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• Easy deployment
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• Suitable for organic production
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CheckMate® CRS maximizes fruit quality.
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Budwood, seedlings and select varieties are still available for 
2022. We’re now taking contract orders, including select 
BioGold varieties for 2023.

Contact Leonard Massey at 661.369.2035 or 
LeonardM@wncitrus.com. 

wncitrus.com | 661.327.9345         @wncitrus    

Great 
Roots. 
Great 
Fruits.

“Fall in love with the process and the results will come!” - Eric Thomas 
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On the Cover: Asian citrus 
psyllid (ACP) nymphs feeding on 
citrus leaves. The waxy, sugary 
tubules are a byproduct of that 
feeding. ACP can acquire and 
transmit 'Candidatus Liberibacter 
asiaticus,' the presumed causal 
agent of huanglongbing. The 
Citrus Research Board has been 
funding extensive research into 
combating vectored diseases such 
as huanglongbing. Many of the 
articles in this issue focus on the 
results of that research.
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PLANT FOOD SYSTEMS, INC.—ZELLWOOD, FL., the nation’s  premier acidulator 
of potassium hydroxide introduces to California a unique chemistry in molecular 
form and e�cacy, K-PHITE 7LP Systemic Fungicide Bactericide. Through the 
development of  “Continuous Flow Reactor Manufacturing”, Plant Food Systems, 
Inc. brings to the citrus industry viable alternatives to disease control and plant 
health. A registered pesticide, KPHITE 7LP contains unique patented technology 
and is the product of groundbreaking molecular research regarding the 
manufacturing processes and development of co-polymeric phosphite 
molecules which display specific pathogenic activities not duplicated by other 
phosphites. University researched, field proven.   

THE MOST EXTENSIVE EPA, CA. DPR LABELED POTASSIUM PHOSPHITE IN THE INDUSTRY: While the trade is afloat 
with numerous nutrient labels illegally alleging increases in plant health, K-PHITE 7LP  a�ords citrus growers and PCAs a 
legal, safe, low cost solution to address multiple citrus diseases. K-PHITE 7LP shows e�cacy and is registered for control 
of the following diseases:  

Alternaria alternata

Anthracnose

Botryosphaeria dothidea 

Fusarium 

Hyphoderma sambuci 

Phytophthora (soil borne and aerial

      phases including brown rot)

Pseudomonas syringae 

Pythium 

Rhizoctonia 

Xanthomonas ssp. (including citri) 

K-PHITE 7LP is a clear, pH 
neutral, linear polymer potassium 
phosphite exhibiting molecular 
stability and pathogenic activities 
that common materials do not 
display. 

K-PHITE 7LP contains no sodium 
or chlorides for safe and 
compatible applications without 
rind stain.  RE-NEW can be tank 
mixed with most pesticides, 
including fungicidal cop-per 
(maintain pH >6.2).  

EFFECTIVE CONTROL, LESS DISEASE, MORE YIELD 

NEW GENERATION K-PHITE 7LP 
BRINGS SUPERIOR EFFICACIES  TO 
DISEASE CONTROL FOR CALIFORNIA CITRUS GROWERS
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CALENDAR
OF EVENTS

JUNE 
7

MAY 
10

APRIL 
13

Citrus Research Board 
(CRB) Meeting.   

For more information, 
contact the CRB at 

(559) 738-0246 or visit 
www.citrusresearch.org

Citrus Pest and Disease 
Prevention Committee 

(CPDPC) Meeting.  
For more information, visit 

www.cdfa.ca.gov/
citruscommittee

2022 Citrus Research 
Board Webinar Series.    

 For more information and 
additional Webinar Series 

dates, see page 17. 

                   
                       

Farm Sales Specialists for California’s Central Valley
                    www.pearsonrealty.com

Contact:  Matt McEwen #01246750  (559)280-0015   or   Jonathan Motl #02057470 (559)280-4458

JULY 
13

Citrus Pest and Disease 
Prevention Committee 

(CPDPC) meeting.      
For more information, visit 

www.cdfa.ca.gov/
citruscommittee
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  From the
PRESIDENT'S DESK

Marcy L. Martin

A
t the Citrus Research Board (CRB), our mission is 
focused on ensuring the sustainability and long-
term viability of the citrus industry. To say that the 
environment we’re operating in today is challenging 
would be a vast understatement. We recognize that 

challenges are coming from every angle, including labor, water, 
transportation, regulatory changes and more. However, for the 
citrus industry to thrive, all its stakeholders must remain agile to 
ensure the industry’s strength in the long run. We’re committed 
to doing just that. 

