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Year 2 of 5 (40% Complete) 
Objectives 

1) and 2) Conduct surveys and studies on the
epidemiology of Phytophthora spp. causing
brown rot in the three citrus-producing 
districts of California.  

3) and 4) Evaluate new fungicides treatment for
Phytophthora for brown rot and root rot
disease management. 

5) Develop baselines and evaluate the fungicide
resistance potential and frequencies in
Phytophthora species to new fungicides. 

6) Develop guidelines to minimize the risk of
harvesting citrus fruit with non-visible
(quiescent) brown rot infections. 

Problem and Significance 

Phytophthora diseases can cause major problems 
for the citrus industry. Root and crown rots may 
delay or cause failures in establishing an orchard, 
reduce yields, and may cause mature orchards to 
decline. Brown rot can cause substantial crop 
losses especially in lower parts of the tree and can 
cause rejections of grower lots in international 
markets that may lead to market closure due to 
quarantine laws. The recent detection of phosphite 
resistance further emphasizes the need for new 
management strategies.    

Benefit to Industry 

This research is important to the entire citrus 
industry. In epidemiological studies, models have 
been developed that help forecast the disease. 
Industry notifications have been made available 
and have helped the industry optimize timing of 
applications and have helped in preventing 
detection of Phytophthora brown rot in international 
export markets. New fungicides with unique modes 

of action have not been developed for the citrus 
industry in over 35 years. Three new fungicides are 
currently available and were nearly simultaneously 
registered on citrus based on our efforts. This 
allows the industry to have new tools for managing 
the different Phytophthora diseases of citrus and 
optimize their usage to prevent resistance to 
anyone fungicide. Orondis and Revus were 
registered for foliar applications and Orondis and 
Presidio were registered for soil application. Still, 
another fungicide (Intego) is pending registration 
and yet new numbered products are part of an 
ongoing process. With the detection of phosphite 
resistance in approximately 10% to 15% of isolates 
of three Phytophthora spp. from citrus in CA, 
integrated rotational programs can be developed to 
delay further shifts to increasing proportions of 
isolates resistant within populations. Integrated 
postharvest hot water and phosphite treatments 
have been developed to manage brown rot on 
symptomless fruit caused by phosphite-resistant 
isolates. This again ensures that fruit exports do not 
develop visible symptoms of brown rot caused by 
quarantine species of Phytophthora on arrival at 
international markets.    

Progress Summary 

Conduct surveys in the three citrus-producing 
districts of California. In the winter of 2019/2020, 
we continued our surveys in Districts 2 and 3 on the 
presence of P. syringae, P. citrophthora, P. 
hibernalis, and P. parasitica. For this, we used 
isolation and qPCR identification methods that we 
developed previously for the four species. Our 
results to date indicate that P. syringae and P. 
citrophthora are also the main brown rot pathogens 
in Riverside County (Co.), similar to what we found 
for growing regions in the Central Valley (District 1). 
Surveys in San Diego Co. are planned for the 
2020/21 winter season.  

Epidemiology of Phytophthora spp. Studies 
were also continued to determine inoculum sources 
of P. syringae. As previously established, the 
pathogen was determined to be present in leaf litter 
on the ground. To address this objective, this year 
we also used qPCR to detect P. syringae in 
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extracts from leaf lesions, and this approach was 
found to be more sensitive than pear baiting of 
leaves. Furthermore, we also detected the 
pathogen in washed leaves and thus, it may reside 
inside the leaf. P. syringae was also detected in 
surface soil (<1 cm depth) underneath leaf litter. 
Previously, the pathogen was not detected in 
rhizosphere soil (>10 cm depth) and not in roots. 
These findings are providing additional clues on the 
disease cycle of P. syringae, and studies need to 
be continued next winter. 

Figure 1. Numerical risk models for forecasting brown rot 
caused by P. syringae based on temperature and 
wetness periods (A) when copper reduction (B) is in the 
red zone (level 3) after accumulated precipitation. 

