twice.

Chlorophyll was removed from 
the leaf samples by addition of 0.5 
ml chloroform to the samples, where 
after it was shaken for 30 s and 
centrifuged for 30 s. Supernatants 
were pooled and the organic solvent 
mixture was evaporated in a laminar 
fl ow cabinet at room temperature, 
where after the residue was dis-
solved in 1 ml water.  

The concentration of phenolic 
compounds was determined using 
the Folin-Coicalteu reagent (Bray 
& Thorpe, 1954). The reaction mix-
ture was scaled down to enable the 
use of 96 well ELISA plates. For the 
quantifi cation of phenolic content 
a dilution series (10 – 1000 μg/ml 
methanol) were used to prepare 
standard curves for ferullic- and gal-
lic acid. The reagent mixture com-
prised: 170 μl distilled water, 5 μl 
standard or plant extract sample, 50 
μl 20% (v/v) Na2CO3 and 25 μl Folin-
Coicalteu reagent. After incubation 
at 40°C for 30 min the absorbance 
was read at 690 nm using an ELISA 
reader (Multiskan Ascent VI.24354 
– 50973 [version 1.3.1]). Phenolic 

Figure 2.  Digital images of avocado tree root densities after P. cinnamomi infected 
trees were subjected to the following treatments:
Top left: Control                                                                 Top right: Si x 1   
Bottom left: Potassium phosphonate (Avoguard®)        Bottom right: Si x 3

Figure 3.  Avocado tree root density for a period of one year 
and bimonthly rainfall recorded in the orchard.

Figure 4.  Avocado tree canopy rating according to the Ciba 
Geigy disease rating for a period of one year and bimonthly 
rainfall recorded in the orchard. 

concentration was expressed as ferullic or gallic acid equivalents 
per gram dry root material (Regnier, 1994). 

RESULTS AND DISCUSSION
The application of silicon   to avocado trees as a soil drench 

affected root density dramatically (Figure 2). Higher root den-
sities were obtained with silicon application compared to that of 
potassium phosphonate (Avoguard®) injections. These results 
correlated well with tree canopy ratings, as trees that received 
silicon frequently, showed better canopy condition compared to 
the control treatments. Root density was, however, also affected 
by rainfall received throughout the season, although seasonal 
growth fl ushes and timing of silicon application also played a 
role.  High rainfall in the fi rst semester of 2005 resulted in higher 
densities compared to that of drier months in the second semester 

(Figure 3). One (Si x 1) and two (Si x 2) silicon applications per 
season resulted in signifi cantly higher root densities under moist 
conditions compared to the control treatment, but this effect 
was negated under conditions of drought stress. Three (Si x 3) 
silicon applications resulted in signifi cantly higher root densities 
compared to the control and potassium phosphonate (Avoguard®) 
treatments. It has been reported that soluble silicon polymerizes 
rapidly, resulting in insoluble silicon compounds, while diseases 
are effectively suppressed only if silicon is present in soluble 
form, Bowen, Menzies, Ehret, Samuels & Glass (1992). To 
provide maximum protection, and therefore minimize disease 
development, Bowen et al. (1992) suggested silicon to be 
applied continuously. Our preliminary results indicate this to be 
true, as three applications of silicon resulted in the best disease 
suppression and stimulation of new root growth.  
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Canopy condition followed similar trends to that of root 
density over the period of data collection. Under conditions of 
limited drought stress, tree canopies showed less symptoms 
of disease stress. However, during dry conditions, canopy 
condition deteriorated dramatically. This was fortunately nullifi ed 
when rainfall returned during December 2005 (Figure 4). All 
silicon treatments resulted in better canopy condition (viz. Si x 
3 rendering a canopy rating of 2.75 and Si x 1 giving a rating 
of 3.25) compared to that of the control (4.25) and potassium 
phosphonate (Avoguard®) (4) treatments. This difference 
was, however, not signifi cant for Si x 1 and Si x 2 applications 
under moist conditions as experienced in March. However, 
from July to November 2005, all silicon treatments resulted in 
signifi cant differences compared to that of control and potassium 
phosphonate (Avoguard®) treatments. This indicates that the 
silicon treatments reduced drought stress, apart from reducing 
disease stress.

If excess water is lost during transpiration, stomata closes and 
a decrease in photosynthetic rate occurs. Transpiration mainly 
occurs through the stomata and partly through the cuticle. If Si 
is present in the plant, it is deposited beneath the cuticle forming 
a double layer (Si-cuticle), which limits transpiration through the 
cuticle.  Especially in plants with thin cuticles, this can be a great 
advantage (Ma & Takahashi, 2002). Gong, Zhu, Chen, Wang & 
Zhang (2005) reported that silicon improved the water status 
of drought stressed wheat plants with regard to water potential 
and water content in leaf tissue of plants treated with silicon, 
compared to untreated plants. This also seems to be the case in 
silicon treated avocado plants. 