At the CRB, we use sound science to support the citrus industry 
in uncovering the best solutions to some of these industry 
pressures – from tackling some of the biggest disease threats 
facing the industry to fueling a competitive advantage and 
optimizing day-to-day growing operations. We look at success 
from all angles. Our goal is to ensure that the work funded 
by the resources entrusted to the CRB will make the lives of 
California citrus growers easier. We believe that by making 
research a priority, the industry will be able to sidestep ongoing 
threats and build on its strengths in ways other citrus growing 
regions have not.

One of the CRB’s areas of focus is seeking solutions for 
the devastation wielded by vectored diseases, including 
huanglongbing (HLB), which has greatly impacted residential 
citrus trees throughout southern California. Through our work 
at the CRB, we are creating pathways of knowledge that will 

provide California-centric solutions to this 
deadly vectored disease, in addition to other 

diseases and issues weighing heavily on 
the minds of California growers.  

For example, while standard 
polymerase chain reaction (PCR) 
analysis can determine whether an 
Asian citrus psyllid or plant sample is 
positive for ‘Candidatus Liberibacter 

asiaticus’ (CLas) – the bacterium 
that causes HLB – there may be 

some samples that fall into 
a gray area, are suspect or 
are not clearly positive or 
negative for CLas.  Lack of 
clarity around a potentially 
devastating diagnosis 
can cause delays or 

mitigations that may not be necessary. As a solution to this 
problem, the CRB recently worked with Jianchi Chen, Ph.D., a 
research plant pathologist at the United States Department of 
Agriculture (USDA)-Agricultural Research Service-San Joaquin 
Valley Agricultural Sciences Center, who is developing a cost-
effective protocol for identifying suspect plant or psyllid samples 
in a more efficient manner. Through this partnership, Dr. Chen 
was able to discover two different CLas-related bacteria that 
would cause a positive PCR result, even with the absence of 
CLas, resulting in a process that would reduce the possibility of a 
suspect plant or psyllid sample having an inconclusive result. For 
more information, see “Studying Bacterial Population in ACP and 
Citrus Samples” on page 58.

Additionally, the CRB currently is in the process of working with 
Douglas Hill, Ph.D., president of Technology Evolving Solutions, 
on the development of a new machine that potentially can 
improve the method used by the California Department of Food 
and Agriculture (CDFA) to process leaf samples for CLas. The 
time spent processing leaf samples at the CDFA lab, in addition 
to the hazards associated with manually hand chopping leaf 
material, led to the CRB’s support of Dr. Hill’s work to design 
a machine that not only will reduce those safety hazards, 
but also will increase speed and reduce costs with which the 
CDFA can process samples for CLas. While the machine is still 
in development, Dr. Hill is continuing to work closely with the 
CDFA to further refine the machine to meet the needs of their 
laboratory and communicating with the USDA-Animal and Plant 
Health Inspection Service to validate the machine to officially 
become part of the approved protocol for processing citrus 
plant material and to become available to regulatory labs across 
the state. For more information on this project, see “Improving 
HLB Diagnosis Through Instrument Engineering” on page 42.

Both unique investments are illustrations of how the CRB is 
helping pave the way for more accurate and efficient detections 
of this deadly plant disease. That said, we know there is 
exceptional work being done around the globe to combat 
HLB, and the CRB is committed to creating opportunities for 
researchers to collaborate and support one another in our 
shared goals. 

Marcy L. Martin serves as the president of the Citrus Research 
Board, based in Visalia, California. She also is the executive 
editor of Citrograph. For more information, please contact 
marcy@citrusresearch.org
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Mark McBroom

THE CPDPP GETS BACK 
INTO THE COMMUNITY

LIVE 
AND IN 
PERSON 

I
n response to the COVID-19 health and safety restrictions 
imposed on in-person gatherings, the Citrus Pest and 
Disease Prevention Program (CPDPP) was able to quickly 
pivot its outreach efforts during the last two years 
to continue to connect with homeowners, industry 

members and elected officials in a socially distant and digital 
manner. While the program has been extremely effective in 
leveraging virtual and digital tools to connect safely with key 
audiences, we are celebrating the return of in-person events, 
where we are able to create personal connections and 
stronger relationships through face-to-face conversation. 

For the last six months, we have been safely reinvigorating 
our presence at events throughout the state to share 

tailored information and gain support for the fight against 
huanglongbing (HLB) and the Asian citrus psyllid (ACP).

Connecting with Homeowners
Oceanside Harbor Days
After an HLB detection is made in a new area of the state 
and a quarantine is established, our outreach team works 
with county and state officials to ensure residents are aware 
of the threat of HLB and their role in saving backyard citrus. 
Following initial announcements of the detection, in-person 
events can provide another opportunity for a two-way 
dialogue with impacted locals. 

