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An exciting new chapter began for 
agriculture when the Federal Aviation 
Administration opened air space for the 
commercial use of drones (see “The Drones 
Are Coming” on page 18). On the cover, an 
unmanned aerial vehicle flies over a malus 
(crabapple) field nursery at the J. Frank 
Schmidt & Son Nursery in Oregon. Photo 
courtesy of Reza Ehsani, Ph.D., and James 
Robbin, Ph.D.
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September 2-3 
CRB Research Committee Meetings, 

research recommendations, Visalia, 

California. For more information, 

contact the CRB at (559) 738-0246.   

September 9
CPDPP Board Meeting, Riverside/San 

Bernardino, California. For more 

information, contact CDFA at 

(916) 403-6652.

September 22  
CRB Annual Meeting, Lindcove 

Research & Extension Center, Exeter,  

California. For more information, 

contact the CRB at (559) 738-0246.
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AN INSIDE LOOK
AT THE CRB

EDITORIAL BY JIM RUDIG

Jim Rudig
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In the relatively short time I have been on board as interim 
president of the Citrus Research Board (CRB), I’ve been 

amazed at the breadth of work performed by this agency. The 
commitment to growers and the industry is outstanding. It 
is exemplified by the active and enthusiastic participation of 
the Board members who serve on numerous committees and 
give so much of their time. 

Being here, I get a true feeling for the importance that 
the citrus community places on the CRB’s actions, and I’m 
experiencing first-hand how the CRB Board and staff rise to 
tackle the challenges.

THE “R” IN CRB
The heart and soul of the CRB is devoted to research into major 
areas of concern to the citrus industry. Research proposals 
currently are under evaluation by CRB staff, committee 
members and the Board in the fields of:
• production efficiencies
• California new varieties development management
• vectored and non-vectored diseases
• post-harvest
• pest management

The Board will make its final funding decisions on research 
project proposals at the CRB’s annual meeting this 
September 22.

Heading up the vital research function, Vice President of 
Science and Technology MaryLou Polek, Ph.D., is a renowned 
scientist in her own right. She coordinates the agency’s 
research activities with prominent scientists throughout 
the citrus growing regions of the U.S. and abroad. I’ve been 
extremely impressed by both the volume and quality of work 
produced by all of the CRB research staff.

BIOCONTROL TASK FORCE
The Asian citrus psyllid (ACP) biological control program is 
coordinated through the CRB-sponsored ACP Biocontrol Task 
Force.  This group oversees the activities of multiple agencies, 
including the government (USDA, CDFA), universities (UCR, 
California Polytechnic-Pomona), private industry insectaries 
and growers (both organic and conventional).  The role of the 
task force is to bring forward and develop biological control 
agents of ACP to assist in the reduction of the pest population.
Citrus Research Board activities are co-directed by CRB 
Field Operations Director Brian Taylor and Greg Simmons, 
Ph.D., (USDA-APHIS). CRB entomologists Raju Pandey, Ph.D., 
and Ruth Henderson, Ph.D., conduct the experiments and 
supervise the work of the scientific technicians assigned to 
the program.
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A primary goal in the CRB biocontrol program is to support 
the development of methods for rearing the ACP parasitoid, 
Tamarixia radiata, in field cages for release in areas of southern 
California where ACP populations have increased to high 
numbers.  The program has been successful in not only 
developing rearing strategies for Tamarixia, but in producing 
more than 500,000 parasitoids for use within the program.  
Federal funding has allowed the CRB to expand its role in 
methods development to provide support to greenhouse-
based mass rearing. Funding also has supported the 
technology transfer of rearing information to private industry.
Biological control certainly has its limitations – after all, it is 
control and not eradication.  However, it does show promise 
for use in urban and organic growing communities.  As an 
industry and as growers, the continued research into this field 
will allow us to properly evaluate and determine how best to 
use this and other methods in saving the citrus industry from 
huanglongbing (HLB).

DATA MANAGEMENT GROUP
Another important function at the CRB is the Data  Manage-
ment unit (see “Mapping Out the War Against ACP/HLB” on page 
26).  This department handles information collected in the 
course of the Citrus Pest and Disease Prevention Committee 
(CPDPC) ACP/HLB detection and mitigation program.  Headed 

by CRB Data Information and Management Director Rick 
Dunn, this unit has the ongoing task of development and 
operation of the infrastructure required to collect, transmit, 
process, archive and report information associated with this 
joint project.

Using Global Positioning System (GPS) and Geographic 
Information System (GIS) trapping data, ACP samples and 
lab results are all processed and recorded into a protected 
and secure data center.  Access to this data and its maps is 
password protected.

In addition to the important work listed above, the CRB Data 
Management Department produces data, maps and reports 
customized to meet the needs of CPDPC staff, managers 
and committees.  These maps depict confirmed ACP finds, 
commercial citrus groves, CPDPC trapping and sampling 
activity progress, Psyllid Management Areas and ACP 
biocontrol activities.

OUR HARD-WORKING TEAM
We have a total of 17 staff at the CRB, all of whom perform 
functions vital to the well-being and success of the California 
citrus industry. For example, Chad Collin is the CRB’s director 
of Board and grower communications.  He also serves as 

w w w . c i t r u s t r e e s o u r c e . c o m
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associate editor of Citrograph and as the liaison between the 
Board, growers, CDFA and the other CRB department heads.  
Busy all the time, Chad also produces CRB content for print 
and web-based media.

In addition to all the activities listed above, the CRB has a 
complete staff of support personnel who work very diligently 
to ensure and sustain the successful execution of the CRB 
core departments.  The Riverside Lab, our Budget and 
Financial Department, Contracts and Grants, and Network 
Administration personnel all work diligently towards the 
overall goals and objectives of the CRB.

PLEASED TO MEET YOU
I am one of the newest staffers at the CRB and would like to 
take this opportunity to introduce myself to those of you 
whom I’ve not yet had the pleasure of meeting. After nearly 
45 years of service with the California Department of Food 
and Agriculture (CDFA), I retired as a program supervisor with 
the Integrated Pest Control Branch. During my years at CDFA, 
I variously served as manager of statewide integrated pest 
management Cotton Pests and Beet Curly Top Virus Control 
Programs, program director of the Cooperative Medfly Project 
in Los Angeles (1992, 1993, 1995), manager of successful 
Oriental Fruitfly and Mexican Fruitfly eradication programs, 
and aerial treatment coordinator of the Malathion/bait spray 
programs that successfully eradicated Medfly infestations in 
the Los Angeles basin, Camarillo and Corona.

Some of my past professional and technical activities include:
• Chair of the Central Tristeza Eradication Agency Technical 
  Advisory Committee
• Member of the Tulare Citrus Pest Control District Science 
  Advisory Committee
• Member of the LBAM-Technical Working Group, Sterile 
  Insect Technique
• Technical co-operation expert to South Africa and Jordan 
  for the International Atomic Energy Agency, Sterile Insect 
  Technique

To say that I’m impressed with what I’ve observed in the staff 
here at CRB would be a vast understatement. Their over-
all level and quality of work is striking and impressive. It is 
indeed a privilege to serve as interim president of such a 
relevant and valuable organization.

Jim Rudig is interim president of the Citrus Research Board 
in Visalia, California.
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Throughout the last two years of Citrograph’s publication, a number of 
important issues have been addressed. These include, among other 

things, the huanglongbing (HLB/greening) threat to California citrus, the  
unprecedented drought, and reviews of various research projects coordinated 
and funded by grower dollars via the Citrus Research Board (CRB). I will discuss 
the HLB and drought issues in more detail later in this column. 

Last year, Citrograph and the CRB received logo redesigns. The Board also had 
to embark on a search for a new president. In the meantime, we have been ably 

served by Ed Civerolo, Ph.D., and current Interim President Jim Rudig. 
Each of them, in retirement, agreed to lend us their expertise to 

steer the boat until we fill the vacant president position. We 
hope to soon extend a job offer to a candidate who will lead 
us through a very demanding, but exciting future.

First, the excitement: despite the external threats (noted 
above) to and influences on the citrus business in California 
(additional regulatory demands, labor issues, etc.), the 

AN EXCITING, BUT 
DEMANDING FUTURE

CHAIRMAN’S VIEW BY ETIENNE RABE

Etienne Rabe
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industry is in the process of changing 
face. Summer orange/Valencia acreage 
is declining at a rapid pace, while 
mandarin types have increased from less 
than 5,000 acres at the end of the 1990s 
to close to or in excess of 60,000 acres. 
Changing crop production has been 
accompanied by the introduction of 
brands in the citrus business, something 
unheard of a little more than a decade 
ago. There is strong evidence that the 
branding, coupled with aggressive 
marketing spends, will continue to 
put the citrus category at the front of 
consumers’ minds for many years to 
come. This is because the advertising 
and brand promises are underpinned by 
the promised joyful eating experience – 
easy to peel, usually seedless and good 
eating quality. 

We should not, however, forget our 
own “Old Faithful,” the California navel 

orange. Unquestionably, our state 
produces – if not THE best – one of 
the very best navels in the world. The 
acreage of navels has remained steady, 
even in the presence of expanding 
mandarin acreage. 

The third major leg of California 
citrus is the lemon. Acreage levels 
have remained relatively steady, but 
are under pressure from residential 
development and land leases for annual 
crops in the coastal region. Even with 
the likely future access to the U.S. market 
of lemon imports from Argentina, the 
lemon business should remain a good 
investment. Add to the above recipe 
that while the citrus industry is lagging 
other fresh fruit industries regarding 
the introduction of new varieties, this 
is surely poised for a change with new 
selections of mandarins, new early 
and late navels, seedless lemons, etc., 
being evaluated and considered for 
commercial production.

Back to the demanding challenges: the 
drought situation is set to continue until 
at least the coming winter. Hopefully, 
the developing El Niño will strengthen 
and remain to douse the mountains 
and us this winter. If not, the mostly 
zero allocations to agriculture from 
the State and Federal water projects 
are unsustainable since they lead 
to overdraft of underground water 
resources. The level of new well drilling 
will exacerbate the situation even 
further and lead to increasing levels 
of wells collapsing. Recharging this 
underground supply also would not be 
easy to achieve, even if we experience 
a number of wet winters. The new law 
requiring regions to come up with 
ground water rules is not going to be 
affected in time to start regulating the 
current situation. The real issue will 
arise once the small-town communities 
around us run out of water. The lack of a 
guiding hand, as much as we may dislike 
government interference, is likely going 
to bite us. Unfortunately, we cannot 
seem to regulate ourselves.

The HLB situation has not really hit 
home in California yet, despite the 

geographical expansion of the Asian 
citrus psyllid (ACP), the vector of the 
disease. Although not endemic yet 
in the Central Valley of California, it is 
increasingly being found in this region 
where more than 80 percent of citrus 
is grown. In other regions (Ventura, 
inland empire and the desert), the ACP 
can indeed be regarded as prevalent.  
Co-ordinated treatment efforts are 
being put in place in these regions. 

It is known in scientific circles that ACP 
presence is always followed by the 
detection of HLB-infected ACP and trees. 
Until very recently, we have only found 
one HLB-positive tree in a residential 
area in southern California. Logic 
suggested that there should be more, 
and sure enough, a cluster of positive 
trees has been found approximately 10 
miles northwest of the original find. 

The debate in the industry centers 
on how to best spend grower and 
Federal money to find these elusive 
additional hot spots sure to exist. There 
are proponents of using untested 
early detection techniques (EDTs), to 
be conservative and pre-emptively 
eliminate suspect trees based on some 
of these technologies. A lot of effort 
is being put in place to determine the 
practical value of these EDTs to verify 
that they actually detect HLB and, 
importantly, that they are battle-ready 
for use in the regulatory environment. 
Until then, we have to rely on the gold 
standard of testing for HLB – the qPCR 
technique, but maybe relax the level 
of Cycle threshold (Ct) count at which 
an ACP or tree is determined to be 
infected. By the time of reading this, we 
may be closer to using some of the EDTs 
currently being researched. 

The CRB Board and management are 
determined to continue their best 
efforts to ensure that the California 
citrus grower stays viable in the face of 
HLB.  

Etienne Rabe, Ph.D., is the chairman of 
the Citrus Research Board.
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INTERNATIONAL 
REGULATORY TRENDS

Economic growth in Asia has been good for California citrus growers, but economic growth also has led to 
“regulatory growth.” Market access issues like pesticide maximum residue levels (MRLs) and phytosanitary 
issues are getting more complex, and food safety is emerging as another potential irritant.  To meet these 
challenges, there is a growing need for citrus packers and growers to adopt internal management systems 
focused on coordination, communication and control.    
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CCQC CORNER BY JIM CRANNEY

Since 1990, economic growth in Asia has soared.  China’s 
astounding economic growth has surpassed that of 

Korea and Japan, which are now rich industrialized countries.  
Vietnam, Thailand, Indonesia and the Philippines all have 
reached middle-income status according to the International 
Monetary Fund. 

Once developing economies become middle class, they have 
disposable income that can be spent on higher quality food 
like beef, poultry, vegetables and fruits like citrus.   

Asia’s improving economic prospects have been a bonanza 
for West Coast horticultural exporters, including the California 
citrus industry.  In any given year, the citrus industry exports 
about 30 percent of the crop and generates approximately 40 
percent of revenue from exports.    Most of those exports are to 
Asia, and when export markets are poor, so are grower returns.

Greater economic security in Asia also has led to more 
consumerism and consumer activism, reflecting a global trend 
toward a desire to know more about how food is produced and 
whether it’s safe.  While governments in Asia are looking for 
mechanisms to respond to new consumer demands, they are 
also developing more capacity to establish regulatory systems 
and striving to join industrialized countries as sophisticated 
regulators.

Until recently, many Asian countries deferred to Codex as the 
standard for pesticide residues for trade.  However, within 
recent years, there has been a steady migration away from a 
single Codex standard to standards set by individual countries.  
In 1999, Taiwan launched its own MRL setting process, followed 
by Japan in 2006.  Hong Kong established its proprietary 
system in 2014, and Korea is planning to adopt its own MRLs 
in 2018.  Chinese regulators announced that they plan to 
establish 7,000 MRLs by the end of 2015.

Left to right in foreground:  CCQC’s Jim Cranney representing the International Society of 
Citriculture at the 2015 Codex Committee meeting on pesticide residues in Beijing, China; 

International Union of Pure and Applied Chemistry’s Caroline Harris; Almond Board of 
California’s Gabriele Ludwig representing the International Nut and Dried Fruit Council.
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This proliferation of pesticide residue standards has made 
it more expensive for pesticide marketing companies to 
establish MRLs in important export markets, since they must 
navigate different regulatory systems in multiple countries 
and provide data in different formats and languages.  Growers, 
on the other hand, need to track a growing number of 
different MRLs in different export markets, while penalties for 
violations become stricter and more severe.  Although efforts 
are underway to try to find ways to harmonize MRLs, the trend 
toward proliferation is expected to continue.

However, no single issue has grown as fast as phytosanitary 
issues that prevent the introduction of insects and plant 
diseases in export markets.  Ten years ago, the industry 
implemented an expensive system to screen for Septoria 
spot for exports to Korea.  Now other costly and complicated 
measures are required to control insects and plant diseases for 
Australia, Korea and China.  Pest risk analyses are also being 
conducted in Thailand and Vietnam as these two countries 
modernize and adopt expanded regulatory frameworks.  
Coping with phytosanitary issues is more difficult when 
more trading partners increase their demands on exporters.  
However, an even greater threat to exports is from invasive 
species.  The California citrus industry needs to be vigilant 
to prevent the introduction of serious insects and diseases 
that can restrict or eliminate citrus exports.  However, global 
growth in travel, migration and trade make the world a smaller 
place and facilitate the movement of insects and diseases. 

While phytosanitary issues are a familiar problem, 
microbiological food safety is emerging as a new issue that 

will require additional attention for 
exporters.   The United States is in the 
process of implementing new food 
safety regulations under the Food Safety 
Modernization Act (FSMA), and other 
countries such as Canada and China are 
implementing their own regulations.  
As more countries adopt food safety 
regulations, they will require imports 
to meet their domestic food safety 
requirements.  In many cases, it’s likely 
that equivalency agreements will be 
reached between countries, so each 
country may recognize the adequacy of 
the other’s regulations.  However, in other 
circumstances, differences in food safety 
approaches from one country to the next 
may introduce additional requirements 
not needed for domestic compliance.  
Time will tell how food safety factors into 
trade, but exporters should be aware of 
its potential impact.

The common theme with these international regulatory 
trends is complexity.  More entities are demanding more 
information and more control in how crops and pests are 
managed.  Consumers and regulators are each looking for 
assurances that regulations are implemented and food is safe.  
While every effort is made by CCQC to minimize the demands 
on growers and packinghouses, global trends are not in our 
favor.

As efforts are made to minimize the burden of regulation on 
the industry, packinghouses and growers are encouraged to 
explore new avenues to cope with regulations by improving 
communication, coordination and control within their 
organizations.  Now, more than ever, growers, pest control 
advisors and farm management companies need to know 
the export plan, and export sales managers need to know 
what was applied to the crop and how it was produced.  
Packinghouse managers, farming supervisors, harvest 
contractors and growers should all understand phytosanitary 
protocols and good agricultural practices (GAPs), so each can 
make their contribution to a successful outcome.     

Jim Cranney is president of the California Citrus Quality 
Council (CCQC), which works collaboratively with the 
California citrus industry, the University of California and 
domestic and international regulators to manage market 
access and food safety issues for the California citrus 
industry. 

