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Introduction
Phytophthora ramorum, causal agent of Sudden Oak Death, has 23 regulated hosts. Some
of these, such as coast live oak, tanoak and bay laurel, play a key role in the Californian 
forest ecology. There is one commercially available preventative treatment for two hosts-
coast live oak and tanoak. New treatments that employ easier and cheaper application 
methods and protect both foliar and trunk/twig hosts are needed. Other products in the 
market registered to control other Phytophthora pathogens may be effective for controlling 
P. ramorum. This work will look at inhibition of different stages in the life cycle of P. 
ramorum (Figure 1).               

Table 2-Chemical compounds and their concentrations.
Active Ingredient (A.I)                        1x concentration (%A.I.)
Phosphoric acid (Agrifos400®)                                13.74
Metalaxyl (Subdue®)                                                   10.65   
Copper Hydroxide (Champ®)                                        3.00

Results

Conclusions
• We have found that different isolates can react differently to the different chemical 

concentrations, some being more tolerant then others.
• Zoospore germination and sporangia formation were more sensitive to chemicals than

hyphal growth. This is very important because we suspect that most natural infection occurs 
by zoospores. 

• Some of the less effective compounds were not expected to be effective in vitro, because 
they need to be transformed in planta. Phosphorous acid was found to be a very effective 
preventative treatment in the field, yet less effective in vitro. Copper Hydroxide was a very 
effective treatment in vitro, but so far was not effective in field studies as a coast live oak 
trunk treatment. However, it was effective as a foliar spray treatment on a foliar host. 

In vitro studies
1. Hyphal growth inhibition

3. Zoospore germination inhibition test
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Figure 2- Petri dishes containing different compound concentrations. Marked 
lines indicate measurements of colony size.

Materials and Methods
In vitro studies
1. Hyphal growth inhibition
We used 12 isolates of P. ramorum (5 replications/strain) (Table 1). V8 agar was amended 

with different chemical agents (Table 2) at 4 dilutions EC10 (the concentration that will 
reduce colony size by 10 percent), EC50 and EC90 (real concentrations appear on Figure 
3). The dilutions were calculated in a preliminary test that was done on isolate Pr1. A 3 
mm plug was placed at the center of each plate which was incubated at 22ºC. Colony 
diameter was measured after 10 days (Figure 3). 

2. Sporangia formation inhibition test
3 mm plugs of the isolates (Table 1) were placed in the center of each well of a 24 well 

plate. On each plug we poured 350µL of diluted chemical (Agrifos400 only) (figure 5). 
The plates were left to incubate for 72 hours in 20ºC. Additional sporangia formation was 
stopped using cotton blue stain and sporangia were counted using a microscope.

3. Zoospore germination inhibition test
Same as above; except we used corn meal agar with concentrations as appear in figure 7. 

100µl of zoospore suspension was spread on each plate. Plates were read after 48 hours 
or put in 4 ºC to suppress farther growth.

In planta studies
1. Sapling injection experiments
6 feet tall saplings were treated a week before inoculation using a 10 ml Agrifos400 

injection with 14 percent active ingredient. The trees were inoculated with the 12 isolates 
(Table 1). For each isolate we had inoculated 5 treated trees and 5 untreated trees. The 
lesion size was measured 6 weeks after inoculation.

2. Branch treatment
Bay laurel (Umbellularia californica) one meter branches were treated with Agrifos400, 

Champ, biological control (AgraQuest and TreeHelper) or water. The branches were 
placed under moist condition in a cool green house. 15 leaves were taken from each 
treatment and were inoculated with 2*104 zoospores per milliliter concentration. The 
leaves were taken 1, 3, 7, 14, 21 and 28 days after treatment. The leaves were incubated 
on moist paper towels for 9 days. The leaves were scanned and analyzed using image 
analysis software Assess (APS, Winnipeg, Manitoba, Canada).

Data Analysis
The experiments were analyzed using analysis of variance (ANOVA). When comparing 

lesion or colony size or percent from control we used a log10(X+1)  transformation. 
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Discussion
In the control treatments, there is a significant difference among the various isolates for 

hyphal growth (colony size) and sporangia production (Figure 4 and 6).
The response of P. ramorum hyphal growth , as a percent of the control, to the different 

chemical treatments shows a range of sensitivity within the different isolates. In the highest 
concentration used in this experiment, both in the Agrifos400 test and in the Subdue test, 
some of the isolates we used could grow and some could not. P. ramoram isolates might 
have more tolerance to higher concentrations of phosphorous acid than P. cinnamomi 
(Wilkinson 2001).