The Citrus Pest and Disease Prevention Program is connecting with all audiences about the importance of 
preventing huanglongbing.
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Following the first HLB detection in San Diego County, the 
CPDPP took its boots-on-the-ground approach and attended 
Oceanside Harbor Days held at the Oceanside harbor, the city 
in which the detection was confirmed. At the popular annual 
event, our outreach team was able to connect with residents 
and help answer questions about what residents had heard 
or seen on the news. Residents familiar with the detection 
who stopped by the booth shared a sense of relief to be 
able to have members of our outreach team expand on the 
issue further and what it specifically meant for their backyard 
citrus. As event attendees carried on with their day, they were 
eager to take informational materials and learn more about 
the pest and disease. 

Connecting with residents in-person in a friendly and 
informative manner can help clarify the situation at hand, 
get questions answered on the spot and provide access to 
additional information and resources right in their backyard.

Mountain Mandarin Festival
In November, the CPDPP attended the Mountain Mandarin 
Festival in Placer County. Although festivals like this are in 
an area where HLB currently isn’t present and ACP is scarce, 
it’s important to continue urging residents to care for their 
backyard trees – showcasing the implications of what could 
happen should ACP populations build in their area, bringing 
to life the potential threat of the pest and disease. 

Fostering Industry 
Partnerships
World Ag Expo
It is rare when the CPDPP can reach 
multiple audiences in the same place, 
and the World Ag Expo held in Tulare 
is the ideal melting pot of industry 
and homeowner audiences, further 
emphasizing the collective effort 
needed to save California citrus. 

Working with CPDPP grower liaisons 
and University of California Master 
Gardeners, the CPDPP can connect 
with folks from the Central Valley and 
beyond on the state of HLB and ACP in 
California, what is being done to combat 
the spread of the pest and disease and 
how Californians can help. 

Crop Consultant Conference 
California’s agriculture industry is vast, 
and the CPDPP’s attendance at the 

Crop Consultant Conference this past September in Visalia 
allowed the program to connect with the trusted advisers 
who are often on the frontlines of the fight against HLB. The 

Ly� Cit��s Seed

CDFA Registered Seed 
& Budwood Available

Varieties can be found on our website
www.lyncitrusseed.com

Budwood is grown in USDA/APHIS approved pest resistant 
structures. Both seed and budwood are tested through the 

CDFA Citrus Nursery Stock Pest Cleanliness Program.

 

P.O. Box 428, Arvin, CA 93203 • maggied@lyncitrusseed.com

(661) 366-7260  

Educating homeowners on the newest HLB detection in Oceanside, San Diego and 
the Oceanside Harbor Days event.
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conference hosted nearly 100 Pest Control Advisers and 
Certified Crop Advisers, who are an important conduit to 
connecting with growers and encouraging best practices 
that limit ACP populations. Victoria Hornbaker, director of the 
Citrus Pest and Disease Prevention Division, led a seminar 
session featuring an update on the presence of ACP and 
HLB, and the outreach team connected one-on-one with 
attendees to provide important information on regulatory 
requirements and benefits of participating in area-wide and 
coordinated treatments. 

California Citrus Mutual Citrus Showcase
There are various organizations supporting citrus growers 
and their livelihoods, and the CPDPP aims to build on this 
synergy of keeping California citrus alive by attending events 
like California Citrus Mutual’s Citrus Showcase. 
Having our outreach team at the Showcase allows the 
program to connect with growers themselves, to not only 
share the work of the CPDPP and its efforts to keep the 
California citrus industry strong, but also to strengthen the 
program’s partnership with growers and best learn how we 
can best support their needs. This in-person connection 
helps foster a working relationship between the program 
and the industry it serves.

Educating Elected Officials 
Elected officials play a crucial role in encouraging their 
constituents to care for backyard citrus safely and limit the 
spread of ACP or HLB in their communities. The CPDPP was 
able to connect with these trusted individuals by attending 
the California Contract Cities Association Fall Education 
Summit, League of California Cities Annual Conference and 
California State Association of Counties Conference during 
2021. At each event, the outreach team spread awareness of 

Citrus Pest and Disease Prevention Division Director 
Victoria Hornbaker gave an update to attendees at the Crop 
Consultant Conference.

the pest and disease and how they could affect each elected 
official's respective constituencies. 

Looking Forward
The CPDPP has always remained nimble in adjusting our 
outreach strategies in accordance with the environment 
around us. Through this flexibility, we have learned new and 
effective ways to reach the community. Even as we continue 
to connect with folks where they are, we're always looking to 
expand our reach and connect with key audiences by taking 
the learnings from COVID-19 and applying them to various 
outreach tactics far beyond the pandemic. 