Visit by Chinese regulatory authorities to evaluate China protocol requirements in July 2014. Left to 
right:  Teng Kai, China CIQ; Mike Guidicipietro, APHIS; Jim Cranney, CCQC;  Feng Chunguang, AQSIQ 
(China’s regulatory agency); Xu Yan, FAS Beijing.
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In late June and early July, the Citrus Research Board and the University of California Cooperative Extension 
held a series of three citrus grower education seminars in Santa Paula, Palm Desert and Exeter, California. 
Afterward, we asked several attendees, “What was your biggest take-away from the grower seminars?”

“WHAT WAS YOUR BIGGEST 
TAKE-AWAY FROM THE 
GROWER SEMINARS?”

INDUSTRY VIEWS BY CHAD COLLIN

Palm Desert Seminar
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PAMELA MILLER 
GROWER, HIGHLAND

For a very small grower, a meeting like 
that gives you the opportunity to see 
what is important in the profession and 
to interact with other growers, both big 
and small. Hearing the information on 
pest control and management is very 
important because I don’t have a grove 
manager or other resources to depend 
on. So both Citrograph and live seminars 

are a primary source for what’s going on in the field and what 
I should be looking for. 

Having the researchers and speakers in person is a great way 
to focus, as I am a visual learner. It not only provides me with 
a name and a face, but also a research contact to pair with 
the information. That provides me with an opportunity to ask 
questions and have a source for the future. As a small grower, 
that is really, really important.  

DEREK KNOBEL 
VICE PRESIDENT-RANCH 
OPERATIONS, RANCHO MISSION 
VIEJO, SAN JUAN CAPISTRANO

I had several take-aways from the 
seminar. First off, integrated pest 
management (IPM) has proven itself, yet 
we’re losing one of our best tools with 
the restricted use of chlorpyrifos. I was 
really fascinated about the easy-to-apply 
“jelly bean (hydrogel)” concept for ant 
control presented by Mark Hoddle. We 
need an alternative for chlorpyrifos that 

actually works, and I hope he gets support for this, since he 
seems to understand the pitfalls of difficult-to-apply options.

For ACP (Asian citrus psyllid), I get nervous that we’re talking 
about HLB (huanglongbing)-positives and that they have to 
be overwhelmingly positive, but what about all the other 
indicators that are popping up that are inconclusive? That’s 
a lot of grey area that growers need help understanding. 
However, I am very encouraged about the development of 
rapid detection methods for HLB. Those are tools we need to 
defend our industry. 

I’m getting comfortable with the ACP control techniques, 
but HLB should not be underestimated, and we need to stay 
diligent. I was intrigued with Neil McRoberts’ live survey, as it 

seemed some growers are getting a little too comfortable or 
complacent. However, most agreed that area-wide treatment 
is a good approach. Our ranch has four distinct areas separated 
by miles, and targeting ACP through area-wide treatments 
does work better than spot treatment.    
 
The water analysis session with Ben Faber was very relevant, 
and I came away with several basic reminders, including 
the “pulsing” irrigation techniques for leaching with micro-
irrigation systems and other leaching techniques. When using 
blended water from good and bad sources, using the good 
source for leaching is more effective than periodic leaching 
with the same blend. Our water is poorer than the previous 
water quality standards for citrus that Ben displayed on the 
screen, but we’re getting away with using it somehow. I see a 
need to revisit research to develop salinity tolerance levels by 
rootstock, since water quality and the lack of leaching creates 
a chronic problem. We need to support that type of research 
and the researchers doing that work.  

Overall, it was a really good seminar and worth the two-hour 
drive for me.
 
LUCAS MARTINEZ  
FIELD OPERATIONS, FRUITION 
SALES, REEDLEY

My biggest take-away was the ACP 
research update that’s being done in 
Pakistan to combat the psyllid here. I like 
that Dr. Hoddle and his team compared 
similar growing conditions in Pakistan 
and California to apply biological 
control methods with Tamarixia radiata 
and Diaphorencyrtus aligarhensis. The 
research was interesting, and I even 

went to both the UC Riverside’s and Dr. Hoddle’s web sites to 
find out more. 

This was my first time attending a CRB/UCCE grower seminar, 
and I thought this information was very applicable. Since the 
meeting, I’ve already talked to our pest control advisor about 
ant control so that we’re prepared before ACP is here. That 
way, the biocontrol methods will be more effective as they 
become available. 

Chad Collin is the director of Board and grower 
communications for the Citrus Research Board in Visalia, 
California, where he also serves as associate editor of 
Citrograph.



18   Citrograph Vol. 6, No. 4  |  Fall 2015

INTRODUCTION
Reza Ehsani, University of Florida

Unmanned Aerial Vehicles (UAVs) also known as drones 
are defined as powered aerial vehicles that can fly 

autonomously or be piloted remotely (Figures 1A, 1B, 1C 
and 1D). Many people refer to UAVs as Unmanned Aerial 
Systems (UAS), which reflects the complexity of systems on-
board these vehicles. UAS include stability and navigation 
systems, communication and control systems and, if needed, 
data collection and analysis systems. UAS have either fixed or 
rotary wings. Rotary wings can be multi-rotor or single rotor 
(like helicopters). In general, fixed wings can fly a longer time 
and are more suitable for covering larger areas, while multi-
rotor wings can fly closer to the ground and land or take off 
from a small clearance area. 

UAS originally were used primarily by the military; however, 
in recent years, they increasingly are being used in other 
applications, such as search and rescue, mining, agriculture, 
natural resources and wildlife monitoring. 

A small, remotely piloted helicopter, the Yamaha RMAX, is 
probably the most popular UAS in agriculture. The RMAX 
has been widely used in Japan for seeding and spraying 
rice fields. Now, the Federal Aviation Administration (FAA) 
is congressionally mandated to open U.S. air space for the 
commercial use of UAS. It is predicted that agriculture will be 
the largest civilian market to make use of these vehicles. UAS 
are great tools for collecting aerial images and other types of 
agricultural data. These potential applications include yield 
estimation, disease and stress detection, monitoring crop 
growth, inventory and water management.

THE DRONES ARE COMING
Unmanned Aerial Vehicles for Agriculture
Ruizhi Chen, Kellen Crawford, Cristina Davis, Reza Ehsani, Stavros Vougioukas 
and Shrinivasa Upadhyaya

Figure 1A. The University of Florida UAV in action.
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CHALLENGES AND OPPORTUNITIES 
FOR REAL-TIME SENSING OF CITRUS 
PESTS, DISEASES AND STRESS
Reza Ehsani, University of Florida

Current techniques for detecting disease and stress in many 
crops rely on human scouting, which is time-consuming, 
expensive and, in some cases, impractical or prone to human 
error.  Low-altitude, high-resolution aerial imaging via a small 
UAS potentially can be used for stress detection in different 
crops (Figure 2). It also can help with detection of new 
diseases at early stages that cannot be detected by human 
scouts. Usually, it may be easier and less costly to control a 
disease at an early stage, and early disease detection could be 
a major application of unmanned systems.

There are three main advantages in using a UAS for disease 
and stress detection. The first advantage is cost. Collecting 

images and data are less costly by UAS than by satellite or 
manned airplane. The second advantage is timeliness. UAS 
have the ability to fly and capture images on short notice 
or during small windows of opportunity. This is particularly 
important for applications in agriculture in which timeliness 
in collecting images is often critical. The third advantage is the 
ability to collect high-resolution aerial images by flying at a 
lower altitude, which results in much clearer data and images. 
For some diseases, it is necessary to see an individual leaf on 
a tree. For example, in huanglongbing (HLB or citrus greening 
disease), only one branch may show evidence of the disease, 
while the rest of the tree canopy visually appears healthy.

In spite of the potential advantages of UAS in agriculture, there 
are several challenges that must be addressed before these 
machines truly can be used for disease and pest scouting.  The 
first challenge is the lack of suitable, lightweight and cost-
effective sensors. The common multi-band cameras that are 
commercially available have limitations, either in optical or 
spectral resolution. Most of them are limited to three to six 
bands that are good for detecting general plant stress, but 

Figure 1B. The University of Florida UAV with a six-band camera. Figure 1C. This remote piloted helicopter made by Yamaha is used extensively 
in Japan for spraying paddy fields.

Figure 1D. A UAV prepares to lift off above an open garden plant field 
nursery  at Bailey Nurseries in Yamhill, Oregon.

Figure 2. Examples of low-altitude, high-resolution aerial imaging using small 
UAS.
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cannot distinguish specific symptoms that would indicate 
infection by a particular pathogen. Algorithms need to be 
developed to identify unique signatures for each and every 
insect pest and disease. Another challenge is that certain 
sensors work better at night, and current regulations do not 
allow flying these types of equipment during that timeframe. 
Furthermore, to detect certain diseases, UAS must fly very 
close to the top or side of the tree canopy while avoiding 
hitting obstacles, such as wind machines. The ability to fly 
between the tree rows or very close to the canopy requires 
certain navigation capabilities that currently do not exist.

GEO-REFERENCING AND IMAGE 
PROCESSING
Ruizhi Chen, Texas A&M University, Corpus Christi

Cameras are the most common sensors to capture plant 
reflectance for precision agriculture. These payloads can be 
mounted in a UAS to capture the visual signatures of plant 
leaves, canopy temperatures and plant reflectance at different 
spectrums. (For further information on cameras, please refer to 
the first three articles listed in the “reference” section at the end 
of this article.). Geo-referencing cameras play a significant role 
in processing images taken from UAS, but images taken in 
flight often require post-processing while tagging a specific 
photo to the coordinates of precise physical locations.  
“Ortho-rectifying” refers to the process of correcting a photo 
so it has the same lack of distortion we usually would see 
in a regular map, and “mosaicking” refers to the process of 
stitching multiple overlapping snapshot images together so 
that they cover a wider area of land.  These image processing 
techniques are important because UAS photos taken at a 
relatively low altitude (e.g. a few tens of meters) need both 

correction techniques to be easily interpreted. The result is a 
digital picture with specific coordinates mapped throughout 
the image known as the three-dimensional Digital Surface 
Model or 3D DSM (Figure 3).

Converting hundreds or thousands of images into a single 
geo-referenced mosaicked image is complex. The process 
can be accomplished with two different approaches: a precise 
camera geo-referencing solution, or a coarse camera geo-
referencing solution. The first approach requires a precise 
Global Positioning System/Inertial Navigation System (GPS/
INS), which determines the camera position and orientation 
with an accuracy of a few centimeters for position and less 
than 0.1 degrees for orientation. However, a large number of 
overlapped images are needed to obtain sufficient common 
key points from different images, which are needed in 
the bundle adjustments. This requirement is challenging 
sometimes when taking images over plants and can be costly 
to implement due to special equipment needs.

The image processing procedure with a coarse camera geo-
referencing solution is totally different from the approach with 
a precise geo-referencing solution. This approach includes:

• geo-referencing the camera with a low-cost GPS receiver;
• applying lens distortion corrections to the perspective 
  images;
• carrying out key point extractions and key point matching;
• performing a bundle adjustment to obtain camera pose 
  parameters and the DSM;
• projecting the pixels of all prospective images to the 3D 
  DSM; and 
• extracting the ortho-rectified pixels to form a mosaicked 
  image.  

Figure 3. A 3D Digital Surface model of a wheat field derived from UAS Images.
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The process of key point extraction finds the key points of 
each image. In contrast, key point matching identifies the 
same point from multiple neighbor images. A Scale-Invariant 
Feature Transform (SIFT) key has become a popular descriptor 
for many computer vision applications. In the matching phase, 
approximate geo-locations of the camera with an accuracy 
of a few meters are needed to identify the neighbor images 
for key point searching. The flight control system of a UAS is 
typically equipped with such a low-cost GPS receiver, which 
can meet the requirement for this purpose.  Figure 4 shows a 
mosaic of 10 images taken from a UAS flown at an altitude of 
130 meters. 

Due to the complex geometry, the appearances of the leaves 
and branches of plants in overlapped images are typically 
not similar. As a result, it is sometimes challenging to find 
and match sufficient common key points in neighboring 
images. This situation occurs when we fly the UAS at very low 
altitudes. Currently, however, researchers are developing new 
methods to allow for this computational work to yield better 
aerial photos for the agriculture industry.

DETECTING PLANT WATER STRESS 
USING UAS
Shrinivasa Upadhyaya and Kellen Crawford 
University of California, Davis

Satellite platforms with thermal infrared (IR) imagers have 
been employed to monitor evapotranspiration (ET) and detect 

plant water stress.   However, satellite platforms that employ 
multispectral imaging, such as Landsat, have been more 
useful in the field of agriculture.   There are several limitations 
to the use of satellite platforms. When it comes to satellite-
based thermal imagers, even the most advanced systems can 
only provide resolution on the scale of tens of meters and, 
in most cases, on the scale of kilometers, thus presenting a 
serious spatial resolution issue.  Another problem is that 
satellites do not sample frequently enough to provide timely 
information to make management decisions.  In addition, 
inclement weather or cloud coverage could have serious 
implications on the quality of acquired data.  Moreover, there 
is a significant challenge in processing the vast amount of 
data and delivering it to the end user in a timely manner.  

Although aircraft-based sensors can address some of these 
issues, including improved resolution and sampling frequency, 
many of the post-processing challenges still exist.  UAS have 
shown a huge potential to replace satellite or aerial imagery 
for agricultural applications.  They are relatively low-cost, 
easily and quickly deployable, fly at low altitudes and slow 
speeds to allow for very high resolution, are highly adaptable 
to customized applications and have the advantage of being 
a very hands-on and approachable platform.

Inexpensive thermal IR sensors have become available in  
recent years for measuring canopy temperature and 
determining plant water stress.   UAS platforms retrofitted 
with relatively inexpensive thermal cameras have been tested 
in orchards and vineyards.  However, the thermal imagers 
typically employed on these platforms do not have adequate 

Figure 4. A mosaic image based on 10 images of three bands (including near infrared, green and blue) taken from a UAS flown at an altitude of 130 meters 
over a sugarcane field. 
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accuracy to estimate plant water stress.  Kellen Crawford 
installed a high accuracy (0.5ºC) infrared temperature 
sensor and a digital camera on a small Octocopter.  The 
camera provided a spatial awareness of the IR temperature 
measurements that would otherwise require a very expensive 
thermal imager.  This system was used to measure the spatial 
distribution of canopy temperature within almond and walnut 
orchards.  The temperature measured using the drone copter-
mounted IR sensor showed a similar spatial pattern to that 
measured proximally on the ground by a handheld sensor 
indicating the feasibility of detecting plant water stress using 
a UAV-mounted thermal IR sensor.

TETHERED UAVS FOR AGRICULTURE
Stavros G. Vougioukas, University of California, Davis

Tethered UAVs (TUAVs) use a cable to connect the UAV to 
the ground or to a ground vehicle. Power and data can be 
transmitted over the cable, thus eliminating flight time 
restrictions, increasing data transmission speed and reliability, 
motor power and payload capacity and bypassing regulatory 
constraints. Commercial TUAVs that can take off and land 
autonomously on a vehicle are already available. Most of them 
are tailored toward military and security applications and are 
quite costly. When connected to an agricultural vehicle, TUAVs 
could acquire crop and soil-related data using suitable sensors 
over a field of view much larger than similar sensors on the 
vehicle, thus reducing the required field travel. 

Also, depending on the crop, above ground imaging can 
provide views to canopy and field areas that would be hard 
to access from ground sensors. Such an application is being 
developed by UC Davis mechanical engineering senior 
students to enable autonomous navigation in orchards.

CHEMICAL SENSOR PAYLOADS FOR 
THE FUTURE
Cristina Davis, University of California, Davis

Today, there is mounting evidence that health diagnostics 
in agriculture systems can be monitored non-invasively by 
more than just optical and soil monitoring systems.  Our 
recent work shows that odors from trees represent their 
changing health status, and we can monitor volatile organic 
compounds (VOCs) that are emitted from trees to track their 
well-being.  Typically, we can measure these VOCs either by 
taking samples in the field and returning them to the lab for 
mass spectrometry analysis or by carrying reasonably-small 
portable chemical sensor platforms into the field and taking 
measurements directly there.  In most cases, it is preferable 
to carry mobile chemical sensors to the field and perform 
real-time measurements that can be coordinated with the 
geolocation of particular trees.  This strategy has been used 

so far in the citrus industry, and commercialization of these 
platforms is currently underway (Citrograph, summer 2015,  
p. 60).

Looking forward in time, there are tremendous agriculture 
advantages to be gained by further miniaturizing chemical 
sensor platforms so that they can be mounted onto UAV 
systems for field health monitoring.  Key challenges will be 
to reduce the size, weight and power (SWaP) parameters of 
the sensors, while maintaining their accuracy and reliability.  
The sensor platforms will need to measure many different 
chemicals simultaneously and perform their measurements in 
near-real-time.  It will be important to have the data logged 
continuously onto the vehicle memory system, and this data 
must be linked with real-time GPS coordinate updates to 
provide a broad picture of orchard or field health at many 
different geospatial locations.  The data itself is likely to be 
complex, and pattern recognition and machine learning 
approaches are likely needed to interpret it.  