However, in our study the overriding factor of silicon seems 
to be its effect on disease suppression, and therefore canopy 
condition as an indicator of disease severity. Chérif, Asselin & 
Belanger (1994) reported that although silicon had no effect on 
phenolic concentrations of plants in the absence of pathogen 
infection, signifi cant differences can be seen in inoculated plants 
compared to uninoculated control plants with regards to the 
pathogen Pythium ultimum. Concentrations of phenolic com-
pounds in inoculated plants were reported to be double that of 
uninoculated plants six days after inoculation. The difference 
seen in avocado canopy condition in our study can therefore be 
attributed to disease suppression by silicon, and not other ex-
ternal factors infl uencing tree health. 

In the current study, no signifi cant differences were seen in 
total leaf phenolic content between treatments throughout the 
period of sampling, except during March 2005, when both Si  x 2 
(136 mg equivalent gallic acid per gram of dry weight) and Si x 3 

Figure 5.  Concentrations of total phenolics in crude ex-
tracts from milled leaf samples collected from Phytophthora 
cinnamomi infected avocado trees, subjected to various 
treatments with soluble potassium silicate. 

Figure 6.  Concentrations of total phenolics in crude extracts 
from milled root samples collected from Phytophthora cin-
namomi infected avocado trees, subjected to various treat-
ments with soluble potassium silicate.

(185 mg.g-1) were signifi cantly different compared to the potas-
sium phosphonate (Avoguard®) (113 mg.g-1) and control (107 
mg.g-1) treatments (Figure 5). Si accumulates at sites of infection 
(Fauteux, Rémus-Borel, Menzies & Bélanger, 2005). Ma, Tamai, 
Ichii & Wu (2002) suggested an active transport system for 
silicon, at least in rice plants. Rodriguez, Jurick, Datnoff, Jones & 
Rollins (2005) promoted the hypothesis for an active participation 
of silicon in disease response. However, because Phytophthora 
cinnamomi attacks avocado roots, and silicon is applied as a soil 
drench, no transport of silicon is proposed. Whether the mode of 
action of silicon is direct or indirect, leaf phenolic content should 
not, and as our results indicate, is not affected by silicon appli-
cation under conditions of disease stress. 

The effect of silicon application on phenol levels in avocado 
roots in the presence of Phytophthora cinnamomi is evident from 
Figure 6. Signifi cant differences between Si x 3 and the control 
groups were evident throughout the trial duration, except for 
November 2005 where Si x 3 (31 mg.g-1 gallic acid equivalent) 
were signifi cantly lower compared to all other Si treatments and 
the potassium phosphonate (Avoguard®) treatment (54 mg.g-1).  
However, the effect of silicon on phenol concentration in avocado 
roots is similar to, or exceeds that of potassium phosphonate 
(Avoguard®) presumably indicating a higher level of induced 
resistance expressed in plants. 

Anderson, Pegg, Coates, Dann, Cooke, Smith & and Dean 
(2004) stated that analysis of avocado fruit from trees injected 
with silicon for the control of anthracnose indicated higher levels 
of Mn, which possibly could have contributed to disease sup-
pression, as Mn is an important co-factor in synthesis of phenols 
and lignin necessary for plant defense. Manganese also inhibits 
the activity of pectolytic enzymes produced by fungi. This ef-
fect of silicon could also be true for avocado roots, but mineral 
analysis would be necessary to confi rm this. Nonetheless, our 
observations confi rm fi ndings by Chérif et al. (1994) indicating 
the release of these fungitoxic metabolites as a result of silicon 
application, thereby contributing to the enhanced resistance of 
host plants to pathogens. This release and accumulation of phe-
nol-like material (such as the phytoalexin rhamnetin in cucum-
ber) is deleterious to fungal haustoria (Fawe, et al., 1998) and 
thus limits infection. Similarly, silicon application limits disease 
development in avocado trees.

CONCLUSIONS
Effective control of Phytophthora cinnamomi root rot of 

avocado is of paramount importance to ensure the economical 
survival of this industry, not only in South Africa, but worldwide.  
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Our preliminary results indicate the application of water soluble 
silicon to be effective in suppression of avocado root rot if applied 
at the rate of 20 litres per tree (20 ml.l-1 water) throughout the 
production season. Data also indicate silicon to have both a direct 
mechanism of action as well as an indirect action by inducing 
plant resistance through elevation of phenolic levels in the plant, 
indicating an induced resistance response.
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