Mark McBroom is the chair of the Citrus Pest and Disease 
Prevention Program. He also serves as secretary-treasurer 
of the Citrus Research Board. For additional information, 
contact desertcitrus@aol.com

Outreach to elected officials provided an additional outlet 
to educate California residents on the importance of 
caring for their backyard citrus trees.



www.CitrusResearch.org  |  Citrograph Magazine   15

Trusted Citrus  
Solutions Advisor

Helping packers maintain freshness  
from orchard to consumer

Please contact a Pace Representative for more information: 1.800.936.6750
Visit paceint.com for more information on all our products and services.

A Subsidiary of Valent BioSciences
A Sumitomo Chemical Company



16   Citrograph Vol. 13, No. 2  |  Spring 2022

T
his issue of Citrograph is focused on vectored diseases, which is 
an important topic in the fight against huanglongbing (HLB). We 
recently asked several citrus industry members for their insight on 
vectored disease and industry issues in California.  

Caitlin Stanton

VECTORED 
DISEASES

INDUSTRY VIEWS 

TOM MULHOLLAND
CHIEF EXECUTIVE OFFICER
MULHOLLAND CITRUS
ORANGE COVE, CALIFORNIA

What vectored disease issue would you like to see addressed?

The main vectored disease we have in the California citrus industry is still HLB. 
With the citrus protection plans and clean budwood programs, we have nearly 
cleaned and eliminated the spread of other diseases, like Tristeza. We need to 
find a solution to the psyllid when and where possible.

If you could speak with researchers, what would you tell them are the 
industry’s needs/priorities? 

The main course of action should be continuing the diligent monitoring and 
removal of HLB-diseased trees in the infected areas, as well as continuing to 
educate the public and keep the rate of infection low for as long as possible. 
From the farmer’s point of view, we need science in pest disruption and plant 
health under diverse climate conditions. Researchers should continue on 
with host-specific science for citrus thrips and other citrus pests. Solutions for 
reducing chemical spraying would be a beneficial cost savings to the grower. 

Growers still need a guide with annual 
requirements of nutrition for the 
crop load and with requirements on 
use and overuse as far as leaching 
excess fertilizers into the soil. This 
may be variety specific. In addition, 
more information on the minimum 
requirements for citrus trees in drought 
conditions is needed. 

What do you believe is the biggest 
challenge facing California’s citrus 
industry?

Water is a major risk if drought 
persists, and the realization of over-
production in the future may need 
to be recognized. Trying to protect 
marginal growing areas, like poor soil, 
lack of water and continuing to grow 
low production of lesser quality fruit 
may become a barrier. Labor is always 
going to be a major cost and leads to 
the need to reduce pruning, spraying 
and harvest costs. This can be done with 
tree architecture and crop load controls. 
California also will need to manage fruit 
quality for the seven to eight months of 
production, which can be done through 
varieties and fruit senescence controls. 
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RANDY SKIDGEL
GENERAL MANAGER
MITTMAN-DENNI FARMING, INC.
LINDSAY, CALIFORNIA

What vectored disease issue would you like to see addressed?

HLB has to be at the front of vectored disease issues at this time. There needs to be 
continued research on vector control, both organic and conventional. Tamarixia 
radiata applications need to be expanded in California.  

If you could speak with researchers, what would you tell them are the industry’s 
needs/priorities?

We need a solid early detection system for HLB. The industry must develop a 
program that we agree upon and have confidence in and then move forward with 
it. This has to be a priority, as we know HLB will eventually make its way here.

What do you believe is the biggest challenge facing California’s citrus industry?

With the implementation of the Sustainable Groundwater Management Act, water 
certainly will be a challenge in the future, but growers are very resourceful and will 
find a way to deal with current water issues. The biggest challenge will be the rising 
labor cost. Without getting higher returns for our commodities, small profit margins 
are quickly being gobbled up by increased labor cost. 

Caitlin Stanton is the communications coordinator with the Citrus Research 
Board and also serves as the editorial assistant on Citrograph. For more 
information, please contact caitlin@citrusresearch.org

Mark your Calendar for the CRB 
Webinar Series

T
he Citrus Research Board (CRB) is excited to announce the return of 
the 2022 Citrus Growers Educational Webinar Series. Previous series 
were held successfully in October 2020 and June 2021 and featured an 
impressive line-up of extension and industry professionals. Past topics 
included an update on pesticide laws and regulations, insight into citrus 

IPM, a report on California’s water situation and a preview of new cultivars being 
developed through the CRB’s Core Breeding Program. The four one-hour webinars 
are scheduled for June 7, 14, 21 and 28. Each webinar will highlight a specific CRB-
funded research area and provide technical insight for growers. 