Finally, all of this information from UAV monitoring will need 
to be fed into real-time models of VOC signature spread that 
indicate the likelihood of infection spread across space and 
time.  Given the pace of emerging technology development, 
these considerations are likely addressable in the upcoming 
near term.
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MAPPING OUT THE WAR 
AGAINST ACP/HLB
Richard Dunn

Although huanglongbing (HLB) has been found in only a 
few dooryard trees in California, its precursor – the Asian 

citrus psyllid (ACP) – has been spreading quickly. Many tools 
are being deployed in an all-out war to battle this threat 
to our industry. Among the most important are the grove  
trapping/sampling system and Geographic Information 
System (GIS) data provided by the Citrus Research Board  
(CRB) Data Management Department. This is done in 
cooperation with the Citrus Pest and Disease Prevention 
Committee’s (CPDPC) ACP/HLB Detection and Mitigation 
Program and the California Department of Food and 
Agriculture (CDFA).

This system was developed in 2009 in response to the CRB 
Board’s view that the industry needed to be proactive and 

quickly expand ACP tracking and testing into commercial 
groves.  In recognition of possible liability for the Board when 
recommending insecticide sprays or tree removal, the Board 
supported creation of the CPDPC, which works under the 
direct authority of the CDFA and has the ability to recommend 
pest eradication activities targeting ACP and HLB.

In 2011, the CDFA asserted that they could not recognize 
traps operated by CRB trappers; and as a result, the entire 
field operations department was transferred to them, except 
for the data management infrastructure and staff, which 
remained with the CRB.

The CRB Data Management Department is responsible for 
“handling” the information collected in the course of the 

CRB Data Management Department Staff (left to right): 
Yonas Birhanemeskel, Katie Foster, Greg Burdick and Rick Dunn.
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CPDPC ACP/HLB Detection and Mitigation Program.  This 
includes the continuing development and operation of 
infrastructure (including procedures, hardware and software) 
required to collect, transmit, process, archive and report 
information associated with the project.

HOW THE DATA COLLECTION 
PROCESS WORKS
In a system unique to the California citrus industry, initial 
and very detailed data collection takes place in the field 
with CDFA-Cooperative Agricultural Support Services (CASS) 
trapping staff recording their observations and activities on 
multi-function Trimble NOMAD® handheld devices equipped 
with StarPal HGIS® software. 

These records are all spatially referenced by the NOMAD®’s 
integral GPS antenna.  All sites, traps and samples are 
identified by unique barcodes read with the NOMAD®’s 
barcode scanner.  This data includes the location and time 
of any activity recorded by NOMAD®, plus details such as the 
individual tree’s identity, traps installed and replaced, plant 
tissue or insect samples collected and the box in which the 
traps or samples are transported. Miscellaneous information 

also can be collected on the NOMAD®, such as photos of a 
tree, suspect symptoms and/or whether the trapper makes 
contact with a grower. All data is then transmitted to the 
Citrus Pest and Disease Prevention Program (CPDPP) data 
center using wireless MiFi® technology.  The actual traps and 
samples are transferred to laboratory facilities for examination 
and processing by CDFA-CASS staff.  

Once a trap or sample is collected, it must be kept in direct 
documented custody. “Chain of Custody” protocols are 
maintained from the time of collection until the completion 
of all testing. Similar to when police investigate and collect 
evidence, there must be a strict chain of custody. The CDFA 
must have assurance that no one will tamper with a trap  
and/or remove any ACP. If the CDFA should find a psyllid or a 
tree with HLB, they and the county agricultural commissioner 
may be required to take action, if necessary, to apply 
insecticide or have the infected tree removed. 

At the CRB Data Center in Visalia, California, incoming data is 
processed daily and incorporated into the ArcGIS Geographic 
Information System. GIS is a “map based” database interface 
that permits immediate visualization and analysis of the 
data.  Laboratory processes and results are recorded in the 
SampleWare® Laboratory Information System.  Both systems 

CDFA/CASS trapper Tim Thomas servicing CPDPP grove traps in the Lemon 
Cove area.

This CPDPP grove trap does not have any ACP present.
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are linked to the core SQL server database, a proprietary 
application named CRBCubed.  Lab and trap results are served 
back to the GIS, allowing these to also be mapped.   All data 
are archived and protected in the secure facilities of the CPDPP 
Data Center.

This entire process is absolutely vital. The information 
generated and the map products provided by this system are 
crucial to regulators and cooperators in the California citrus 
industry’s fight against ACP and HLB. Incoming waves of pests 

cannot be suppressed without critical information about 
where they are and when they’re there. Nor can the industry 
assess the effectiveness of control measures without follow-
up results. The CRB Data Management Department plays a key 
function in the collection and provision of this information.

ADDITIONAL FUNCTIONS OF DATA 
MANAGEMENT
In addition to the core “mission critical” functions listed 
above, the CRB Data Management Department prepares 
data, reports and hundreds of maps on a weekly basis that are 
customized to meet the needs of CPDPP grower liaisons, CDFA 
managers and project committees.  Of special importance are 
maps depicting confirmed ACP detections, commercial citrus 
groves, the progress of CPDPC trapping and sampling activities, 
Psyllid Management Areas (PMAs) and ACP biocontrol 
workgroup activities.  These products also are made available 
to allied agencies, authorized researchers and, to some extent, 
growers and the general public. For additional information, 
see “Creating Psyllid Management Areas in the San Joaquin 
Valley” on page 32. The Data Management Department is 
helping define PMA areas and is providing maps for use by 
growers, grower liaisons and PMA team leaders.

Trap servicing data being collected with a NOMAD@ handheld device.
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THE TEAM LOOKS INTO THE FUTURE
The department is staffed by Data Technician Katie Foster, 
IT Network Administrator Greg Burdick and GIS Analyst 
Yonas Birhanemeskel. I serve as the data, information and 
management director.

Our group is excited about new capabilities coming on-line 
in the not-too-distant future. For example, researchers are 
currently testing a new ACP trap that will not only catch the 
insect, but will collect the specimens into a medium where 
each one can be preserved and tested for HLB.  Insects caught 
on the current trap cannot be tested for the HLB-causing 
bacterium.

Additionally, inroads are being made into our ability to map 
insecticide applications made by growers in the PMAs. Timely 
documentation of those applications is very important for 
effective cooperation with the CDFA, which treats private 
properties within a quarter mile of grower applications.

The GIS community is growing exponentially right now. Its 
capabilities are really flowering, and we’re looking forward 
to being able to leverage those developments for the citrus 

industry’s goals in the future. For example, we are working to 
develop a restricted-access map that will  allow authorized 
users to view all information interactively, so that they can 
customize their experience and understanding of the data 
we’ve accumulated.

For now, growers have the ability to view the current ACP 
situation via a public access site hosted by the University of 
California at http://ucanr.edu/sites/ACP/Distribution_of_ACP_
in_California

The information is presented to the public in a format that 
protects private information, but still provides growers a 
great deal of insight into current quarantine boundaries, PMA 
boundaries, HLB quarantine boundaries, biocontrol release 
activities and ACP detections. 

Public PMA maps in a static form also are available via the 
CRB system at www.citrusresearch.org/maps  and the CPDPP’s 
Citrus Insider web site, www.citrusinsider.org/maps. 

Richard Dunn is the data information and management 
director for the Citrus Research Board in Visalia, California.
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CREATING PSYLLID 
MANAGEMENT AREAS IN THE 
SAN JOAQUIN VALLEY
Beth Grafton-Cardwell, Judy Zaninovich, Sylvie Robillard, Dan Dreyer, 
Erin Betts and Rick Dunn

The Asian citrus psyllid (ACP), while it is still at low levels, 
has clearly established itself in some areas of the San 

Joaquin Valley in California.  In 2012, a few psyllids were found 
on three traps. However, in 2013, psyllids were found on 21 
traps, and infested trees were found at a residence in Dinuba.  
In 2014, psyllids were found on 23 traps in commercial 
citrus, residences, near packinghouses and juice plants, and 
an infested tree was found in Farmersville.  During January 
through June 2015, there have been a few psyllids on traps 
in Madera, Orange Cove, Cutler, Exeter, Visalia, Ivanhoe, 
Richgrove and Bakersfield.  

If the psyllid has established, why haven’t we seen more 
psyllids per trap and more psyllid-infested trees?  First, the 
yellow sticky traps are not very efficient in collecting ACP – 
the psyllids prefer new leaves.  Secondly, San Joaquin Valley 
growers commonly use a number of pesticides throughout 
the growing season that are effective against ACP, such as 
Delegate for citrus thrips, pyrethroids or organophosphate 
insecticides for katydids and neonicotinoids, such as Admire 
Pro and Actara, for citricola scale and Fuller rose beetle.  
These treatments help reduce psyllid populations.  While 
commercial citrus growers treat periodically with pesticides, 
homeowners generally do not.  Thus, it is not surprising that 
the psyllid-infested trees were found at residences. Most likely, 
there are more similar situations that have gone undetected.  
It is estimated that 60 percent of Californians have citrus in 
their yards, and the urban-agriculture interface is one of the 
greatest challenges in managing ACP.

CURRENT ACP MANAGEMENT 
TECHNIQUES
In the San Joaquin Valley, the current ACP management 
approach continues to be eradication.  When psyllids are found 
on a trap, grower liaisons work with the commercial citrus 
growers who have orchards that are inside or intersect with an 
800-meter (half-mile) radius around the find.  These growers 
voluntarily apply coordinated insecticide treatments within a 
two-week time frame.  The primary pesticide recommended 
by the University of California  (http://www.ipm.ucdavis.edu/
PMG/selectnewpest.citrus.html) is a pyrethroid, because that is 
the most effective class of insecticides for this purpose.  Either 
of two recommendations is given, depending on the time 
of year.  If it is springtime, a foliar ACP-effective chemical is 
applied three to four weeks after the first treatment.  During 
the summer or early fall, when root uptake is sufficient to 
move enough chemical into the leaves to kill the psyllids, 
then a systemic insecticide is applied at the same time as the 
primary foliar product.  

There are two reasons why two insecticides are needed at 
this time. First, systemic insecticides take two to six weeks 
for uptake into the leaves of the tree.  Second, it is difficult to 
achieve perfect coverage.  The eggs and nymphs are tucked 
inside leaves that may be small or curled due to leafminer 
damage.  These immature stages develop into adults and 
move out into the more mature tree canopy. Here they are 
killed by the second foliar treatment or ingest the systemic 
insecticide as they feed on the leaves.  
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Organic insecticides have a very short residual life (hours to 
days) compared to conventional insecticides (days to months); 
and, therefore, applications must be repeated several times 
in close intervals.  Organic insecticides are not acceptable 
treatments in a mandated eradication program.  Instead, 
organic growers must treat with a conventional insecticide 
and lose their organic certification for that year’s crop of 
fruit.  In other areas, where the eradication is an approach 
rather than mandated, organic insecticides are allowed; but 
because of their short residual life, two organic treatments 
spaced seven to ten days apart are needed for each single 
conventional treatment.  Currently, the primary treatment for 
organic orchards recommended by the University of California 
is Entrust (spinosad) applied with oil.  

As growers synchronize their orchard 
treatments within a short timeframe 
as part of an eradicative 800-meter 
area, then the California Department 
of Food and Agriculture (CDFA), with 
funding from the citrus industry, treats 
the neighboring residential citrus trees.  
The treatments applied to residential 
citrus trees include a pyrethroid and a 
systemic neonicotinoid applied with 
the permission of the homeowner.  In 
the San Joaquin Valley, where many 
of the homeowners are employed by 
or have relatives who are employed 
by agriculture, the acceptance rate for 
these residential treatments is about 98 
percent.  

When ACP are detected on a trap, 
treating the area with insecticides using 
an eradicative approach works well if the 
psyllid population is within 800 meters of 
the trap.  This strategy “locally eradicates” 
the insect population, because it is not 
possible to know where the psyllid on 
the trap came from, and growers and 
homeowners treat within a few weeks of 
each other.  Since the insect is very small 
and the traps we use to catch it are fairly 
inefficient, we compensate by putting 
out a larger number of traps where 
ACP have been detected. Evidence that 
this approach works in the San Joaquin 
Valley is in the trap numbers; additional 
ACP have not been found on traps within 
the 800-meter treatment area for many 
months, if not years.  Thus, this approach 
can help to locally eradicate the psyllid.  

ACP can fly much farther than 800 meters 
if the conditions are right.  For example, 

psyllids move longer distances when they are looking for new 
leaf flush on which to lay their eggs.  So there is always the risk 
with the eradication approach that the source of the psyllid 
on the trap is much farther away than 800 meters and the 
treatment did not reach it.  When a region starts to see repeat 
finds or when the 800-meter treatment areas overlap, then 
the 800-meter eradicative approach is not achieving its goal 
of locally eradicating the pest.  

ESTABLISHING PMAS
What is next?  The focus then shifts to treating a significantly 
larger area, and the management strategy is called area 
wide.  The goal of this approach is to treat as wide an area as  

Figure 1.  San Joaquin Valley Psyllid Management Areas (PMAs) are groups of neighboring growers who 
work together to suppress psyllids.
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deemed necessary based on the distribution of ACP 
and citrus orchards, within a short timeframe (two 
to three weeks).  A wider treatment area will include 
populations of ACP that have not been detected 
by traps, but are likely present, based on the short-
term reappearance of psyllids in a region.  A number 
of citrus-growing regions in southern California 
have moved to an area-wide approach to treatment, 
including the Coachella Valley, the Imperial Valley 
and portions of San Diego and Ventura counties.  
Eventually, the San Joaquin Valley growers will be 
using the area-wide approach to manage psyllid 
populations. Being prepared beforehand will be key to 
making the program successful.

The most critical first steps in establishing an area-
wide program, are recruiting industry leadership to 
determine when, where and what treatments should 
occur and developing a method to communicate 
with the growers when a treatment is needed.  For 
the San Joaquin Valley, this is especially important 
since the citrus acreage is so large and there are so 
many growers.  To address this, a San Joaquin Valley 
ACP/HLB area-wide task force was created consisting 
of Bob Blakely of California Citrus Mutual; Erin Betts, 
Dan Dreyer, Sylvie Robillard and Judy Zaninovich, the 
SJV CPDPP grower liaisons; Rick Dunn, the CRB citrus 
and ACP database manager; Jeff Slover, Henk Griffin, 
Justin Huffman, Logan Henderson and Curtis Holmes 
representing citrus PCAs and growers; Dennis Haines 
from the Tulare County Ag Commissioner’s office; 
and Beth Grafton-Cardwell, University of California 
citrus IPM specialist.  The goal of this task force is to 
develop a citrus-industry led (not regulatory) area-
wide program for the San Joaquin Valley.  The task force 
reports to a larger committee that includes agriculture 
commissioners, packinghouse managers, UC Farm 
Advisors, nurserymen and additional growers to ensure 
that all citrus industry concerns are addressed.

The first activity of the task force was to develop a 
communication network for the growers in the San Joaquin 
Valley.  Experience with the glassy-winged sharpshooter 
area-wide program proved that contact could be made with 
growers fairly quickly if the number of people that need to be 
contacted is in the range of 25-35.  However, because there 
are thousands of growers in the San Joaquin Valley, it was clear 
that it would be nearly impossible for the four grower liaisons 
to communicate with growers in a rapid manner.  Rick Dunn 
took the existing computerized citrus layer and its associated 
contact information housed at the Citrus Research Board and 
divided the citrus acreage geographically into units of 25-35 
growers.  Each of these units is called a Psyllid Management 
Area (PMA).  PMAs are like a “neighborhood watch” program 
where growers work together to overcome local hurdles in 
coordinating treatments in order to have the greatest impact 
on the ACP and prevent/delay the transmission of HLB. 

Tulare County has the largest number of growers and was 
divided into 103 PMAs, Fresno County was divided into 32 
PMAs, Madera County into two PMAs and Kern County into 
19 PMAs (Figure 1).  To view individual PMA maps, visit the 
Citrus Insider web site (Figure 2); or to view PMA boundaries 
in relation to citrus and psyllid finds, go to the UC ANR  
ACP/HLB Distribution and Management web site (Figure 3).  
Instructions for use of these sites are provided in the figure 
legends.  

PMA grower meetings for Tulare County were held in December 
2014, for Fresno/Madera in February 2015 and Kern in March 
2015.  At these meetings, growers were asked to identify 
their orchards on maps, provide information about the citrus 
block ages and varieties, and provide contact information for 
themselves, their ranch managers and their PCA, so that if an 
action needs to be taken, they can be contacted rapidly.  

Figure 2. Citrus Insider web site: To view printable maps of PMAs, go to http://
citrusinsider.org and click on the “resources” tab, then the “maps” tab. Under “Psyllid 
Management Area Maps,” click on the link to your county. Wait for the map to draw 
entirely, which can take several minutes. Click on the label of the PMA you want to 
view. When the “Download” button appears in the upper right portion of the window, 
click on it and select the “Direct Download” option. At the bottom of the window, 
you’ll see “Do you want to open or save.” Click “Open” to view the map. If you want to 
save the map on your computer, use the “File > Save As” command. 
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In addition, the task force requested that growers volunteer 
to take on leadership of the 156 San Joaquin Valley PMAs.  
Each PMA has a “team leader” who farms within the PMA and 
contacts his/her neighbors when action needs to be taken.  
Team leader responsibilities include helping the liaisons 
identify the orchards in their area and making sure all their 
growers are aware of the PMA area-wide approach and have 
provided their contact information.  Team leaders also assist 
with identifying unmanaged orchards and small acreages 
that are not registered with the County, so that the liaisons 
can work with these growers to participate in the psyllid 
management program.  Once all this information is in place, 
team leaders are responsible for contacting their growers 
when an area-wide treatment is needed.