In forecasting Phytophthora brown rot, 
environmental monitoring was conducted from Oct. 
2019 through Feb. 2020 using 28 CIMIS and 
private weather stations in 4 counties in the Central 
Valley (Madera, Fresno, Tulare, and Kern - District 
1), 6 coastal counties (San Luis Obispo, Santa 
Barbara, Ventura, San Diego, as well as West 
Riverside and San Bernardino – District 2), and for 
3 counties in the desert region (eastern San 
Bernardino, eastern Riverside, and Imperial – 
District 3). Based on temperature-wetness and 
precipitation-copper removal models (Figure 1), a 
second foliar application of copper or an approved 
alternative (i.e., phosphite or oxathiapiprolin) was 
recommended in Jan. 2020 for lots destined for 
export to China in five of six regions in Districts 1 
and 2, with the exception of Imperial Co. (District 3) 
(Table 1). The second application was justified 
because of accumulated rainfall, wetness periods, 

and temperature ranges were conducive for P. 
syringae infections. This information was provided 
to industry as part of a real-time decision-making 
process for exports to China where P. syringae and 
P. hibernalis are quarantine species.

Table 1. Summary of risk assessments for six citrus 
production regions in California as of 12-30-2019.  

Evaluate new fungicides for management of 
Phytophthora brown rot and root rot. We 
continued to evaluate mandipropamid, 
oxathiapiprolin, mixtures of the two, and copper for 
control of brown rot. In two field trials, applications 
to navel orange were done at low volume [rate/100 
gallon (gal)/Acre (A)] or high volume (rate/400 
gal/A) before a rainy period. Fruit were harvested 
periodically and inoculated with P. citrophthora, up 
to 10 weeks after treatment. All treatments were 
very effective, and all except copper were more 
effective when applied in at low volume. Brown rot 
incidence was between 8 and 14% as compared to 
the control with 88.5% 10 weeks after application. 
This represents a very high efficacy considering 
that 178 mm (7 inches) of rain were recorded at the 
trial site during this period. This also has a 
tremendous impact on pesticide applicators who 
can cover 4X the area with one spray tank using 
100 gal/A.  

Field trials on the management of root rot with new 
fungicides are ongoing in our third study where we 
are evaluating rotation programs with the four new 
fungicides. We are establishing the disease in the 
field with periodic inoculations. Roots and 

 rhizosphere soil were sampled in late June 2020. 
Incidence of root rot and soil population was 
significantly reduced by all four fungicides. 

B.
Cu Red. (%) <1 (25.4) <2 (50.8) <3 (76.2) <4 (101.6)

<44 1 2 3 4
45-53 2 3 4 5
54-62 3 4 5 5
63-71 4 5 5 5

Accumulated precipitation (inch/mm) starting at 

(°F) (°C) <10 10-18 19-25 >25
<41 <5 0 0 1 1

>41-50 5-10 2 3 3 3

>50-68 >10-20 1 2 3 3
>68-77 >20-25 0 0 0 0

A. Temperature
Risk Values

Wetness period (h)

Region Risk
Central Valley 5
Central Valley-South 5
Central Coast 5
South Coast 5
Inland Empire 5
Desert 2
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Treatments containing oxathiapiprolin reduced the 
disease to zero levels.  

Oxathiapiprolin is highly effective in the 
management of Phytophthora root rot of citrus, and 
its uptake into plants after soil application was 
demonstrated. This was done using potted citrus 
seedlings that were treated by soil application and 
sampled after 7, 10, 13, and 16 days. Bioassays 
and liquid chromatography-tandem mass 
spectroscopy (HPLC-MS/MS) were used to quantify 
fungicide amounts in root, stem, and leaf extracts 
from treated plants (Figure 2). We found that 

Figure 2. Bioassay on the detection of oxathiapiprolin in 
root and leaf tissues of citrus seedlings after soil 
applications. 

Extracts from plants 13 days after treatment were 
applied to filter paper disks on an agar plate inoculated 
with zoospores of P. citrophthora. Clear zones around 
disks with root and leaf extracts indicate that the 
fungicide is present and inhibit fungal growth. Other 
disks served as controls validating the method.  

uptake of oxathiapiprolin at sufficient, but low 
concentrations into plant roots, stems, and leaves 
provides an explanation for its long-lasting high 
activity in the field. Studies on the uptake of 
mandipropamid into citrus seedlings are currently 
being concluded. 