Continuing education units (CEUs) will be available through the California 
Department of Pesticide Regulation and Certified Crop Advisers, pending approval. 

Additional details, including speakers, topics and CEU information, will be released 
on www.citrusresearch.org in the coming months. 

Caitlin Stanton
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Denise Manker

COLLABORATIVE APPROACH TO 
DEVELOPING THERAPIES FOR HLB 
TARGETING HLB TAKES COORDINATION FROM 
ACADEMICS AND THE AGROCHEMICAL AND 
CITRUS INDUSTRIES

W
hile huanglongbing 
(HLB) has not yet 
reached California’s 
commercial groves, it 
remains a concern to 

the industry, having seen the havoc 
wreaked in Florida due to this disease.  
During the past ten years, more 
than $100 million has been spent on 
research in the U.S. on this problem; 
and while many questions have been 
answered and potential therapies 
tested, not a single product has been 
commercialized from these efforts 
(NAS 2018).  Why is this?  One reason is 
that this disease only can survive in a 
citrus tree’s circulatory system or in the 
Asian citrus psyllid’s gut, which makes 

traditional screening and discovery of 
new therapies in the laboratory difficult.  
Detecting the disease in citrus trees 
also is tricky because it takes years for 
infected trees to show visual symptoms.   

To address a problem of this complexity 
and magnitude, a concerted effort 
is needed that combines expertise 
across several academic disciplines, the 
agrochemical industry and partnership 
with citrus industry organizations.  
This involves using new approaches 
for identifying potential products, 
for finding ways to quickly detect 
the disease and for rapidly testing 
in plants for the ability to suppress 
or kill the presumptive HLB-causing 

bacterium, ‘Candidatus Liberibacter 
asiaticus’ (CLas).  Bayer Crop Sciences’ 
current project is funded by the U.S. 
Department of Agriculture (USDA) 
National Institute of Food and 
Agriculture (NIFA) Emergency Citrus 
Disease Research and Extension 
(ECDRE) program and is a continuation 
of a three-year project funded by the 
Citrus Research and Development 
Foundation (CRDF) in Florida.  The 
Citrus Research Board (CRB) also funded 
a portion of the project at a critical 
point where the research partners were 
waiting on the outcome of the grant 
application. 

Bayer researchers Paul Bouquet and Nicolas Marin in France with citrus plants used in plant defense screening.
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Improving the Odds with 
a Diverse Team 
Two approaches are being investigated 
in tandem to speed development of 
potential therapies.  Bayer Crop Science 
is looking for naturally occurring 
microbes that could fight the disease in 
citrus.  Microbes protect humans and 
plants against many diseases and are 
important for our health. In fact, many 
of our important human therapies, 
like erythromycin and penicillin, are 
produced by microorganisms.  A 
collection of more than 170,000 isolated 
microbial strains is being screened 
in Bayer’s research facility in West 
Sacramento, California, for one that could 
naturally control CLas/HLB.  

In a second approach, in Bayer’s research 
center in Lyon, France, a synthetic library 
of more than 200,000 compounds are 
being screened to see if they can boost 
the plant’s own defense system.  Think 
of it as developing a vaccine for plants. 
Combining different ways to stop 
HLB can help keep it from developing 
resistance to the therapies.  After 
laboratory testing on model organisms, 
it is important to begin testing on plant 
systems.  

At Texas A&M University, the lab of 
Kranthi Mandadi, Ph.D., has developed a 
technology to propagate CLas in citrus 
“hairy roots,” which enables faster and 
high throughput screening of microbes 
and chemicals for their potential to 
kill the bacterium. The microbes and 
chemicals found to be active are sent 
to the labs of Citrus Extension Professor 
Ozgur Batuman, Ph.D., at the University 
of Florida (UF) where a greenhouse citrus 
assay has been developed for testing 
therapies for control of CLas/HLB.  While 
this test takes several months due to the 
long time for diseased trees to respond, 
it provides valuable information for how 
therapies can be applied to citrus to 
reduce or prevent the disease and how 
often treatment is needed.  

Finally, the best performing microbes and 
compounds can be tested in field trials 
in Florida where the disease is endemic. 