The task force has been meeting regularly to discuss the 
program and analyze the ACP trap data for the San Joaquin 
Valley.  The task force members became concerned with two 
regions (Exeter/Farmersville and Richgrove) where ACP is 

turning up at frequent intervals on traps 
in the same general region, but just 
outside 800 meters of each other.  This 
suggests that the 800-meter approach 
is not reaching all of the psyllids and a 
larger area needs to be treated.  

Growers in portions of these two regions 
were asked to apply an ACP-effective 
insecticide within two weeks of petal fall 
(many would be applying citrus thrips 
and katydid treatments anyway).  For the 
Exeter/Farmersville area, the treatment 
area was about 4,500 acres, and for the 
Richgrove region, the treatment area 
was about 1,300 acres.  There was great 
cooperation with 95 - 100 percent of the 
acreage in these areas treated within 
the specified time period on a volunteer 
basis.  These are examples of the task 
force analyzing the psyllid trap data and 
proactively expanding the treatment 
area, combined with the voluntary 
treatment cooperation of the growers, 
in order to exert a bigger impact on the 
psyllid population.  Future trapping will 
provide feedback on the success of this 
approach.

BE A GOOD NEIGHBOR
With any approach, the goal of ACP 
management is to reduce the over-
all population of ACP and slow their 
spread so they can’t find and move the 
bacterium that causes huanglongbing 
(HLB) disease.  The eradicative and area-
wide psyllid treatment programs are 
buying time for researchers to develop 
a cure for the disease.  The “Good 

Neighbor” philosophy of grower cooperation in treatment 
programs will be the key to the successful management of the 
pest and disease.  You can help in this effort by contacting Rick 
Dunn at the Citrus Research Board (559-738-0246) to provide 
updated information on the location and contact information 
for each of your orchards.  

Beth Grafton-Cardwell, Ph.D., is the director of the 
Lindcove Research and Extension Center and a University 
of California at Riverside integrated pest management 
specialist. Judy Zaninovich is a licensed pest control advisor 
and the grower liaison for Kern County, California. Sylvie 
Robillard is a licensed pest control advisor and the grower 
liaison for Fresno and Madera counties in California. Dan 
Dreyer and Erin Betts are both licensed pest control advisors 
and grower liaisons for Tulare County, California. Rick Dunn 
is the data information and management director for the 
Citrus Research Board in Visalia, California.

Figure 3. UCANR ACP/HLB Distribution and Management web site: To view citrus and the PMA outlines, 
go to http://ucanr.edu/sites/ACP/Distribution_of_ACP_in_California/.  Use the “+” button to zoom into 
your region, and hold the left mouse button down to move the map around.   To see the PMA outlines 
and numbers, click on the “layers” drop down on the black bar and check the “Psyllid Management Area 
Boundaries” box.  
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CRB-FUNDED RESEARCH PROGRESS REPORT

IMPACT OF RESIDENT PREDATOR SPECIES ON CONTROL OF ACP:

PREDATOR EVALUATION
Aviva Goldmann and Richard Stouthamer

A first instar Comanche lacewing larva 
attacking a first instar ACP nymph.

SUMMARY
Generalist predators cause significant mortality to Asian citrus psyllid (ACP), but until now, 
no information has been available regarding which predators attack ACP in California. 
To identify candidates for biological control of ACP, we collected predators from orange 
groves and developed a DNA test to determine which had eaten ACP. We have identified 
promising species and are evaluating them for their ability to feed on ACP in laboratory 
experiments.

WHY PREDATORS?
As ACP spreads through California, millions of infested and unmanaged neighborhood trees 

remain a major concern. The complex urban environment stymies standard treatment options. In 
neighborhoods and other properties not under conventional management, improved biological control 
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is an attractive option for reducing the 
level of ACP infestation.

Biological control in citrus often 
brings to mind the introduction of a 
specialist natural enemy to control an 
exotic pest. In the past, some specialist 
natural enemies truly have been “magic 
bullets.” In this case, the introduced 
specialist wasps Tamarixia radiata and 
Diaphorencyrtus aligharensis are not 
magic bullets and cannot destroy ACP 
populations to the extent that would 
prevent the spread of HLB. 

However, Asian citrus psyllid did 
not arrive to an enemy-free zone in 
California. Predatory arthropods already 
present in California have adopted ACP 
as a food source and significantly reduce 
its survival from egg to adulthood (see below). These predators 
are on the job in neighborhood trees as well as in commercial 
orchards (depending on the level of management). We 
have the opportunity to improve the contributions of these 
predators, either by mass rearing and augmentative release 
or by conservation methods such as timing and selectivity 
of insecticide sprays. The ability to improve control of ACP 
by generalist predators hinges on finding out which species 
attack ACP and determining the extent to which these species 
can control ACP. These research topics have been the goal of 
this three-year project, now in its final year. 

PREVIOUS WORK
We established that predators substantially reduce ACP 
survival in California by comparing colonies of ACP exposed 
to predators with those protected from them. Working with 
Anna Soper, Ph.D., we found that ACP colonies exposed to 
predators suffered 33–99 percent greater mortality than 
protected colonies.  In order to identify the major attackers 
of ACP, we began a year-long collection of predatory 
arthropods from two orange groves in Orange County and 
San Bernardino County. To find out which of the predator 
species in our samples regularly ate ACP, we developed a 
DNA test that detects traces of ACP DNA in a predator’s gut 
contents. This DNA test is specific only to ACP DNA. It does not 
detect other prey species and is sensitive enough to detect 
ACP in a predator’s gut contents at concentrations as low as 
1:100,000. This research was conducted during the first two 
years of this project. For a detailed account, see “What’s Eating 
ACP in California” in the Summer 2014 issue of Citrograph at 
www.citrusresearch.org/citrograph.

DETECTING PREDATION IN THE FIELD
Since our last update in Citrograph, we completed field 
collection and molecular methods development and moved 

on to laboratory testing of predators. After identifying the 
most abundant species in our field collections, we selected 
the most common predatory insects to be tested for ACP DNA 
in their gut contents (Figure 1). Of these insects, half of the 
specimens from our field samples were DNA tested, up to 100 
per group. The remaining half are kept to aid in morphological 
identification or to be used as voucher specimens as needed. 
We tested up to 100 each of both larvae and adults of a species 
if they were frequently collected. As a result of this testing, we 
have narrowed our focus for the next stage of testing to four 
species: Chrysoperla comanche, Delphastus pusillus, Rhyzobius 
lophanthae and Scymnus sp. 

LABORATORY FEEDING STUDIES OF 
CANDIDATE PREDATORS  
In order to add realism to the field results and determine these 
predators’ capacities for consuming ACP, we have begun to 
conduct laboratory feeding experiments on these species. 

These experiments include: 

1) Determining digestion speed. Digestion speed is 
characteristic of a species and influences the likelihood that 
a field-collected specimen will test positive for ACP DNA. A 
species with a faster metabolism breaks down ACP DNA in a 
shorter span of time than a slower-digesting species. Simple 
positive and negative DNA test results from field specimens 
present only part of the picture. Digestion time experiments 
necessary to complete this picture are conducted by feeding a 
large number of predators an identical ACP meal and allowing 
them different lengths of time to digest before testing them 
for the presence of ACP DNA.

2) No-choice tests. ACP life stages are presented one at a time 
to determine which the predator will eat. 

Figure 1: The most commonly collected predatory insects in our predator survey are shown above. These 
species were tested for molecular evidence of DNA predation. Groups marked with asterisks had the 
highest rates of positive test results and are being evaluated for ACP predation in laboratory tests.
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3) Choice tests. All ACP life stages are presented simultaneously 
to determine which the predator prefers. 

4) Development tests. The predator is reared on only ACP 
to determine whether this is a sufficient diet to complete 
development. 

5) Population studies. Predators are introduced to populations 
of ACP on plants to determine how many are needed to 
control the pest. 

These experiments currently are being conducted on two of 
the species listed above – the lacewing Chrysoperla comanche 
and the Australian lady beetle Rhyzobius lophanthae. 
Experiments will continue over the next few months on 
Delphastus and Scymnus lady beetles. These will be followed 
by similar tests of field-collected spiders and predatory mites.

CURRENTLY IN TESTING: 
CHRYSOPERLA COMANCHE
Chrysoperla comanche is a species of green lacewing 
(Chrysopidae) found in the southwestern U.S. and Hawaii. Only 
the larvae of C. comanche are predatory—adult Chrysoperla 

feed on nectar, pollen and honeydew. C. comanche made 
up more than 98 percent of all Neuroptera (lacewings and 
related insects) in our field samples. Its population could not 
have been artificially augmented, since C. comanche is not 
commercially available. A total of 41 percent of field-collected 
C. comanche larvae tested positive for ACP predation. 
Preliminary results measuring digestion speed indicate that 
first instar C. comanche larvae completely break down the 
DNA from a second instar ACP nymph within 24 hours, given a 
temperature of 25°C, a 16-hour day length, and no additional 
feeding. In no-choice feeding tests, all three larval stages of 
C. comanche readily consumed ACP (Figure 2 ). Collectively, 
the three C. comanche larval stages consume all stages of ACP 
eggs, first through fifth instar nymphs, and adults (Figure 3). 
Third instar C. comanche larvae caught adult ACP easily in 
laboratory trials.

Although C. comanche is not commercially available, it is 
tractable to mass-rearing. This species was widely available 
from commercial suppliers during the 1990s, when it was 
recommended for suppression of leafhoppers in vineyards. 
We have established a laboratory colony to produce research 
specimens, and they are easily reared using standard green 
lacewing protocols and diets.

Third instar C. comanche lacewing larva attacking adult ACP.
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CURRENTLY IN TESTING: 
RHYZOBIUS LOPHANTHAE
The Australian lady beetle Rhyzobius lophanthae (sometimes 
called Lindorus lophanthae by commercial suppliers) was 
introduced to California in 1892 for biological control of black 
scale (Saissetia oleae). R. lophanthae is known as an important 
predator of scale insects in citrus.  A total of 13 percent of field 
specimens tested were positive for ACP DNA. In preliminary 
digestion time experiments, R. lophanthae adults were each 
fed with a single second instar ACP nymph. Beetles digested 
the ACP meal to the point of undetectability in less than four 
hours, using the same conditions as above: 25°C, 16-hour day 
length and no additional feeding. 

We additionally verified that positive test results of R. 
lophanthae lab and field specimens were the result of 
predation and not of honeydew feeding. In laboratory feeding 
experiments, we observed R. lophanthae eating honeydew 
produced by ACP. DNA extractions of ACP honeydew tested 
positive for ACP DNA. To establish that positive gut test 
results of field specimens were not the result of honeydew 
consumption, we fed R. lopanthae with ACP honeydew and 
tested them for the presence of ACP DNA in their guts. These 
honeydew-fed R. lopanthae tested negative for ACP DNA.  
We are, therefore, confident that positive test results of R. 
lophanthae indicate ACP predation. 

UPCOMING WORK
As we are in the third year of a three-year project, results of 
these experiments will be available by the end of the year for 
the four insect predators listed above, as well as for predatory 
mites and the most abundant spiders found in our field 
samples. Along with the results of this experimental work, 
we will provide recommendations for conservation biological 

control based on the pesticide susceptibilities and natural 
histories of these species available in the literature. Molecular 
protocols for detecting ACP DNA in predator gut contents 
will be available to the research community for use with any 
additional predators under consideration.

Aviva Goldmann is a Ph.D. candidate and Richard 
Stouthamer, Ph.D., is a professor of entomology in the 
University of California, Riverside Entomology Department.

Figure 3: In preliminary tests, all life stages of ACP were eaten by Comanche 
lacewing (C. comanche) larvae. Younger lacewing larvae attack eggs and 
smaller ACP nymphs, while older lacewing larvae attack older ACP nymphs 
and adults. (Adult Chrysoperla lacewings are not predatory.)
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264.78± acs High Quality Citrus ..........................................$8,700,000
958.62± acs Clark’s Valley Ranch .........................................$2,150,000
1285± acs Greasy Creek Cattle Ranch ..................................$1,670,500
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PROJECT SUMMARY
Since huanglongbing (HLB) was first found in the U.S. in Florida in 2005, it has spread to Texas and California. 
Efficient management for this disease is an urgent task.  We identified the pivotal role of small RNAs (sRNA*) 
that are associated with HLB.  One of the sRNAs identified, mi399, has been used as an early diagnostic marker 
with high accuracy and has led to the discovery of the phosphorus deficiency symptom of HLB-positive trees. 
Application of phosphorous solutions to infected trees shows reduced HLB symptoms and improved fruit yield. 
We confirmed the feasibility of developing an early diagnostic marker and nutritional program by identifying 
an sRNA regulatory mechanism. Our ultimate goal is to develop an efficient and comprehensive HLB disease 
management strategy. 

EARLY DIAGNOSTIC 
MARKERS FOR HLB 
MANAGEMENT
Chien-Yu Huang, Dongdong Niu and Hailing Jin

CRB-FUNDED RESEARCH PROGRESS REPORT

A young tree in Florida shows signs of HLB.

* A small RNA is a type of non-coding RNA molecule that is 21-28 nucleotides in length, often involved in regulating the translation of target RNAs through 
“RNA-RNA” interactions.
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Citrus greening, also named HLB, causes 
billions of dollars in damage to citrus crops 

every year and seriously impacts the viability of 
the industry. In Florida, more than 80 percent of 
the citrus groves are infected, and the disease 
recently has been detected in commercial 
groves in Texas and also in residential trees in 
California.  HLB, associated with the bacteria 
Candidatus Liberibacter asiaticus (CLas), is 
extremely difficult to detect because of the 
unculturable nature of the bacteria and the 
low concentration and uneven distribution of 
the bacteria in its hosts. 

Currently, removing the infected trees and 
using chemical treatment against the insect 
vector are the major strategies for disease 
control.  In Florida and Texas, because the 
disease has become widespread, removing the 
infected trees is no longer a practical control 
strategy. Currently, there is still no efficient, 
sustainable disease management tool for 
HLB due to the lack of knowledge about the 
mechanisms of pathogenesis, host responses 
and efficient early diagnostic tools.

In order to understand the host response 
to HLB, we investigated the role of sRNAs in 
natural plant defense responses and disease 
development. Increasing evidence has 
showed that the expression of host sRNAs 
is highly related to pathogen infection.  By 
comparing the sRNA expression profile of HLB 
infected and healthy trees, we identified some 
citrus sRNAs that were rapidly and dramatically 
induced by the pathogen.

The pathogen-specific early responsive 
sRNAs can be used as biomarkers for the early 
diagnosis of specific diseases.  For example, 
panels of sRNAs have been used as biomarkers 
for early diagnosis of many human diseases, 
including cancers. We used these sRNAs as early 
diagnostic markers for detecting HLB-positive 
trees. This method can detect infection with 95 
percent accuracy and as early as 10 weeks after 
inoculation. Figure 1 shows three such sRNA 
examples, miR399, siR1005 and siR1009. These 
sRNAs are induced in all the HLB-positive 
mandarin, sweet orange and grapefruit tested. 
Samples were collected from the experimental 
field at the University of Florida. These trees 
were infected by both grafting and psyllid 
infestation.  Applying phosphorus oxyanion solutions restores fruit yield from Ca. L. 

asiaticus infection-caused reduction.

2008 2010

POTASSIUM PHOSPHORUS OXYANION

MOCK
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One of the sRNAs, miRNA399, led us to link the discovery of 
the phosphorus deficiency to the symptoms of HLB-positive 
trees. As a result, we used this finding to develop a nutritional 
program for rescuing CLas-infected trees.

In collaboration with the laboratory of Bob Rouse, Ph.D., 
at the University of Florida, phosphorous solutions were 
applied to the infected trees during a three-year period. 
Significantly reduced HLB symptoms and improved 
fruit yield were observed. These results suggest a novel  
nutritional/resistance integrated approach for the 
management of HLB disease. We intend to enhance the 
accuracy and specificity of this diagnostic method by 
identifying more sRNAs that can be used as biomarkers. 

Chien-Yu Huang, Ph.D., a postdoctoral scholar in the Plant 
Pathology and Microbiology Department, University 
of California, Riverside. She is currently responsible for 
small RNA library construction, small RNA detection 
and analysis. DongDong Niu, Ph.D., is a visiting scholar 
from the Department of Plant Protection, Nanjing 
Agriculture University, Nanjing, China, Plant Pathology 
and Microbiology Department, University of California, 

Riverside, who is mainly responsible for real-time RT-PCR 
analysis and RNA extraction. Hailing Jin, Ph.D., a professor 
in the Department of Plant Pathology and Microbiology, 
University of California, Riverside. She is in charge of the 
project. 

Reference
Zhao H, et al. (2013) Small RNA Profiling Reveals Phosphorus 
Deficiency as a Contributing Factor in Symptom Expression 
for Citrus Huanglongbing Disease. Molecular plant 6:301-310.

Glossary
sRNA: RNA molecules ranging in length from 21-28 
nucleotides that regulate DNA transcription, thereby 
modulating the level of gene expression.

Systemic Acquired Resistance: a whole-plant, long 
distance and lasting defensive response that occurs 
following an earlier localized exposure to a pathogen.