Develop baselines and evaluate fungicide 
resistance potential in fungicides with new 
modes of action. This research involves culturing 
and evaluating the sensitivity of isolates of 

Phytophthora spp. from newly surveyed areas to 
the new fungicides. We collected large populations 
of isolates that represent the diversity of the 
species’ sensitivity to each of the fungicides to 

estimate resistance potential. We are looking for 
outliers than may become the predominate 
population through selection processes.  

Figure 3. Frequency histograms of effective 
concentrations of potassium phosphite to inhibit mycelial 
growth by 50% (EC50 values) of 60 isolates of P. 
syringae. 

Bar height represents the number of isolates considered 
sensitive (green bars) when EC50 values were <25 
µg/ml, moderately resistant (orange bars) when EC50 
values were between 25 and 75 µg/ml, or resistant (red 
bars) when EC50 values were >75 µg/ml. 

Our evaluations of phosphite (KPO3) resistance in 
P. parasitica, P. citrophthora, and P. syringae that
we reported on in part previously have been
summarized, and a manuscript has been submitted
to Plant Disease.

We evaluated the in vitro toxicity of KPO3 to 65, 60, 
and 38 isolates of P. citrophthora, P. syringae, and 
P. nicotianae, respectively, that were obtained from
major growing regions of California. Frequency
distributions of effective concentrations to inhibit
mycelial growth by 50% (EC50 values) were not
normally distributed with skewness values of 1.84,
1.60, and -0.51 for each species, respectively.
Isolates considered sensitive (EC50 values <25
µg/ml), moderately resistant (EC50 values 25 to 75
µg/ml), or resistant (EC50 values >75 µg/ml) were
identified for each species. The majority of P.
citrophthora (83.1%) and P. syringae (78.3%) (Fig.
3) isolates were sensitive, whereas most P.
nicotianae isolates (86.8%) were moderately
resistant or resistant. Resistance factors were

Shift to lower sensitivity 
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calculated as 65, 19, and 10 for the three species, 
respectively. In summary, high resistance levels 
were found in all three species.  

In preharvest field trials, KPO3 (64 fl oz ProPhyt/A) 
applications were not effective in reducing citrus 
brown rot incidence when orange fruit were 
inoculated with a resistant (EC50 = 161.9 
microgram(µg)/milliliter(ml)) isolate of P. 
citrophthora demonstrating the potential for field 
resistance. Oxathiapiprolin (2.4 fl oz Orondis/A), 
however, was highly effective indicating the 
absence of multi-drug resistance.  

Figure 3. Efficacy of postharvest treatments to manage 
brown rot of orange fruit inoculated with Phytophthora 
citrophthora isolates sensitive (EC50 = 7.6 ppm), 
moderately resistant (EC50 = 69.1 ppm) or resistant 
(EC50 = 161.9 ppm) to KPO3 in experimental packingline 
studies. 

Postharvest treatments with KPO3 were only 
effective in reducing brown rot caused by the 
resistant isolate of P. citrophthora to a low 
incidence when high rates (8,000 parts per million 
[ppm]) were used in heated (54°C) applications 
(Figure 3). The sensitive and moderately resistant 
isolates were managed using rates of 4,000 ppm, 
but heated treatments at this rate were needed to 

reduce brown rot to commercially acceptable levels 
when decay was caused by a moderately resistant 
isolate. 

Develop guidelines for growers and packers to 
minimize exporting citrus fruit with non-visible 
symptoms (quiescent) infections of brown rot. 
We continue to develop guidelines for growers and 
packers to minimize the risk for exporting citrus fruit 
with incipient (quiescent) infections of brown rot 
pathogens. This research involves the 
summarization of the latest knowledge on the 
biology, epidemiology, and management of 
Phytophthora diseases of citrus. This information is 
being updated annually for the citrus industry as 
part of an effort to keep the citrus industry informed 
on all aspects of the disease to ensure export 
markets remain open. The industry Good 
Agricultural Practices (GAPs) are posted on the 
California Citrus Quality Council (CCQC) website. 
We included maximum residue limits (MRLs), new 
fungicide registrations, and the best methods for 
application which have really impressed applicators 
and Pest Control Advisors. The guidelines are 
comprehensive, and the industry is utilizing the 
information. Feedback has been very favorable at 
industry export meetings. 
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