To be able to track the activity of the therapies, testing is being carried out on 
new transplants coming from nurseries without disease.  As they are exposed 
to the natural population of psyllids carrying CLas, we can monitor the progress 
of disease development to see how the therapies are performing.  Tracking 
CLas populations is challenging because citrus greening is not evenly spread 
through the trees.  In some seasons, CLas may be primarily present in the 
roots, and sampling leaves for CLas will give a negative result even though the 
tree is infected.  The lab of Cristina Davis, Ph.D., at the University of California, 
Davis has developed a way to look at a tree’s chemical changes in response 
to the infection, like monitoring the level of white blood cells in an infected 
human.  In this case, infected citrus trees produce an immune response that 
can be seen in any tissues of the tree, so sampling is not a problem.  Also, this 
response occurs very quickly after infection, even while the trees do not show 
any disease symptoms.  This method is being compared to the more common 
disease detection method (quantitative Polymerase Chain Reaction [qPCR]) to 
see if it is quicker and more accurate than qPCR.  

Citrus hairy root cultures in vitro used for screening leads in Kranthi Mandadi’s 
lab at Texas A&M AgriLife Research and Extension Center, Weslaco, Texas.

In Lyon, France, Bayer researcher Paul Bouquet works with citrus plants to 
identify plant defense leads for HLB prevention. 
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Progress to Date
Recent results from this combined research team 
have shown a promising new class of chemistry that is 
substantially delaying disease development in the UF 
greenhouse assays.  In these studies, nursery trees are 
treated with the plant defense-inducing compounds, and 
then trees are infected with CLas by allowing infected 
psyllids to feed on them.  The results, which have been 
repeated several times, showed that treated trees were 
protected from HLB development for approximately six 
months.  Eventually, this compound could be part of an 
integrated treatment program designed to protect trees 
from HLB.   

In the end, we believe that by combining the screening 
capabilities and product development experience of the 
agrochemical industry partner Bayer Crop Science with the 
expertise found in top agricultural research universities in 
the U.S. while also maintaining good communication with 
the citrus industry, we will make progress in identifying 
treatments that will slow down this disease, resulting 
in healthier trees with more production to sustain the 
valuable U.S. citrus production and protect jobs.  

This work is supported by ECDRE grant 2020-70029-33196 
from the USDA NIFA. 

The Bayer team visited a Florida citrus grower in 2019.  From left, Florencia Ficarra, Thomas Knobloch, Meagan Iott, Celeste 
Falcon, Jeremy Dufour, Stephane Brunet, Denise Manker and grower Ned Hancock. 
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Bayer researchers in Lyon, France, prepare citrus plants for 
testing plant defense responses.
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RESEARCH USING
HLB CANINE DETECTION TEAM
FIRST LINE OF OFFENSE 

Project Summary
This project capitalized on the innate ability of some canines to detect scents of various origins, from 
contraband to diabetes (Angle et al. 2016). In recent years, canines have been trained to alert on plant 
diseases. University of California (UC) and United States Department of Agriculture-Agricultural Research 
Service (USDA-ARS) researchers set out to evaluate Florida huanglongbing (HLB)-detection canines with the 
objective of detecting it early, eliminating infected trees and rapidly stopping the spread of the disease. In 
collaboration with F1-K9 (formerly Coast-to-Coast K9), canines surveyed research/germplasm collections at the 
UC Riverside-Citrus Research Center (UCR) in 2017, 2019 and 2020, the UC Agriculture and Natural Resources-
Lindcove Research and Extension Center (LREC) in 2019 and 2021 and the UCR Coachella Valley Agricultural 
Research Station (CVARS) in 2021. At the time this project was initiated, there was Citrus Research Board (CRB) 
and industry-wide emphasis on early detection technologies (EDTs), and this project tested several available 
EDTs at UCR. The dog-alerted trees and adjacent trees were comparatively tested using quantitative polymerase 
chain reaction (qPCR) and EDTs including serology¹, metabolomics² and high throughput sequencing³ (HTS) to 
detect HLB/‘Candidatus Liberibacter asiaticus’ (CLas). In comparing dog-alerted trees with other technologies, 
we found a 93 percent agreement with metabolomic analyses, 84 percent agreement with serology using 
structural proteins and 30 percent agreement with serology using secreted proteins. We did not detect 
CLas in any trees alerted on by canines using qPCR. This project also assisted in training canines to navigate 
various environmental and farming conditions and verified that trained canines do not respond to other citrus 
pathogens. 

CRB-FUNDED FINAL RESEARCH REPORT 

Introduction
HLB is a devastating disease that is responsible for the 
decline of citrus production in many areas worldwide (Bové 
2006). The presumptive causal agent, CLas, is transmitted 
by the Asian citrus psyllid (ACP). Detection of CLas-
positive field trees is very challenging since CLas is not 
uniformly distributed in a tree, and it may take months to 
years depending on the size, age or type of the tree and 
environmental conditions to distribute throughout. Although 
the bacterium may not be detected in an infected tree using 

laboratory diagnostic methods, it still can be spread by the 
ACP. Thus, detection becomes a sampling issue – how to 
find an infected leaf to analyze. This project intended to 
determine a method to rapidly and economically identify 
potentially HLB-diseased citrus trees (suspect trees) as soon 
as possible post-infection. 