HLB infection results in abnormal fruit.
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IS IRRIGATION WATER QUALITY A 
HIGH PRIORITY 
FOR CALIFORNIA CITRUS 
FOOD SAFETY PROGRAMS?
Pre-harvest Risk Assessment: Persistence of Human 
Pathogens of Citrus Rind
Trevor Suslow, Adrian Sbodio and Janneth Pinzon

CRB-FUNDED RESEARCH PROGRESS REPORT 

SUMMARY
The U.S. Food and Drug Administration (FDA) “Produce Rule,” which was released in final form in late summer 
2015, is one part of the Food Safety Modernization Act (FSMA). It also is the most involved and far-reaching 
overhaul of the federal food safety law in more than 75 years. Even before its signing by President Obama in 
January 2011, and the subsequent release by FDA of a draft version of the Produce Rule for public comment, 
California citrus industry leadership anticipated the potential for major impacts on the industry. 

Experiments conducted at the UC-LREC 
evaluated survival of applied surrogate 

bacteria on all positions (N-S-E-W). In 
general, sun exposure increased the rate of 

die-off compared to south-facing, shaded 
fruit or fruit on the north side of the tree. 
However, these differences were minor in 

the main winter-early spring trials when 
initial desiccation after spraying seems to be 

the primary factor in declining recovery. 
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Of these anticipated pre-harvest concerns for compliance with regulations, none was more controversial than 
rumblings and rumors surrounding expected federal standards for irrigation water quality and frequency 
of microbiological testing of surface water.  A research project focused on a single question was funded to 
develop baseline data under regional and commercially relevant field conditions. If ‘contaminated’ irrigation 
water contacts fruit on trees in the citrus grove, what is the expected survival? Initiated in Fall 2013, we have 
conducted several replicated trials at the University of California Lindcove Research and Education Center 
(LREC) in Exeter, California, to determine the persistence of indicator E. coli and surrogate (nonpathogenic 
substitute) Salmonella. Our studies to date have shown that survival of these inoculated bacteria under mock 
“contaminated irrigation” events is very limited across varying seasonal conditions and positions on a tree (sun-
exposed or shaded). 

In general, even with a contamination dose not foreseen in California irrigation water sources, more than 
10,000 cells/100 ml of water, quantitative survival (countable numbers) is less than 10 days post-inoculation, 
and detectable quantitative survival (requiring enhanced recovery methods for less than 20 cells per fruit) 
is less than 20 days. Lower doses, approximately 1,000 cells per 100 ml, become undetectable within three 
to five days under typical California navel orange harvest season conditions at LREC. Regardless, continued 
caution and systematic evaluation of irrigation water sources, conveyances and distribution/application systems 
is a Best Practice.  However, the data now available demonstrating a low level of persistence anticipated for 
bacterial pathogens of food safety concern under California field conditions provides a platform for dialogue 
with FDA to suggest alternative water quality standards if the citrus industry feels this necessary under the final 
Produce Rule regulations.  

The next research steps, already in progress, are to follow these artificially-contaminated fruit into the LREC 
Pilot Wash and Treatment Line to assess further disinfection and potential for cross-contamination during citrus 
post-harvest handling practices.   

Water that contacts the edible portion of fruits and 
vegetables, if contaminated with human pathogens 

that cause food-borne illness and outbreaks, has a high risk 
of resulting in exposure and harm to consumers following 
consumption. The U.S. FDA considers any level of pathogen 
contamination of produce typically eaten in a fresh form, such 
as citrus, the basis for considering that lot adulterated and, 
therefore, prohibited from marketing. 

In general, the risk of contamination increases between 
municipal or treated sources, ground water from deep 
aquifers, well water from high water tables, and diverse surface 
water sources. The microbiological quality of surface water in 
particular, may be highly variable regionally, seasonally and 
within very short timeframes following rain or storm events. 
This is well characterized for surface water (ponds, lakes, rivers, 
irrigation canals and open conveyance ditches), which can be 
impacted by surface run-off. Irrigation practices, modes of 
application (overhead, micro-sprinkler under-canopy, furrow, 
flood, drip), crop growth habit (row crop, vine crop, tree crop), 
and crop surface traits (rough vs. smooth, waxy surface) are 
among the recognized modifiers of risk potential.  Many 
available resources discuss the issues surrounding pre-harvest 
water in relation to produce safety standards and anticipated 
regulations. 

As a consequence of the potential for irrigation and foliar/fruit 
contact water to be the vector for pathogen contamination, 
the Produce Rule has proposed provisions for the frequency 
of testing water sources and points of application to crops, 
as well as compliance standards for quality. These standards 
will become regulations by October 2015. The enforceable 
compliance standards are based on U.S. Environmental 
Protection Agency (EPA) revised recreational water quality 
criteria for full-body contact and use principles incorporated 
into industry practice by several produce guidance documents, 
including marketing agreements and orders. 

It is beyond the scope and purpose of this article to re-describe 
the first proposed standards, the controversy this sparked and 
the supplemental FDA proposed standards crafted in response 
to substantial negative public comment. The Citrus Research 
Board, with encouragement from the California Citrus Quality 
Council, sought to take proactive steps to assess the industry’s 
vulnerability from a likelihood of survival perspective, rather 
than a broad survey of water sources for indicators and human 
pathogens. 

From this researchable-question vantage point, our purpose 
has been to develop a robust baseline of scientifically 
defensible data on the factors that allow or prohibit persistence 
of biosafety review permitted E.coli and Salmonella following a 
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mock contamination.  To the best of our knowledge, although 
we are unaware of any public data, natural contamination of 
California citrus in the grove is likely to be an exceptionally 
rare event. Certainly, attempting to conduct such studies, 
anticipating detectable frequencies of E. coli or Salmonella, 
would be fraught with practical and cost-prohibitive pitfalls. 
Therefore, these multi-season treatments of surrogate-
inoculated water near harvest (under as close to “real-world” 
field conditions as possible) is our best opportunity to 
characterize risk-based preventive control priorities. 

QUALIFYING THE FIELD 
SURROGATES 
Intentionally inoculating trees with human pathogens in an 
open farming community environment or research farm facility 
is neither permitted nor a responsible approach. Many steps 
are required to validate bacterial surrogates as sufficiently 
representative of the true pathogenic forms for credible field 
studies. Detailed descriptions of the methods and months of 
lab-bench work required aren’t appropriate here. However, it 
is worth noting that the surrogate isolates used in our field 
research were shown to have adequate or indistinguishable 
environmental fitness for survival on citrus rind to a diverse 
group of pathogenic isolates from produce outbreaks and 
California produce recalls.  All surrogate isolates of E. coli and 
Salmonella used were reviewed in detail and approved for 
studies in University of California-Davis greenhouse facilities 
and at LREC by the University of California Institutional 
Biosafety Committee. 

We feel confident that when our studies are shared with 
the FDA and submitted to a quality peer-review journal, 
the suitability of the strains and methods for preparing 

and applying the inoculum to fruit-bearing trees, as well as 
methods for detection and recovery, will withstand scrutiny.
   

OVERVIEW OF FIELD TRIAL DESIGN
During the past two years, replicated navel orange trees 
were spray-inoculated with our surrogates at different times 
and with different sub-objectives focused on survival and 
persistence over time and within varying positions in the tree 
canopy. First, fruit were inoculated to the point of run-off at 
north, south, east and west positions in the outer tree canopy 
where they were more exposed to solar-UV.  Inoculation of 
fruit was predominantly conducted near dusk to minimize 
initial impacts of sunlight on rapid die-off. Some treatment 
dates were overcast or cool in temperature, which also 
reduced rapid desiccation impacts.  A typical assessment 
would involve more than 1,000 fruit, tested in groups of five or 
as individuals, depending on the specific objective. 

OVERVIEW OF FIELD TRIAL RESULTS 
 Our multi-year project shows that there is limited persistence 
of these surrogates on the rinds of navel oranges (Figure 
1 and Table 1). In general, as with survival studies we have 
conducted in the field with other leafy green and tree 
fruit commodities, Salmonella has the highest level of 
persistence. The attenuated E. coli O157:H7 strains show far 
less environmental fitness. Our three-strain cocktail of generic 
E. coli, originally isolated from soil, water and plants, was 
similar to the Salmonella, but survival was typically less. Under 
conditions of high solar UV and no rainfall, following a mock 
“contaminated irrigation” event, the populations of applied 
bacteria dropped below the practical limit of detection (less 
than two cells per fruit on average) within three days. 

Table 1. Example of field trial results evaluating the persistence of a three-strain mixture of surrogate E.coli and an attenuated (nonpathogenic) 
Salmonella typhimurium on orange, lemon and mandarin fruit at the UC-LREC facility in mid-February.  

The inoculum was applied as a water suspension and fruit collected after surface drying (0 Days Post-Inoculation; DPI). By 14 days DPI, all applied bacteria 
had declined to below the limit of quantitative detection, but all had viable surviving cells, to varying degrees, by enrichment techniques (percent values in 
parentheses). 
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In some early trials, we compared our surrogates as both 
a water contamination and organic matrix contamination 
source. The organic carrier is a research matrix (Feclone) that 
simulates fecal contamination. Cells dried into this matrix 
and stamped onto fruit on adjacent trees had better levels of 
survival under the environmental conditions (Figure 1), but 
also declined to the limit of detection within 20 days. 

SUMMARY 
To date, in all trials conducted on LREC research grove fruit, we 
have shown that surrogates for bacterial pathogens relevant to 
produce safety have a limited quantitative persistence under 
California conditions. Yet, they may have extended survival at 
low numbers on individual fruit. In early project period studies, 
very low levels of contamination in the mock-irrigation contact 
were used. Die-off to the standard limit of detection was rapid, 
as quick as two days.  No public information we are aware of 
definitively establishes the baseline of indictor levels of E.coli, 
as would be required by the pending FSMA Produce Rule, or 
prevalence of human pathogens in surface water commonly 
available in California citrus production regions.  However, 
extrapolating from limited surveys we have conducted in the 
San Joaquin Valley during the past few years, non-compliant 

levels of indicators and frequency of pathogen detection are 
expected to be very rare. When present, we predict the number 
of bacterial pathogen cells, such as Salmonella, in irrigation 
source water would be substantially less than cellular doses 
used in these studies.  

While our results are encouraging for expected ease of 
compliance with agricultural water standards, minimizing the 
likelihood of contact during irrigation by adequate trimming of 
canopy bases remains one of the most prudent and proactive 
prevention measures crop managers should consider.  

Trevor Suslow, Ph.D., is an extension research specialist 
in the Department of Plant Sciences at the University of 
California, Davis. His primary area of applied research and 
extension for the past 20 years has focused on microbial 
food safety of fruits and vegetables. Adrian Sbodio is a 
staff research associate in the Suslow Lab and has lead 
responsibility in field and on-site research with industry 
cooperators. Janneth Pinzon is a project scientist in the 
Suslow Lab with lead responsibility in molecular detection 
and pathogen characterization technologies.

Figure 1. Example of field trial results evaluating the persistence of a three-strain mixture of surrogate E.coli and an attenuated (nonpathogenic) Salmonella 
typhimurium on navel oranges. In this trial, conducted at the UC-LREC facility in early December, the inoculum was prepared in either de-chlorinated water 
or applied in an organic carrier (Feclone). Simulating a “worst-case” scenario, bacteria were applied to fruit in the research grove. Bacteria suspended only in 
water died rapidly (~5 log reduction) under environmental exposure within five days and declined to the limit of practical enumeration, just a few cells per 
fruit, by 20 days.
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CRB-FUNDED FINAL RESEARCH REPORT

SUMMARY
In 2012, we began an intensive screening of registered and experimental conventional and organic insecticides 
against the Asian citrus psyllid (ACP) (Photo 1), at the Chula Vista Insectary (Photo 2). We needed an 
effective method of screening products that would give us a scientific basis for starting to make treatment 
recommendations in California for organic and conventional producers. When available, we also used data 
from testing in Florida, Texas and California field trials. The effects of 22 organic products on ACP control 
already have been published (Bethke et al. 2014). This article reports the results on the efficacy of a variety of 
conventional insecticides for control of ACP adults.

SCREENING CONVENTIONAL INSECTICIDES

AGAINST ADULT ACP 
James A. Bethke, Marianne Whitehead, Joseph Morse, Frank Byrne, Elizabeth Grafton-Cardwell, 
Kris Godfrey, Mark Hoddle and Lea Corkidi

Photo 1. Asian citrus psyllid on 
Volkameriana Lemon.

Photo 2. Chula Vista Insectary.
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INTRODUCTION
The original intent of our research 

project was to investigate the 
effectiveness of as many organic 
products as possible for the control of 
ACP. As such, we determined that many 
of the products were more effective 
against nymphs (85-90 percent kill) 
but much less effective against adults 
(Bethke et al. 2014). The reason for 
this is that the insect must come into 
direct contact with the product during 
application, rather than merely walking 
on the residues. The adults tend to 
feed within the canopy and are not as 
exposed as are the nymphs on the new 
flush.  

In these greenhouse trials using small 
plants, mortality of adults (about 80-95 
per cent) occurred in the first 48 hours 
with most products. Product efficacy fell 
rapidly over time, falling to less than 60 
percent mortality by day 14. The results 
suggested that direct contact of the 
product with adult psyllids is crucial, 
and repeated applications of organic 
products would be necessary 
to sustain a high level of 
control. The advantage AND 
disadvantage to organic 
products is the short-term 
kill by contact and the lack of 
efficacious residues. 

While investigating organic 
products, we were presented 
with the opportunity to 
study conventional products 
(i.e. synthetic, non-organic 
materials), products that 
required efficacy data in order 
to be registered for use in 
California, and unregistered 
or experimental products, 
which could provide hope for 
the future. The results of those 
studies are presented here.

INSECTICIDE TESTING 
PROTOCOLS
Study site. All experiments were 
conducted at the San Diego Insectary 
Greenhouses in Chula Vista, California, 
from April 2013 to November 2014. 
As outlined in a previous Citrograph 
article (Bethke et al. 2012), we have 
a thriving colony of ACP at the Chula 
Vista Insectary, where there are strict 
protocols for movement within the 
facility to avoid the release of ACP.

Plant material. Plants used in all trials 
were one- to two-year-old Volkameriana 
lemon (Citrus volkameriana) grown from 
seeds at the California Department of 
Food and Agriculture (CDFA) Rubidoux 
facility in Riverside, California. They were 
planted in one-gallon containers with 
UCR Mix #3, and were transported to the 
insectary in an enclosed vehicle under 
permit.

Insecticides evaluated. With the 
opportunity to test some of their 

products against ACP, many companies 
requested that we test products that 
were already registered in California or 
registered elsewhere in the U.S. but not 
yet in California, and also some products 
that were experimental. This data would 
be used to support their registration for 
use in California. Therefore, the results 
of these trials represent products that 
can be used immediately, as well as 
products that provide hope for the 
future. In addition, one trial compared 
and contrasted the effects of different 
types of pyrethroid insecticides on 
ACP adults, and another compared 
the effects of different formulations of 
imidacloprid, including several generic 
products.

The characteristics of the conventional 
insecticides evaluated are listed in Table 
1, and Table 2 shows the characteristics 
and the rates of the adjuvants used. 
The insecticides included different 
pyrethroids and neonicotinoids or 
combinations of these chemicals with 
organophosphates or abamectin. There 
was also one product that contained a 

Table 1. Characteristics of the conventional insecticides screened against Asian citrus psyllid at the Chula 
Vista Insectary.

# = Registered for backyard or landscape citrus use (not for use on commercial citrus).
## = Not registered for use on California citrus.
EC = emulsifiable concentrate; EL = emulsifiable liquid; SC = suspension concentrate; WG = wettable granule; 
CS = capsule suspension.
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pyrethroid and a neonicotinoid and one with abamectin only 
(Agri-Mek). 

Pyrethroids, neonicotinoids, abamectin and organophosphates 
affect the insects’ nervous system (IRAC 2014), but have 
different modes of action (Table 1). All trials included a water-
treated control, and except for one experiment, all included 
fenpropathrin (Danitol). This product is a pyrethroid and was 
used as a positive control to evaluate the degree to which our 
testing protocol resulted in mortality. When adjuvants were 
used in combination with the insecticides, a stand-alone 
treatment was also included to observe any additive effects 
due to their presence. 

The following are the rates of each product per 100 gallons of 
water used during each experiment: 

Experiment 1: Danitol (fenpropathrin) @ 21.3 fl oz; Gladiator 
(zeta-cypermethrin+abamectin) @ 38 fl oz; Stallion (zeta-
cypermethrin+ chlorpyrifos) @ 11.75 fl oz; Mustang (zeta-
cypermethrin) @ 4.3 fl oz; Baythroid 1EC (beta-cyfluthrin) @ 
2.1 fl oz; and Tempo Ultra 1SC (beta-cyfluthrin) @ 2.2 fl oz). 

Experiment 2: Leverage (beta-cyfluthrin+imidacloprid) @ 11.6 
fl oz; Mustang (zeta-cypermethrin) @ 4.3 fl oz; Stallion (zeta-
cypermethrin+chlorpyrifos) @ 11.75 fl oz; and DyneAmic (32 
fl oz). 

Experiment 3: Danitol (fenpropathrin) @ 21.3 fl oz; Gladiator 
(zeta-cypermethrin+abamectin) @ 19 or 38 fl oz; DyneAmic 
(32 fl oz); and Leaf Life Gavicide 415 Oil (2.5 gal).  

Experiment 4: Danitol (fenpropathrin) @ 21.3 fl oz; Agri-Flex 
(thiamethoxam+ abamectin) @ 8.5 fl oz; Agri-Mek (abamectin) 
@ 4.25 fl oz; Actara (thiamethoxam) @ 5.5 fl oz; and JMS Stylet 
Oil (1 gal). 