Sporangia production and zoospore germination is suppressed when using lower 
concentrations of chemicals compared to hyphal growth inhibition (Figure 5 and 7). The 
different isolates did not have a significantly different response to the chemicals at some 
concentrations. This might be due to the large standard deviation. 

Lesion size was significantly reduced on coast live oak saplings that were treated with 
Agrifos400 (Figure 8) using a relatively small dose. By looking at the effect on the 12 
different isolates that were screened we could not monitor any isolate to show much more 
tolerance compare to the others. 

Copper hydroxide has shown to give a complete protection against P. ramorum zoospore 
infection on treated bay leaves up to four weeks from the initial treatment (Figure 9). 
phosphorous acid has shown to reduce the lesion size, but not completely. The biological 
control agents (AgraQuest and Tree Helper) were a very effective control in vitro but there 
was no reduction in lesion size when the products were applied in planta. The copper 
treatment led to bacterial contamination (Figure 10) and the phosphorous acid caused a 
severe phytotoxicity which is a common phenomena (Figure 11) .
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Agrifos400- Phosphrous acid
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Figure 1:
life cycle of 
P. ramorum
and possible 
inhibition steps

Figure 3- Mean colony diameter, represented as a percent of control, of P. ramorum ten days after inoculating petri dishes in different concentration and different isolates. The error bars stand for the standard deviation. 
The tables below show the ANOVA analysis in respect to each graph above.

2-way ANOVA demonstrating effects of isolate, concentration 
and their interaction on the dependent variable log(%control+1)

df SS MS F p
Isolate 10 4.3883 0.4388 24.19 0.00
Concentration 3 53.4292 17.8097 981.90 0.00
Isolate*Conc 30 11.5022 0.3834 21.14 0.00
Error 176 3.1923 0.0181

ANOVA of chemical concentration across all isolates. 
Dependent variable is log(%control+1)

df SS MS F p
1.32µg/mL 10 0.00903 0.0009 4.192 0.0004
53µg/mL 10 0.29972 0.02997 72.2213 <.0001
2134µg/mL 10 15.5817 1.55817 21.7067 <.0001

Hyphal  growth control

2-way ANOVA demonstrating effects of isolate, concentration 
and their interaction on the dependent variable log(%control+1

df SS MS F p
Isolate 10 5.3532 0.5353 69.31 0.00
Concentration 3 72.7931 24.2644 3141.52 0.00
Isolate*Conc 30 15.2645 0.5088 65.88 0.00
Error 176 1.3594 0.0077

ANOVA of chemical concentration across all isolates. 
Dependent variable is log(%control+1)

df SS MS F p
5*10^-5µg/mL 10 0.009455 0.00095 4.6926 0.0001
0.002µg/mL 10 0.150082 0.01501 26.9026 <.0001
0.07µg/mL 10 20.45813 2.04581 68.2016 <.0001

2-way ANOVA demonstrating effects of isolate, concentration 
and their interaction on the dependent variable log(%control+1)

df SS MS F p
Isolate 10 18.4547 1.8455 7.867 0.000000
Concentration 3 59.0461 19.6820 83.901 0.000000
Isolate*Conc 30 10.9918 0.3664 1.562 0.033237
Error 347 81.4017 0.2346

ANOVA of chemical concentration across all isolates.
 Dependent variable is log(%control+1)

df SS MS F p
42µg/mL 10 1.843558 0.184356 0.6561 0.7616
84µg/mL 10 8.627153 0.862715 3.1189 0.002
338µg/mL 10 17.1598 1.71598 8.2596 <.0001

2-way ANOVA demonstrating effects of isolate, concentration 
and their interaction on the dependent variable log(%control+1)

df SS MS F p
Isolate 10 0.8706 0.0871 43.6 0.00
Concentration 3 6.4966 2.1655 1084.6 0.00
Isolate*Conc 30 0.6614 0.0220 11.0 0.00
Error 176 0.3514 0.0020

ANOVA of chemical concentration across all isolates. 
Dependent variable is log(%control+1)

df SS MS F p
20µg/mL 10 0.53007 0.05301 24.1711 <.0001
34µg/mL 10 0.55581 0.05558 22.3848 <.0001
56µg/mL 10 0.44612 0.04461 14.0682 <.0001

Figure 4- Mean colony diameter of P. ramorum ten days after inoculating petri
dishes in the water control.