Canines are proficient in detecting and locating a wide array 
of volatile organic compounds4 (VOCs) including unique 
complexes of VOCs from plants and pathogens (Angle et al. 
2016). In studies conducted in Florida, canines were more 
than 98 percent accurate in alerting on trees inoculated 
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with CLas in controlled studies (Gottwald et al. 2020).  In 2017, UCR and USDA-
ARS researchers sought to determine if the Florida HLB-canines could detect CLas 
prior to detection by qPCR using the USDA-Animal and Plant Health Inspection 
Service (APHIS)-approved protocol for CLas using either Li- or RNR- primer sets 
(two different sets of primers approved for use in regulatory qPCR tests for CLas). 
These studies were conducted in the research and germplasm collections at the 
UCR, LREC and CVARS. Within the scope of this project, canines trained on citrus 
inoculated with CLas in Florida were acclimated to California environmental 
conditions and farming practices such as berms, mulch, skirted trees, newly 
planted, mature, thorny and high-density plantings. 

What was done
The initial use of the canine teams to survey the research/germplasm collections at 
UCR took place in 2017, prior to receiving funding from the CRB. Perimeter surveys 
were conducted on selected blocks and tree-by-tree surveys in one block adjacent 
to the freeway, an area with greater exposure to potential sources of ACP and HLB. 
With funding from the CRB in 2019, the project team brought the HLB-canines 
from Florida to continue surveys at UCR and LREC in Exeter, California, where ACP 
had not been detected within at least 20 miles of the center and the trees were 
planted long before HLB was a threat for California. Following each canine survey, 
we sampled all dog-alert trees, which were a mixture of citrus and citrus relatives. 
Leaves were collected from each of the four directional quadrants. Leaves from 
each quadrant were pooled and analyzed (four samples per tree, two replicates 
per sample) for CLas using qPCR. Initially, only the Li primer set was used. To verify 
questionable results of Ct values less than 39.99 but greater than 36.99, the RNR 
primer set was used as per the California Department of Food and Agriculture 
(CDFA). 

Results from UCR and CVARS Surveys
Beginning in 2017 with the initial canine surveys, we found an increase of canine-
alerted trees adjacent to freeways and residential areas. The canines alerted on 
three percent of the trees surveyed, and these trees were called “suspect” positive. 
The canine teams surveyed most research blocks at UCR, and Figure 1 shows the 
linear progression from three percent of 1,900 trees (2017) to eight percent of 
3,612 trees (2019) and finally at 13 percent alerts of 6,700 trees (2020). Additionally, 

Figure 1. Incidence of canine alerts at University of California, Riverside Citrus 
Research Center in 2017, 2019 and 2020.

we found a pattern consistent 
with prevailing winds (southwest 
to northeast – highest to lowest, 
respectively) and the interior of the 
research station had fewer dog alerts.

Mapping the dog-alert trees following 
each survey revealed an “edge-effect” 
pattern since the alert-trees occurred 
on the outer perimeter of blocks as 
opposed to trees within a block or 
blocks in the center of the station. Thus, 
the edge effect we observed is similar 
to what was found by Gottwald (2010) 
in Florida. Disease incidence follows the 
distribution pattern of the pathogen’s 
insect vector. In 2019, we began 
surveying specific blocks to verify the 
edge effect and determine a pattern 
of spread over time. Figure 2 is an 
example of one of the blocks monitored 
using the canines from the first survey 
to the third survey. The dog-alert trees 
were more concentrated bordering the 
residential area, whereas the block to 
the north did not have any dog-alert 
trees. 
 
In 2020, a final sampling of all 
remaining canine-alert trees was 
conducted, and qPCR performed to 
determine whether CLas was present. 
Of the 827 trees tested (more than 50 
canine alert trees had been removed), 
27 were Li-primer positive, but negative 
using RNR-primers.  

In January 2021, the HLB detection 
canines were taken to the CVARS 
where dogs alerted on three percent of 
perimeter trees. Trees sampled were Li 
primer-negative.