Experiment 5: Danitol (fenpropathrin) @ 21.3 fl oz; and Admire 
Pro, Macho and Wrangler (imidacloprid) @ 7 and 14 fl oz. 

Experiment 6: Danitol (fenpropathrin) @ 21.3 fl oz; Leverage 
(beta-cyfluthrin+ imidacloprid) @ 6.4 fl oz; BAS 310 (alpha-
cyfluthrin) @ 3.4 and 3.8 fl oz; Orocit (32 fl oz); and Oroboost 
(32 fl oz).

Studies conducted against ACP adults. The contact and 
residual efficacy of the selected products were evaluated in 
all trials. To assess the contact effect of each insecticide, five 
replicate plants for each treatment were placed in colony 
bugdorms and infested with ACP adults. After 48 hours, 
the ACP-infested plants were sprayed to run-off with their 
individual insecticide treatment, using a 48 oz. hand sprayer. 
The untreated control was sprayed with water. After treatment 
application, each pot was immediately covered with a cage 
made of a clear plastic. The bottom of these jars had been 
cut off so they could be placed over the plants and the tops 
covered with screening material for ventilation (Photo 3). 
All plants in all experiments were arranged in a completely 
randomized design within the quarantine greenhouse and 
were hand-watered as needed. No additional fertilizer was 
required during the trials. To evaluate the efficacy of the 
topical treatment, all living adults per plant were counted 
immediately after they were covered with the cages to obtain 
an ACP pre-count. They were counted again and removed 
from the cages 48 hours after treatment application to 
evaluate contact toxicity. 

To assess the residual efficacy of each insecticide, 10 adult 
ACP were introduced weekly into the cage of each treated 
plant. The ACP survivors were counted 48 hours after each 
re-infestation and removed using an aspirator prior to the 
addition of ten new insects the next week.

Table 2. Characteristics of surfactants used in the experiments against Asian citrus psyllid adults.

Photo 3. Colony dorms used to infest plants of Volkameriana lemon with ACP 
adults, and plants covered with cages made of clear plastic jars.
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The effects of the different insecticides on ACP mortality 
were analyzed using ANOVA. Data were transformed as 
needed to satisfy analysis of variance assumptions. Means 
were compared using the Fisher’s Protected Least Significant 
Difference (P < 0.05).

EXPERIMENT 1
This trial was conducted from April 3 to June 11, 2013, and was 
designed to compare the efficacy of different pyrethroid and 
pyrethroid-ready mixes with either chlorpyrifos or abamectin 
(Table 1). 

Contact Effect. The application of Danitol, Agri-Mek, Stallion, 
Mustang, Baythroid XL or Tempo, resulted in 80 to 100 percent 
mortality when applied directly on the adult psyllids (Figure 
1a). 

Residual Effect. There were no statistically significant 
differences in the percentage mortality of ACP adults exposed 
to insecticide-treated plants until 56 days after treatment 
(DAT) (Figure 1b). The application of the six products caused 
more than 90 percent mortality until 26 DAT, and more than 
80 percent mortality until 33 DAT. The percentage of mortality 
continued to decrease over time, and all treatments dropped 
to below 60 percent 70 DAT. (Figure 1b).  

EXPERIMENT 2
This trial was conducted from April 22 to June 26, 2013, and 
compared the efficacy of Stallion (a mixture of pyrethroid and 
organophosphate) and Mustang (pyrethroid), with or without 
the surfactant DyneAmic (Table 2), to the efficacy of Leverage 

(pyrethroid and neonicotinoid mixture of imidacloprid and 
cyfluthrin).

Contact Effect. Leverage, Mustang and Stallion, applied with 
or without DyneAmic, caused more than 90 percent mortality 
two DAT when directly applied to the adult psyllids (Figure 2a), 
while application of DyneAmic alone caused approximately 
35 percent mortality on contact with the insect.

Residual Effect. The percentage mortality of ACP adults caused 
by DyneAmic alone was always lower than the percentage 
mortality caused by the treatments that included insecticides 
and ranged from a high of approximately 65 percent at 12 
DAT to a low of approximately 30 percent at 70 DAT (Figure 
2b). There were no statistically significant differences in the 
percentage mortality of ACP adults treated with Leverage, 
Mustang and Stallion until 47 DAT (Figure 2b). The application 
of the three insecticides with and without DyneAmic caused 
greater than 60 percent mortality until about 63 DAT. The 
addition of DyneAmic increased the efficacy of Mustang and 
Stallion to control ACP adults from 40–70 DAT. The percentage 
mortality of ACP adults caused by Leverage, Mustang + 
DyneAmic, and Stallion + DyneAmic was greater than that of 
either product alone at 63 DAT (Figure 2b).

EXPERIMENT 3 
This trial was conducted from April 24 to June 4, 2013, and 
compared the efficacy of our positive control Danitol to 
Gladiator applied at 19 and 38 fl oz/100 gal, and in combination 
with the surfactants DyneAmic and Leaf Life Gavicide (Table 2). 
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Contact Effect. Forty-eight hours after treatment, the 
application of Agri-Mek at 19 fl oz/100 gal directly to the 
adult psyllids resulted in lower mortality than the application 
of Danitol, a higher rate of Agri-Mek (38 fl oz/100 gal) and 
the application of Agri-Mek combined with the surfactants 
DyneAmic and Leaf Life Gavicide Green 415 (Figure 3a). The 
two surfactants applied alone caused 75-80 percent mortality 
at 48 DAT (Figure 3a).

Residual Effect. Treatment with the surfactants Leaf Life 
Gavicide and DyneAmic caused lower mortality than 
treatments with the insecticides Danitol and Gladiator from 
five to 54 DAT; however, application of DyneAmic caused 
greater mortality than application of Leaf Life Gavicide 19 to 
40 DAT (Figure 3b). Application of Gladiator at 19 fl oz/100 
gal, generally resulted in lower mortality (approximately 
10 percent less) than Danitol over the course of the trial. 
Increasing the rate of Gladiator was more effective than adding 
surfactants to improve the residual effect of this product on 
adult ACP. Treatments with Gladiator at 38 fl oz/100 gal and 
Danitol caused more than 80 percent mortality until the end 
of the trial (54 DAT). Application of Gladiator at 19 fl oz/100 
gal with Leaf Life Gavicide and DyneAmic also caused more 
than 80 percent mortality until 40 DAT, but the percentage 
mortality of ACP adults decreased after that (Figure 3b).

EXPERIMENT 4
This experiment was conducted from July 1 to August 25, 2014, 
and compared the effects of Actara (neonicotinoid), Agri-Flex 
(neonicotinoid and abamectin), and Agri-Mek (abamectin) 
applied with or without the surfactant JMS Stylet Oil, to the 
efficacy of Danitol.

Contact Effect. The percentage mortality of ACP adults caused 
by the surfactant JMS Stylet-Oil alone was lower than the 
percentage mortality caused by the treatments that included 
the insecticides (75 percent vs. more than 80 percent – Figure 
4a). Forty-eight hours after treatment, application of Danitol 
caused 100 percent mortality. Application of Agri-Flex, Agri-
Mek alone, and Actara, caused 80-95 percent mortality. The 
addition of JMS Stylet-Oil increased the efficacy of Agri-Mek. 
There were no significant differences between the percentage 
mortality of ACP adults caused by Danitol and Agri-Mek + 
Stylet-Oil 48 hours after treatment (Figure 4a).

Residual Effect. The application of the surfactant JMS Stylet-
Oil alone always caused lower mortality than the application 
of insecticides (Figure 4b). In addition, the residual effect of 
Stylet-Oil decreased considerably from the beginning to the 
end of the trial. In contrast, treatment with Danitol, Agri-Mek, 
Agri-Flex and Actara caused approximately 75-100 percent 
mortality during the 47 days of the trial (Figure 4a and 4b). 
Danitol and the high rate of Agri-Flex and Actara were the most 
persistent insecticides for ACP control in this trial (Figure 4b).

Application of Agri-Flex, Agri-Mek and Actara caused 
approximately 90 percent mortality from eight to 33 DAT. 
However, the mortality caused by these products decreased 
to 75 percent 40 and 47 DAT (Figure 4b). Application of JMS 
Stylet Oil increased the efficacy of Agri-Mek and Actara for 
ACP control, eight and 13 DAT, increasing the mortality caused 
by these products by five to ten percent (Figure 4b).
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EXPERIMENT 5
This experiment was conducted from October 2 to November 
7, 2014, and compared the efficacy of Danitol to the efficacy 
of two rates of three formulations of the neonicotinoid 
imidacloprid, Admire Pro, Macho and Wrangler.

Contact Effect. All insecticide treatments caused 100 percent 
mortality of ACP adults 48 hours after direct treatment (Figure 
5a).

Residual effect. All insecticides caused 95 to 100 percent 
mortality until 16 DAT (Figure 5b). Application of Danitol and 
Admire Pro applied at 14 fl oz/100 gal were the most effective 
treatments for ACP control. These insecticides maintained 
their persistence causing 90 percent or more mortality from 
the beginning to the end of the 37-day trial. Application of 
Wrangler and Macho at seven and 14 fl oz/100 gal also caused 
close to 95 percent mortality until 16 DAT, but the percentage 
mortality decreased to 60-70 percent at the end of the trial, 
depending on the rate used (Figure 5b).

EXPERIMENT 6
This trial was conducted from July 17 to September 1, 2014, 
and compared the efficacy of the pyrethroids Danitol and 
alpha-cypermethrin (unregistered BASF pyrethroid) applied 
with or without the surfactants Orocit and Oroboost, with 
Leverage (pyrethroid and a neonicotinoid), as well as the 
surfactants alone. 

Contact Effect. The percentage mortality of ACP adults 
caused by the surfactants Orocit and Oroboost was lower than 

the percentage mortality caused by the treatments with the 
insecticides Danitol, Leverage and alpha-cypermethrin (80 
percent vs. approximately 100 percent respectively) (Figure 
6a). 

Residual Effect. The percentage mortality of ACP adults 
caused by the surfactants alone was always lower than the 
percentage mortality caused by treatments that included 
insecticides. The insecticides caused more than 90 percent 
mortality nine DAT, and this was reduced to more than 
65 percent mortality at the end of the trial (44 DAT). The 
application of the adjuvants Oroboost or Orocit alone caused 
a maximum of 60 percent mortality nine DAT, which decreased 
to 20 percent 37 DAT (Figure 6b).

Danitol was the most efficacious insecticide against ACP adults 
throughout this trial. By the end of the trial, treatments using 
Leverage or alpha-cypermethrin resulted in 30 percent less 
mortality than Danitol (Figure 6b). There were no significant 
differences in the percentage mortality caused by Leverage 
and by alpha-cypermethrin, either with Orocit or Oroboost 
nine to 44 DAT (Figure 6b).

CONCLUSIONS
The original intent of our research project was to investigate 
the effectiveness of as many organic products as possible 
in control of ACP. As such, we determined that many of the 
products were effective against nymphs (85-90 percent kill), 
but that most products were much less effective against 
adults without direct contact (Bethke et al. 2014). In contrast 
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to the investigation of available organic insecticides, the 
conventional insecticides investigated in this study were 
effective and persistent.

Our data indicate that all of the conventional insecticides 
tested were highly effective against ACP adults on contact, 
causing 90-100 percent mortality of adult ACP by 48 hours after 
treatment. The efficacy of foliar applications of pyrethroids and 
their mixtures provided more than 60 percent mortality of 
adults for 56-80 days, while the neonicotinoids and abamectin 
and their mixtures provided more than 60 percent control of 
adults for 37-47 days. The pyrethroids appear to be the most 
persistent class of insecticides tested against adult ACP under 
our research conditions at the Chula Vista Insectary.

We often were asked whether the generic formulations of 
imidacloprid are any different than the original product 
produced by Bayer. Some of these products are reformulated 
and may perform differently. Therefore, we conducted one 
experiment to compare efficacy among three products. Under 
the conditions of our study, we did not see any statistically 
different rates of mortality between the three products tested 
until 23 days after treatment when the low rate of Macho 
showed a statistically lower rate of mortality than any other 
treatment. It remained so throughout the duration of the study. 
In general, the lower rates of the three products did not perform 
or persist as well as the higher rates. Additionally, the high rate 
of Admire Pro maintained efficacy and persistence similar to 
the Danitol standard for the duration of the experiment.

Two products were tested (Leverage and alpha-cypermethrin) 
that caused mortality to ACP adults statistically equal to the 
Danitol standard in 48 hours. However, following the first assay, 
efficacy was always statistically lower than the Danitol standard 
and declined below approximately 80 percent mortality 
beginning at 16 days after treatment. These products, although 
initially efficacious, would likely need repeated applications at 
around 14-21 days to maintain efficacy.

In our previous study of organic products (Bethke et al. 2014), 
we determined that many of the commonly used surfactants 
also demonstrated insecticidal activity and can cause significant 
mortality of ACP adults (up to 90 percent). Little residual 
activity, however, was observed with most products lasting 
less than 14 days. In this study, similar results were observed. 
The surfactants JMS Stylet Oil, Leaf Life Gavicide 415, Orocit 
and Oroboost caused ACP adults approximately 80 percent 
mortality on contact. As noted in the organic product study, the 
residual efficacy of the surfactants decreased rapidly, causing 
only 40-60 percent mortality seven days after treatment.

These data demonstrate that conventional insecticides can 
be very effective in causing a high level of mortality of ACP 
adults and that most products persist for one to two months. 
Protecting citrus from ACP, a vector of HLB that can cause 
100 percent mortality to commercial citrus trees, is not an 
easy task; and as we have shown in our previous study using 
organic products, the efficacy and the persistence of organic 
products is very limited. The threat posed by ACP and HLB will 
require preventive measures that will maintain undetectable 
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populations, and repeated applications of organic products 
(several per month) will be necessary. However, as we have 
shown in this study, single applications of conventional 
products can provide excellent efficacy and persistence. At 
some point, the inconsistent use of non-persistent products 
in the presence of HLB may threaten commercial citrus in 
California. 

Lastly, these studies were conducted in the greenhouse at the 
Chula Vista Insectary. Field studies are needed to determine the 
residual efficacy of field-weathered residues.  
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INTRODUCTION 
Volatile organic compounds (VOC) are small molecules containing carbon that evaporate easily.  VOC originate 
from both human activity and from natural sources, including green plants.  Oxides of nitrogen (NOx) are 
produced mostly from internal combustion engines.  VOC and NOx react in the presence of sunlight to form 
ozone (O3 ) and secondary compounds including aerosols.  Ozone is an important gas-phase air pollutant in 
California airsheds, and regulatory efforts to reduce ozone focus on reducing their VOC and NOx precursor 
emissions.  Ozone formed in the lower atmosphere is an air pollutant, affecting human lung function and 
reducing yields of citrus and many other crops.  (The ozone found in the upper atmosphere, i.e., stratosphere, 
is produced by a much different chemistry and acts to protect Earth from damaging ultraviolet radiation.)  

CRB-FUNDED FINAL RESEARCH REPORT

OZONE REMOVAL BY 
CITRUS TREES 
as measured in the field via an eddy 
covariance system
John F. Karlik, Silvano Fares, Drew Gentner, Robin Weber and 
Allen H. Goldstein

Graphic 1: Anatomy of a leaf. Note the 
stomatal openings on the lower surface 

that allow carbon dioxide (CO2 ) to be 
taken in and oxygen (O2 ) to be let out. 

The plant breaks down the CO2 and uses 
the carbon atom to make molecules of 

sugar. It then releases the excess oxygen 
back out into the environment.
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Citrus species, in particular sweet orange (Citrus sinensis) and 
mandarin (Citrus reticulata), are among the most cultivated tree crops 
in the Central Valley of California.  Citrus is also widely cultivated in 
other countries with Mediterranean climates, such as Italy, Spain, 
Morocco and Israel, and citrus orchards are often close to densely 
populated areas.  Warm climates and high solar intensity are required 
for citrus cultivation and are associated with the formation of high 
ozone levels when anthropogenic (created by humans) air pollution 
is also present.  High concentrations of ozone routinely exist in the 
agriculturally rich valleys of California due to the topography, heat, 
sunshine and significant emissions of ozone precursors. Often, hourly 
ozone concentrations in the San Joaquin Valley exceed 100 parts per 
billion (ppb) during the summer, well above the phytotoxic threshold 
generally identified for vegetation.  

Ozone can be removed by plants through three processes – uptake 
into stomata (Graphic 1), contact with plant surfaces and removal by 
gas-phase reactions with biogenic volatile organic compounds (BVOC) 
emissions.  Thus, BVOC contribute to ozone formation and participate 
in its removal.  The reduction of ozone by citrus comes at a cost, since 
ozone oxidizes and thus damages leaf tissues after entering stomata, 
resulting in decreased carbon assimilation and crop yield.    

We were asked by the Citrus Research Board and California Citrus 
Mutual to investigate the role of citrus trees in the destruction of 
ozone as well as BVOC emission.  This research can help the California 
citrus industry respond to air quality concerns, since we now have a 
better understanding of how citrus trees affect regional air quality.  
This article is the last of four appearing in Citrograph summarizing our 
work, and here we discuss measurements of ozone removal by a citrus 
orchard made in a field setting.  We measured ozone concentration 
and ecosystem level flux over a complete year for a commercial orange 
orchard in a region with high concentrations of tropospheric ozone.  
We partitioned the total ozone flux between stomatal and non-
stomatal ozone sinks (Graphic 2), and investigated the mechanisms 
controlling each of these sinks. In addition, we compared the amount 
of ozone removed by citrus to ozone removed by a forest ecosystem.