ANOVA of control plates across all isolates. 
Dependent variable is log(Mean+1)

df SS MS F p
11 44.7013 4.06375 14.0153 <.0001

ANOVA of control plates across all isolates.
 Dependent variable is log(Mean+1)

df SS MS F p
11 0.68892 0.06263 83.1482 <.0001

2-way ANOVA demonstrating effects of isolate, concentration 
and their interaction on the dependent variable log(%control+1)

df SS MS F p
Isolate 2 6.4426 3.22129 32.4219 0.000000
Concentration 4 117.9795 29.49486 296.8616 0.000000
Isolate*Conc 8 8.5431 1.06789 10.7481 0.000000
Error 163 16.1950 0.09936

ANOVA of chemical concentration across all isolates. 
Dependent variable is log(%control+1)

df SS MS F p
0.0105µg/mL 2 10.70747 5.35374 26.4233 <.0001
0.021µg/mL 2 2.650784 1.32539 5.6265 0.0091
0.042µg/mL 2 0.01897 0.009485 1.618 0.2169
0.105µg/mL 2 0.136174 0.068087 1 0.3811

2-way ANOVA demonstrating effects of isolate, concentration 
and their interaction on the dependent variable log(%control+1)

df SS MS F p
Isolate 2 0.1968 0.09841 0.2119 0.809230
Concentration 3 113.6795 37.89318 81.6095 0.000000
Isolate*Conc 6 0.8964 0.14940 0.3218 0.924919
Error 166 77.0777 0.46432

ANOVA of chemical concentration across all isolates. 
Dependent variable is log(%control+1)

df SS MS F p
1µg/mL 2 2.521908 1.26095 7.8313 0.0021
1.5µg/mL 2 0.000765 0.000382 2.25 0.1248
2µg/mL 2 0 0
3µg/mL 2 0.106821 0.05341 1 0.3811

2-way ANOVA demonstrating effects of isolate, concentration 
and their interaction on the dependent variable log(%control+1)

df SS MS F p
Isolate 2 1.4317 0.7159 10.151 0.000070
Concentration 4 25.5374 6.3844 90.527 0.000000
Isolate*Conc 8 1.2626 0.1578 2.238 0.027144
Error 164 11.5660 0.0705

ANOVA of chemical concentration across all isolates. 
Dependent variable is log(%control+1)

df SS MS F p
45µg/mL 2 0.09363 0.04681 2.2979 0.1198
67.5µg/mL 2 0.15373 0.07686 2.1849 0.132
108µg/mL 2 0.4529 0.22645 2.8883 0.073
135µg/mL 2 1.64624 0.82312 4.1291 0.0268

Figure 5- Mean colony sporangia count , represented as a percent of control, of P. 
ramorum in different concentration of Agrifos400 and different isolates. The error bars 
stand for the standard errors. The tables below show the ANOVA analysis in respect to 
the graph above.

Figure 7- Mean zoospore count, represented as a percent of control, in different concentration and different isolates. The error bars stand for the standard deviation. The tables below show the ANOVA analysis in respect to each graph above.

Figure 8- Mean lesion size 
(North+South+East+West), represented 
as a percent of control, of P. ramorum 6 
weeks after inoculating in Control and 
treatment tests (Agrifos400 injection) and 
different isolates. The error bars stand for 
the standard deviation. The tables below 
show the ANOVA analysis respect to the 
graph above.

ANOVA of control treaments across all treatments.
 Dependent variable is log(lesion+1)

df SS MS F p
5 29.8705 5.97409 19.9411 <.0001

Figure 9- Mean lesion area of P. ramorum 9 
days after inoculating in different treatments. 
The error bars stand for the standard deviation. 
The tables below show the ANOVA analysis in 
respect to each graph.

Figure 6- Mean number of P.ramorum sporangia produced per mL in the water 
control across different isolates. The error bars stand for the standard errors. The 
tables below show the ANOVA analysis in respect to the graph above.

Figure 10- Bacterial contamination on Bay laurel leaves treated 
With Copper Hydroxide (Champ)

Figure 11- Phytotoxicity on Bay laurel leaves treated 
With Phosphorus acid (Nutriphite)

Table 2- Isolates used in the experiments

ANOVA of control treatment across all isolates. 
Dependent variable is log(%NSEW+1)

df SS MS F p
11 0.90539 0.08231 4.7787 <.0001