Graphic 2: Sinks are places where chemical reactions take place. These can be above the leaf 
surface, non-stomatal ozone sinks or within the stomatal chamber.

Glossary
Airshed: A geographical part of the 
atmosphere that shares a common 
flow of air; often defined by mountains, 
canyons or other topographical features. 
A term used for air quality standards. 

Biogenic Volatile Organic Compounds:  
BVOCs are produced by plants and are 
involved in plant growth, development, 
reproduction and defense. Additionally, 
they function to communicate between 
plants and also between plants and 
insects. Because BVOC are emitted in 
large quantities, they significantly affect 
the chemistry of the atmosphere.

Eddy covariance: Provides an accurate 
way to measure surface-to-atmosphere 
fluxes, gas exchange budgets and 
emissions from a variety of ecosystems, 
including agricultural and urban plots, 
landfills and various water surfaces.

Ozone concentration: The ozone 
molecule is composed of three atoms of 
oxygen bonded together. This molecule 
does not stay around for long. Equipment 
was used to measure the amount of 
ozone molecules over time. 

Ozone flux: Because the ozone molecule 
is not stable, and oxygen readily reacts 
with other atoms and molecules such as 
nitrogen (nitrous oxide or NO

3
) and carbon 

(carbon dioxide or CO
2
), the amount 

or concentration, of ozone constantly 
changes. This change in concentration or 
flux, is important in air quality.

Ozone sink:  An area where chemical 
reactions take place, such as directly 
above the leaf’s surface or within stomate 
chambers.

Troposphere:  The lowest region of 
the atmosphere, extending from the 
earth’s surface to 3.7 to 6.2 miles (6-10 
km), where weather changes and cloud 
formations occur. 
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METHODS
The experimental facility was composed of an air-

conditioned shipping container, modified as a field 
laboratory where analytical equipment was housed, and 
a tower 30 feet tall.  For further description of methods 
and measurement instruments, please see our recent 
Citrograph article describing BVOC measurements, or one 
of the references listed at the end of this article.

Air was sampled sequentially for six out of every 30 minutes 
at four different inlet heights.  Ozone was measured with 
a UV absorption monitor.  The total ozone flux, that is, the 
ozone moving up or down in the orchard, was measured 
using the eddy covariance approach and partitioned into a 
stomatal and several non-stomatal components. 

RESULTS 
Ozone Concentrations
Our data are expressed as daily mean, minimum and 
maximum ozone concentrations. Figure 1 shows that the 
ozone concentration in the orchard was high, with daytime 
peaks typically above 70 ppb in summer months, and 
maximum levels often exceeding 100 ppb. Daytime (10 a.m. 
to 3 p.m.) ozone concentration was positively correlated 
with temperature as expected, since both the emissions and 
chemistry leading to ozone formation in this region are temperature 
dependent.  Ozone concentrations showed a typical bell-shaped 
diurnal cycle (Figure 2), peaking in the afternoon near 3 p.m. 

Vertical measurements of ozone concentration were taken at ground 
level up to eight meters. During the day, there was little difference 

in the ozone concentration between the ground and eight meters 
because the air is mixing rapidly (Figure 3). At night, however, the 
air mixes rather slowly, resulting in a strong vertical gradient in 
ozone concentration, with the lowest concentration measured at 
the ground level. This pattern was observed during all four seasons, 
indicating that ozone removal is a daily occurrence at all times of year. 
We attribute much of the removal of ozone during daylight hours 

Figure 1. Daily mean, minimum and maximum of the ozone concentration measured at the canopy level (O3 , continuous line). Daily maxima and minima are 
calculated from one-minute averaged data.

Figure 2. Hourly average (± SD) of ozone concentration measured at canopy level for fall-
winter, flowering and summer periods. 
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to movement into leaves via openings on the surface 
of leaves, called stomates or stomata (Graphic 3). The 
opening and closing of plant stomata is light dependent; 
they are typically open during the day and closed at night. 
In order to explain the night-time vertical ozone gradient, 
there must be a non-stomatal removal phenomena that 
holds onto ozone in a citrus orchard during the night.   

Total Ozone Fluxes
Total ozone fluxes are shown in Figure 4, and were lowest 
in winter and highest in summer.  The flowering period, 
which occurred from the 116-145 day-of-year (DOY), 
had peak ozone values similar to summer conditions, 
even though temperatures were significantly cooler.  In 
addition, the diurnal average ozone fluxes and total ozone 
fluxes during the summer and flowering periods also had 
similar values during mid-day.  Winter fluxes were about 
half of those measured during summer.  To place ozone 
fluxes in perspective, we compared them to water and 
several BVOC including methanol and monoterpenes 
(Figure 5).  

Stomatal Ozone Fluxes
Stomatal ozone fluxes were calculated 
by two independent methods that both 
involved measuring plant transpiration.  
First, evapotranspiration measured 
with eddy covariance was used as an 
approximation of canopy transpiration. 
Second, canopy transpiration was measured 
more directly using sap flow sensors on 
individual trees.  Because the orchard 
had exposed ground and was regularly 
irrigated, it would be incorrect to assume 
evapotranspiration is approximately 
equal to canopy transpiration. Instead, we 
estimated that evaporation from exposed 
soil contributed up to 30 percent to total 
evapotranspiration. This estimate agreed 
with results from experiments in which 
we installed soil cores in the ground and 
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Figure 3.  Hourly average of ozone concentration for fall-winter, flowering and summer periods as a function of height (note different color scales for ozone 
concentration). Measurements were done at 1.0, 3.76, 4.85, and 9.18 meters above ground. The canopy height of the orange orchard was 4.0 meters.

Figure 4. Daily average (± SD) of total ozone flux measured with eddy covariance (black line), stomatal 
ozone flux calculated with eddy covariance data (blue line) and stomatal ozone flux calculated using data 
from sap-flow sensors (red line).  Negative numbers for O3 flux indicate O3 removal.

Graphic 3: Stomates are openings on the surface of the leaf that allow for the exchange 
of gases and water.
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measured weight loss resulting from evaporated water during 
successive periods in the five days between two irrigation cycles.  
Results from these two approaches are shown in Figure 4.  The 
estimates based on sap flow measurements performed DOY 106-318 
are generally about 30 percent lower than the estimates based on 
evapotranspiration within the orchard overall. We think that the sap-
flow measurements were more appropriate for estimating canopy 
transpiration. The long-term measurements of ozone fluxes allowed 
us to study the seasonality of stomatal ozone fluxes.  While total 
ozone flux was similar during the flowering and summer periods, 
stomatal fluxes were very different.  Ozone removal due to non-
stomatal processes was much higher during the flowering period 
than during the summer period. 

On shorter time scales, the diurnal cycles of ozone concentration and 
ozone flux were slightly different, with maximum ozone concentration 
occurring after 3 p.m. during summer, and maximum ozone fluxes 
occurring before 3 p.m.  This phenomenon was previously described 
for a ponderosa pine forest, and our study conducted in the orange 

orchard agreed.  Stomatal closure in the late afternoon 
reduced uptake when peak ozone concentrations occur in 
the air.  This difference could also be due to non-stomatal 
sinks being larger at noon than later in the afternoon.

We conclude that stomatal uptake did not represent the 
major ozone sink for the orange orchard, but did account 
for 20 to 45 percent of total daytime flux. In Figure 6, we 
show median values of total ozone fluxes and all ozone 
sinks for the central hours of the day. Stomatal uptake was 
31 percent of total median ozone fluxes during summer, 
and was less at other times of year.  

Non-Stomatal Ozone Deposition
Ozone flux within the orchard from the ground to the 
canopy was estimated by using the sum of in-canopy and 
ground resistances. These calculations suggest that the 
ground is a significant ozone sink, responsible for up to 35 
percent of the total ozone flux at midday. The magnitude 
of soil resistance changed in response to irrigation cycles.

Ozone Destruction: The Role of BVOC and Nitrogen Oxide (NO)
The average non-stomatal ozone deposition occurring at midday, in 
both the flowering and the summer period, was positively correlated 
with temperature. This suggests that non-stomatal ozone fluxes 
are temperature dependent, in agreement with previous research 
conducted in forest ecosystems.  However, the low values of 
regression coefficients (R2 < 0.1) suggest that in the orange orchard, 
other relevant non-stomatal ozone sinks (e.g. deposition to ground) 
were present that were dependent on other factors such as humidity 
of soil and atmospheric turbulence.

Non-stomatal fluxes due to chemical reactions between ozone 
and BVOC in the gas-phase can be important and, if not properly 
accounted, may lead to over-estimations of stomatal fluxes in current 
chemical models.  In this work, we defined reactive BVOC as those 
compounds for which the time scale of the particular BVOC-ozone 
reaction was less than the air retention time below the canopy. We 
estimated that to be ~ four minutes during midday when maximum 

vertical turbulence was occurring.  Overall, 
we estimate that chemistry in the gas phase 
was responsible for 10-26 percent of total 
ozone fluxes.    

Ozone is also destroyed by reactions with NO 
molecules emitted from the soil.  Soils of citrus 
orchards are known to emit NO. In the orange 
orchard, the amount of NO emission was 
probably enhanced because of fertilization, 
which resulted in both nitrification and also 
in NO release from denitrification.    
    
All of our estimates for individual 
components of ozone fluxes were compared 
to total observed ozone fluxes for flowering, 
summer and winter periods in Figure 
6.  During summer, the sum of individual  
sinks was 97 percent of the total measured 
flux.  For the flowering period, the individually 

Figure 6. Magnitude of total measured O3 flux and individually modeled ozone sinks, and the percentage 
of the total ozone flux represented by modeled stomatal, cuticle, soil, chemical VOC and chemical NO 
ozone sinks for winter, flowering and summer periods as daytime median values (10 am to 3 pm, ± SD).

Figure 5. Comparison of absolute value of fluxes measured in the citrus orchard.  
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estimated ozone sinks sum to 72 percent of the total measured flux, 
suggesting that we may have underestimated one or more sinks.  
During flowering, carbon assimilation in Citrus decreases in favor of 
catabolic processes, and a large amount of BVOC is emitted in the 
atmosphere from flowers to attract pollinators.  

We hypothesize that the BVOC sink was underestimated during 
flowering because more reactive BVOC were emitted that were 
not included in our model of chemical ozone fluxes. A year-
long continuous flux measurement of less reactive BVOC (e.g. 
monoterpenes, methanol, acetone) showed annual peaks of emission 
during the flowering period.  If we assume that the biosynthetic 
pathways for monoterpenes and reactive sesquiterpenes share 
the same precursors (a reasonable assumption in most cases), our 
hypothesis seems to rest on a sound basis.  Anecdotal evidence for 
much larger BVOC emissions during this period is also available via 
the strong and wonderful scent of blossoming orange trees. 

CONCLUSIONS
One entire year of measurements produced a robust dataset, which 
allowed us to investigate the absolute magnitude, seasonal and 
diurnal cycles, and controls on ozone fluxes in a citrus orchard. We 
measured total ozone flux and separated it into stomatal and non-
stomatal fluxes to assess the actual ozone flux into plants through 
stomata and the contributions to non-stomatal fluxes. Non-stomatal 
ozone sinks were shown to be the predominant pathways of ozone 
removal in the citrus orchard, with the dominant non-stomatal 
deposition occurring to ground and chemical reactions in the gas-
phase with BVOC and NO. 

Cumulative fluxes for ozone measured at the citrus site compared to 
a ponderosa pine forest.  We found that the citrus trees removed 
tropospheric ozone over the year.  The citrus orchard had a 
cumulative annual uptake of 7.2 grams m-2 y-1, a value almost 
identical to that calculated for a forest plantation of Pinus 
ponderosa.  

A number of factors influence ozone formation and destruction 
in citrus and other agricultural ecosystems.  Within the scope of 
our study, citrus orchards provide gross localized ozone uptake 
comparable to forest ecosystems, but orchards also emit VOC which 
can lead to ozone production (as discussed in a previous Citrograph 
article). When accounting for both emissions of reactive precursors 
and the deposition of ozone to the orchard, our analysis suggests the 
orange trees were a net source of ozone in the springtime during 
flowering and were relatively neutral for most of the summer until 
autumn, when the orchard became a net ozone scavenger.
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BREEDING HIGH-QUALITY 
PARASITOIDS FOR ACP 
CONTROL
Richard Stouthamer

CRB-FUNDED RESEARCH PROGRESS REPORT 

While a purebred dog often is beautiful, it is well known 
that acquiring one can result in big veterinary bills. The 

reason is that purebred dogs frequently are highly inbred, 
which expresses itself as a general lack of vigor and other 
genetic defects. 

In the practice of biological control using natural enemies, 
inbreeding is only one of the genetic problems that may occur 
during prolonged captive rearing. Another equally important 
problem is that during this prolonged captive rearing, the 
natural enemies are selected to perform well under the 

mass rearing conditions (domestication), resulting in a good 
performance in the insectary. Unfortunately, this is generally 
accompanied by a bad performance in the field. 

A well-known example of this is the case of the screwworm fly 
used in the sterile insect project to eliminate the screwworm 
from North and Central America. Screwworm flies were reared 
in large cages, but soon it was noticed that many flies would 
kill themselves by flying very rapidly against the screening 
material at the side of the cage. To solve this problem, the cages 
were modified, and strips of paper were hung down from the 

Figure 1. Cages in which inbred lines of 
Tamarixia radiata are maintained.
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top of the cage to prevent flight and stop flies from killing 
themselves on the side of the cage. This method worked very 
well, and the number of flies produced per cage increased. An 
unfortunate side effect of this was that the flies were selected 
for non-flight, and the sterile males that were produced were 
not very active in the field. This lack of activity resulted in their 
failure to mate with wild females in the field, thus leading to 
an increase in the screwworm populations, where earlier they 
had been suppressed. So while this domestication resulted in 
improved performance in the mass rearing, its effect in the 
field was a failure of the sterile insect technique. 
 
How can the negative effects of inbreeding and domestication 
be minimized in prolonged mass rearing? The somewhat 
counterintuitive answer is: inbreed different lines of natural 
enemies; and before you release them into the field, allow 
these different inbred lines to outbreed.

In classical biological control, a natural enemy from the native 
range of the pest is reunited with the pest in the invaded 
range. In our case, the Asian citrus psyllid (ACP) parasitoid, 
Tamarixia radiata, was collected in Pakistan by Mark Hoddle 
and brought to California for release. The circumstances in 
California differ from those in Pakistan; and to accomplish 
successful adaptation to our environmental conditions, the 

wasps we release should be genetically variable. With genetic 
variation in the population, selection can take place so that 
over time the released wasps will genetically adapt to the 
environments here in California. 

To retain the genetic variation that was present in the 
populations in Pakistan, we maintain the Pakistani material 
and a series of inbred lines (Figure 1). In each of these lines, 
we have lost genetic variation; but when we combine all lines 
into one large population, much of the original variation is 
recreated. Now within each individual line, there is very little 
genetic variation. Consequently, these wasps are not able to 
adapt to the mass rearing conditions, and thus, this protocol 
makes it unlikely that domestication takes place. So by 
maintaining the material from Pakistan as inbred lines, we have 
accomplished two factors that are important for the success 
of biological control in California: (1) we have maintained 
much of the original genetic variation present in the Pakistani 
population; and (2) we have avoided domestication from 
taking place.

In practical terms, we maintain our separate lines in small 
cages (Figure 1). Wasps emerging from these cages are mixed 
with other lines and allowed to mate with each other. Next, 
we place these mated individuals in small cages with a limited 
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number of Asian citrus psyllid nymphs and allow the wasps to 
host feed for two days. Host-fed wasps parasitize ACP nymphs 
at a higher rate than non-host-fed wasps. 

The host-fed wasps are placed in a mass-rearing cage where 
they can produce their offspring (Figure 2). These offspring 

consist of mixtures of both purely inbred individuals and 
individuals that are hybrids between the different lines, which 
will again mate at random and create a genetically variable 
population. The wasps are then supplied to the California 
Department of Food and Agriculture and commercial 
insectaries as starting material for their mass rearing (Figure 
3). They will use this starting material and only continue to 
rear the wasps from each batch of starting material for two to 
three generations, thus avoiding domestication.

For those areas where wasps have been released and are 
established, it would be better to recollect lines from the field 
here in California, since they already have been selected for 
the California circumstances. Such recollection of material is 
being conducted during this summer and fall. The original 
lines also will be maintained to have this genetic variation 
at hand when additional areas with different microclimates 
require releases of Tamarixia – for instance the San Joaquin 
Valley.

Richard Stouthamer, Ph.D., is a professor of entomology at 
the University of California in Riverside.

Figure 2. Cages used to produce genetically variable Tamarixia radiata wasps that are supplied to the mass-rearing facilities of the commercial insectaries and 
the CDFA.

Figure 3. Number of Tamarixia radiata that has been produced by the UCR 
breeding program from April 2014 to March 2015. 
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Post-harvest decays can be a challenge in the successful 
domestic and worldwide trade of California citrus fruit. 

Marketing of fresh fruit is very competitive and requires high 
standards in disease management to prevent crop losses after 
production and post-harvest handling, as well as to prevent 
the movement of quarantine pathogens between trade 
partners. The use of pre- and post-harvest fungicides is the 
most effective way to minimize decay. Fungicides will be more 
intensely utilized in the future to ensure that markets remain 
open for trade. 

Thus, new fungicides with unique modes of action need to be 
developed and their safety assessment harmonized between 
trade partners. These treatments need to be used in integrated 
strategies as part of a systems approach to meet quarantine 
demands for export markets, to counter pathogen resistance 

to any one mode of action and to provide high-quality fruit 
and consumer confidence in food safety. 

In the United States, the term “pesticide” includes many kinds 
of products including fungicides, insecticides and herbicides. 
These products are designed to prevent crop damage from 
a pest. Fungicides are needed to prevent losses in yield and 
reduction in crop quality due to fungal pathogens. 

Before a pesticide can be marketed in the United States, 
the Environmental Protection Agency (EPA) evaluates the 
proposed pesticide thoroughly to ensure that it will not harm 
human health or the environment. Pesticides that pass this 
evaluation are granted a license or “registration” that permits 
their sale and use according to requirements set by the EPA to 
protect human health and the environment. Some pesticides 

BIOFUNGICIDES
New products with exempt-from-tolerance registration 
status for citrus disease management in the U.S.

CRB-FUNDED RESEARCH PROGRESS REPORT 

J.E. Adaskaveg and H. Förster

Navel orange exhibiting brown rot.
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are exempted from the requirement to have a tolerance when 
the EPA considers them to be extremely safe. Still, the EPA must 
review toxicity and exposure data, the same as for setting a 
tolerance for conventional pesticides. In addition, there must 
be a practical method for detecting and measuring levels of 
pesticide residues so regulatory officials can ensure that any 
residues are within the level determined to be safe. 

Biopesticides are certain types of pesticides derived from 
natural materials such as animals, plants, bacteria and some 
minerals. Biopesticides fall into three major classes: 

1) microbial pesticides consist of a microorganism (e.g., a 
bacterium, fungus, virus or protozoan) as the active ingredient; 

2) plant-incorporated-protectants are pesticidal substances 
that plants produce from genetic material that has been added 
to the plant; and 

3) biochemical pesticides are naturally occurring substances that 
control pests. Often, biopesticides are exempt-from-tolerance 
because they are used at low rates, are inherently less toxic 
than conventional pesticides or they have a narrow spectrum 
of activity with low non-target effects. Ideally, biopesticides 
are used in integrated pest management (IPM) programs. 
Biopesticide compounds also benefit from accelerated 
registration due to their favorable safety characteristics, but 
still undergo a rigorous review to ensure that they will not 
have adverse effects on human health or the environment. 

In the last few years, EPA has registered two biofungicides 
(i.e., potassium phosphite and polyoxin-D) on citrus that are 
exempt from residue tolerance in the United States. A possible 
third biofungicide (i.e., EXP-13) is in the registration process 
and also may be exempt from tolerance. All three fit into the 
EPA Biopesticide category No. 3. 

Potassium phosphite is the only post-harvest treatment 
available for the management of 
citrus brown rot caused by species of 
Phytophthora including P. citrophthora, 
P. syringae, P. parasitica and P. hibernalis. 
Polyoxin-D and EXP-13 have activity against 
other selected citrus diseases. Polyoxin-D, 
a fermentation product of Streptomyces 
cacaoi var. asoensis, has a U.S. biopesticide 
registration for field use on citrus to 
manage diseases caused by Alternaria 
alternata, Botrytis cinerea and Septoria citri 
(more information will be presented in our 
Septoria spot research project update). 

Our post-harvest research project with 
the Citrus Research Board is focusing on 

developing information on efficacy, resistance potential and 
usage strategies of potassium phosphite and EXP-13 against 
several major post-harvest decays. As indicated above, 
potassium phosphite is registered for control of brown rot. 
EXP-13 is being developed for managing sour rot caused by 
Geotrichum (Galactomyces) citri-aurantii and Penicillium decays 
caused mostly by P. digitatum and P. italicum. 

MANAGEMENT OF BROWN ROT 
WITH POTASSIUM PHOSPHITE
Brown rot of citrus fruit commonly develops in California 
during the winter season when high rainfall may occur. 
Although losses may be experienced in the orchard, the most 
serious aspect of the disease involves mixing symptomless, 
infected fruit at harvest with healthy fruit. Thus, post-harvest 
brown rot originates from infections that occur before harvest 
in the orchard. Symptomatic fruit will be sorted out in the 
packing line. However, when symptomless, infected fruit are 
packed amongst healthy fruit, the developing decay may 
spread fruit to fruit (known as nesting) and cause high losses 
to an entire fruit lot, especially during shipment and storage. 
In addition, brown rot-infected fruit are readily colonized by 
wound pathogens such as Penicillium and Geotrichum spp., 
thus, exasperating the damage. 

We continue to demonstrate the pre- and post-infection 
activity of potassium phosphite (Table 1). The fungicide can 
protect fruit with contact activity and, with its local systemic 
activity, prevent established infections from developing. 
Studies showed that infections occurring 24 hours before 
treatment can effectively be managed to prevent fruit rot. 
Therefore, the fungicide has great potential to reduce post-
harvest losses from brown rot, especially if treatments are 
-applied soon after an infection (e.g., wetness periods). 

Treatments
Post-

infection 
activity 

LSD2

Pre-
infection 
activity 

LSD

Water (control) 82.3 A 85.5 A
Potassium phosphite 630 mg/L 13.3 B 6.2 BC
Potassium phosphite 1260 mg/L 5 B 1.3 CD
Mandipropamid 300 mg/L 75.9 A 0 D
Fluopicolide 300 mg/L 82.9 A 0.7 D
Azoxystrobin 600 mg/L 81.2 A 10.5 B

Incidence of brown rot (%)1

1 Fruit were inoculated with zoospores of Phytophthora citrophthora either 12 h after (i.e., 
post-infection activity) or before (i.e., pre-infection activity) dip treatments with aqueous 
solutions. Fruit were incubated for 8 days at 20°C and then evaluated for the incidence of 
brown rot.

2 Values followed by the same letter are not significantly different (P>0.05) based on an 
analysis of variance and least significant mean separation procedures.

Table 1. Evaluation of postharvest treatments in the laboratory for control of 
brown rot of Navel oranges.
Table 1. Evaluation of post-harvest treatments in the laboratory for control of brown rot of 
Navel oranges.

1 Fruit were inoculated with zoospores of Phytophthora citrophthora either 12 hours after (i.e., post-
infection activity) or before (i.e., pre-infection activity) dip treatments with aqueous solutions. Fruit 
were incubated for 8 days at 20°C and then evaluated for the incidence of brown rot.
2 Values followed by the same letter are not significantly different (P>0.05) based on an analysis of 
variance and least significant mean separation procedures.
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To improve the post-infection activity or “reach-back” 
performance of the fungicide, studies were done with the 
fungicide in heated solutions. As shown in Figure 1, heated 
water drenches for 15 seconds at a reservoir temperature of 
130ºF (54.4ºC) can be very effective in reducing brown rot, 
similar to treatment with potassium phosphite at ambient 
water temperatures (75°F or 24°C). Heated aqueous potassium 
phosphite was highly effective, also in combination with other 
fungicides such as imazalil, reducing decay incidence to zero 
percent.  Fawcett (1922) eradicated brown rot infections of 
lemons caused by P. citrophthora with two-minute dips in 
water at 120ºF (49ºC). Depending on fruit temperature, Klotz 
and DeWolfe (1961a, b) showed that 30-hour- or 60-hour-old 
brown rot infections could be eradicated with four-minute 
water dips at 118ºF (48ºC) at fruit temperatures of 77-80ºF (25-
27ºC) or at 53ºF (12ºC), respectively. The pathogen’s mycelium 

in the fruit peel was vulnerable to the 
heated dip treatment to a depth of 318 
µm. Infections with mycelium deeper 
into the peel tissue were protected 
from the heat, and the treatment was 
no longer effective. 

To validate these experiments, we 
conducted commercial packinghouse 
studies. Fruit were inoculated 18 hours 
before treatment and incubated at 
68ºF (20ºC). They then were subjected 
to five regimes: 1) untreated; 2) a 
three percent soda ash dip for three 
minutes at 110ºF (43.3ºC); 3) same 
as 2 but treated with Graduate A+ in 
packing fruit coating; 4) same as 2, but 
also drenched for seven seconds with 
4,000 ppm potassium phosphite at a 
reservoir temperature of 130ºF (54.4ºC) 
followed a Graduate A+/packing fruit 
coating treatment; and 5) same as 4, 
but the potassium phosphite drench 
treatment also contained one percent 
potassium sorbate. 

Figure 2 illustrates the results of 
the studies on lemons and oranges. 
The heated soda ash treatment 
significantly reduced the incidence of 
brown rot; however, heated soda ash 
plus a heated flooder treatment with 
potassium phosphite had significantly 
the lowest incidence of decay among 
the treatments evaluated. The 
incidence of decay on the oranges 
was at near zero level. The addition of 
Graduate A+ in the fruit coating or of 
potassium sorbate to the potassium 
phosphite drench did not improve 
the performance of heated phosphite 
treatments for brown rot control. 

These studies indicate that management of brown rot can 
be achieved in an integrated packinghouse program using 
heated treatments of the biofungicide potassium phosphite 
in combination with other handling procedures.  

Potassium phosphite products (fosetyl-Al, potassium 
phosphite) have been used as field treatments for citrus for a 
number of years, and post-harvest use was recently approved 
in the United States with an exempt residue status. The rates 
of potassium phosphite used in our large-scale studies for 
brown rot management were between 2,000 and 4,000 ppm. 
These rates are practical and economical. Higher rates of the 
fungicide are labeled for Penicillium decays. To meet export 
requirements, international maximum residue limits currently 
are being established with trade partners of the California 
citrus industry. 

Figure 1. Laboratory study on the efficacy of potassium (K) phosphite, heated water and heated 
K-phosphite for the management of brown rot of navel oranges caused by P. citrophthora. Fruit were 
inoculated (20 µl of a 10,000 zoospores/ml suspension), incubated at 68ºF (20ºC) for 20 hours, treated and 
incubated at 68ºF (20ºC) for eight days. Rates of K-phosphite and imazalil in treatments 5 and 6 are the 
same as in treatments 2 and 4. Rates of fungicides in the packing fruit coating were 1,000 ppm imazalil and 
3,500 ppm thiabendazole (TBZ). Values followed by the same letter are not significantly different (P>0.05) 
based on an analysis of variance and least significant mean separation procedures.

Figure 2. Commercial packinghouse study on the management of brown rot of lemon and navel orange 
fruit caused by P. citrophthora. Fruit were inoculated, incubated for 18 hours at 68ºF (20ºC), treated and 
incubated at 68ºF (20ºC) for eight days. Heated soda ash treatments reduced disease; however, heated 
soda ash combined with a heated flooder treatment with potassium phosphite had the significantly lowest 
incidence among the treatments evaluated. The addition of Graduate A+ (1000 ppm) or one percent 
potassium sorbate did not improve the performance of heated phosphite treatments. Values followed by 
the same letter are not significantly different (P>0.05) based on an analysis of variance and least significant 
mean separation procedures.
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EVALUATION OF EXP-13 AGAINST 
GREEN MOLD AND SOUR ROT
The experimental product EXP-13 was evaluated for the 
first time as a new post-harvest treatment of citrus in our 
studies. EXP-13, like polyoxin-D, is a fermentation product 
and thus potentially fits into EPA biopesticide category No. 
3. Using a wettable powder (WP) or a soluble concentrate 
(SC) formulation, we obtained a significant reduction in 
green mold of lemons and oranges caused by P. digitatum 
(Figure 3) and of sour rot of lemons caused by G. citri-aurantii 
(Figure 4). The reduced performance of EXP-13 prepared in 
fruit storage coating (Figure 3) could be circumvented by 
designing a staged application system with an initial aqueous 
drench or dip application of EXP-13 that is then followed 
by a spray treatment of the fungicide in a fruit coating. This 
strategy was developed and is commonly used in California 
packinghouses to optimize decay management (aqueous 
treatment) and provide sporulation control (fruit coating 
treatment) with registered fungicides.

Although the activity of EXP-13 was often not as high 
as that of registered conventional fungicides such as 
fludioxonil (Graduate), mixtures of EXP-13 with fludioxonil or 
propiconazole (Mentor) at reduced rates provided excellent 

Figure 3. Laboratory study on the efficacy of post-inoculation treatments 
with EXP-13 (WP = wettable powder and SC = soluble concentrate) prepared 
in an aqueous suspension or in a storage fruit coating against green mold 
of lemons and oranges caused by Penicillium digitatum. Fludioxonil was 
used as Graduate SC. Values followed by the same letter are not significantly 
different (P>0.05) based on an analysis of variance and least significant mean 
separation procedures.

Figure 4. Laboratory study on the efficacy of post-inoculation treatments 
with aqueous suspensions of EXP-13 (WP = wettable powder) against sour 
rot of lemons caused by Geotrichum citri-aurantii. Propiconazole was used 
as Mentor 45WP. Values followed by the same letter are not significantly 
different (P>0.05) based on an analysis of variance and least significant mean 
separation procedures.
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decay control (Figures 3 and 4). Mixtures of two different 
active ingredients with different modes of action are an 
important strategy to reduce the development of resistant 
pathogen populations. 

In laboratory assays, mass platings of spores (6 x 106 /plate) 
of a mixture of 10 isolates of P. digitatum on spiral gradient 
dilution plates were done to evaluate the resistance potential 
of the pathogen. A comparison of EXP-13 to fludioxonil and 
pyrimethanil is shown in Figure 5. The EC95 concentration 
of each fungicide is at the interface between confluent (ring 

of solid growth) and non-confluent 
growth, and it is the effective 
concentration that inhibits growth 
of the population by 95 percent. 
Toward the center of each plate, an 
increasingly higher concentration 
of each fungicide is present that 
prevented growth of most of the 
spores deposited. No colonies 
developed in this zone for EXP-13. A 
few colonies developed for fludioxonil 
(Graduate), and numerous colonies for 
pyrimethanil (Penbotec). This indicates 
an increasing resistance potential 
for these fungicides, respectively. 

Therefore, based on this assay, EXP-13 has a very low  
(0 per 6 x 106 spores/plate) resistance potential, and further 
development is warranted. 

Pre-mixtures of fungicides of different chemical classes such 
as Graduate A+ (fludioxonil + azoxystrobin) and Philabuster 
(imazalil + pyrimethanil) are increasingly being developed in 
the United States especially for those crops where fungicide 
resistance has been a problem historically, such as citrus and 
pome fruit. With no or very low resistance potential, EXP-13 
would be an ideal mix partner for fludioxonil, propiconazole 
or other fungicides. 

Figure 5. Selection of resistant isolates of Penicillium digitatum in mass platings of conidia on spiral 
gradient dilution plates amended with (A) EXP-13, (B) fludioxonil or (C) pyrimethanil. Black arrows indicate 
the location of the EC95 concentration of each fungicide. The highest fungicide concentrations are toward 
the center of each plate. Colonies of P. digitatum growing in the higher-concentration range are resistant 
to the respective fungicide. 
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Several fungicides are available to manage Penicillium decays, 
but propiconazole is currently the only effective registered 
treatment for the management of sour rot. Therefore, our goal 
is to develop EXP-13 as a post-harvest treatment for California 
citrus fruit. It has very good activity against green mold and 
sour rot and could be a valuable rotation or mixture partner 
in an integrated sour rot management program to reduce 
populations of P. digitatum and G. citri-aurantii, prevent 
resistance and provide a high level of decay control. 

SUMMARY
Our data indicate that for the first time, biofungicide 
alternatives to conventional compounds are available that 
are highly effective against specific pre- and post-harvest 
fungal pathogens of citrus. The two biofungicides registered 
on citrus, potassium phosphite and polyoxin-D, are also 
exempt from residue tolerances in the United States, and the 
third potential biofungicide, EXP-13, also may be exempt. 
Potassium phosphite is the first effective post-harvest 
fungicide for managing brown rot caused by several species 
of Phytophthora. Because no effective post-harvest treatments 
were available for this disease, potassium phosphite was 
developed and is currently being evaluated in other countries 
as a post-harvest treatment. International tolerances are 
being pursued for major export markets. EXP-13 is the first 
post-harvest biofungicide with activity against Penicillium 
decays, sour rot and possibly other diseases that has a very 
low resistance potential to P. digitatum. 

These biofungicides can be used with existing packinghouse 
equipment, and thus, their use can be easily integrated into 
common decay management practices and utilized in tank or 
pre-mixtures with registered fungicides. Potassium phosphite 
is a natural (or mineral-based material) inorganic compound; 
EXP-13 is a natural fermentation product that has the potential 
to be approved as a biopesticide similar to polyoxin-D. 

Based on the US-EPA definition, biopesticides are types of 
pesticides derived from natural materials such as animals, 
plants, bacteria, fungi or certain minerals. They benefit from an 
accelerated registration process due to their favorable human 
and environmental safety characteristics. These products may 
help increase consumer acceptance of treatments made to 
harvested citrus fruit that are in general more effective than 
treatments applied in the field while similar safety standards 
are followed. 

Still, many of the modern post-harvest fungicides have 
obtained an EPA designated “reduced-risk” status and thus 
have exceptional toxicity profiles among conventional 
pesticides with minimal risk to workers, consumers and the 
environment. Integration of biofungicides into post-harvest 
use will be a valuable asset to the industry in the future and 
will only enhance safety standards of the citrus industry of 
California.
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