UCR’s large collection of citrus relatives 
was surveyed. From 2017-20, the 
canines consistently alerted on two 
Hesperethusa crenulata trees adjacent to 
the freeway. Samples were consistently 
Li-primer-positive, but RNR-primer-
negative. We further analyzed these 
two trees using HTS and found them 
to be negative for CLas. The canines 
did not alert on any other accessions 
of H. crenulata (center of the station 
or maintained in an APHIS inspected 
structure), and all were negative using 
both Li primers and RNR primers.
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Results from LREC Surveys
In 2019, the canines were shown the perimeter trees of 
every field, and there were no canine alerts. This exercise 
was repeated in January 2021. Surprisingly, canines alerted 
on 40 trees, and all trees were verified by multiple canines. 
Leaves were collected from each directional quadrant of the 
40 canine-alert trees and seven trees maintained in either a 
protected greenhouse or the field foundation block (negative 
controls). Samples were analyzed for CLas as per CDFA 
protocol using RNR primers; each quadrant was analyzed as 
one sample. All samples were negative for CLas. In the spring 
of 2021, selected LREC trees were re-surveyed with a canine 
that had only been trained in Florida on greenhouse trees 
inoculated with CLas. This canine reconfirmed the canine 
alert trees from the January 2021 survey. High throughput 
sequencing (HTS) was performed on selected LREC samples, 
however, there were no genomic matches to CLas. 

Determining if other triggers prompt 
HLB-canines to falsely alert
There was concern that the canines could be alerting to 
other triggers such as pathogens, flagging trees, response 
to other dogs, etc. To test these concerns, the canine teams 
surveyed citrus inoculated with Phytophthora parasitica and 
research blocks infected with various California endemic 

viruses, viroids and bacteria including citrus tristeza virus, 
citrus vein enation virus, citrus psorosis virus and viruses 
associated with the concave gum disease, citrus exocortis 
viroid, citrus bent leaf viroid, hop stunt viroid, citrus dwarfing 
viroid, singly and in combinations and Spiroplasma citri. There 
was no correlation between dog alerts and the presence of 
these pathogens. 

In 2019, we tested whether a canine would alert on a tree 
because it senses that another canine alerted previously. 
For this test, three canines were used. The first surveyed and 
alerted once, the second canine was ordered to sit at each 
tree and the third canine surveyed and alerted on the same 
tree as the first canine. These results do not support the 
hypothesis that the canines alert to other canine activities.

Comparison to Early Detection 
Technologies
The CRB Early Detection Technology Task Force suggested 
that scientists who were funded by the CRB to develop EDTs 
test their technologies on field-grown trees. Canine detection 
was compared with laboratory-based EDTs developed by the 
project’s collaborators. We found agreement of canine alerts 
with 93 percent of the results of metabolomic analyses; 84 
percent agreement with serology-structural proteins and 30 
percent agreement with serology-secreted proteins. 

Figure 2. Pattern of canine alerts for research block adjacent to a residential area (red rectangle). Perimeter trees were 
surveyed in March 2019 (top), June 2020 (middle) and tree-by-tree surveyed in October 2020 (bottom). Green dots 
appearing in the middle panel represent canine alerts in both March 2019 and June 2020. All canine alerts from March 2019 
and June 2020 were reconfirmed in October 2020.
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Summary
Utilizing canines trained to alert on potentially HLB-infected 
trees as a screening tool (e.g., a dog can screen a tree within 
seconds) could enhance CLas detection and HLB eradication 
efforts by focusing the sampling and laboratory testing 
(e.g., laboratory tests require several hours to process and 
perform) on suspect trees only. We found that we could 
survey thousands of trees in a day and sample and monitor 
canine alert trees over time. The exposure of the canines to 
citrus varieties and citrus relatives did not impede or hamper 
the canine’s ability to alert on suspect HLB trees. In the survey 
of UCR research blocks, the canine alerts were associated 
with proximity to freeways and residential areas. 

Worldwide, HLB incidence is typically greater near freeways 
and residential areas (Gottwald 2010). For UCR, the pattern 
of canine alert trees was consistent with this; however, no 
qPCR-positive trees using RNR primers were found. Canine 
alerts were consistent with some EDTs, but not qPCR. In 
California, HLB incidence is low and ACP is controlled in most 
commercial citrus areas including at UCR and CVARS. This is 
in contrast to Florida where infective ACP are present year-
round and repeated inoculations occur, increasing the odds 
of systemic infection as well as decreasing sampling error 
(Hall 2018). 

Ultimately, for California, sampling remains the issue. 
The HLB-canines could be used to screen perimeters so 
regulatory qPCR can be focused only on suspect trees. Next 
steps for this project could include further analysis of the HTS 
data to identify potential species of the citrus phytobiome5 
in California that may have resulted in canine alerts on trees 
that were presumably not exposed to ACP or HLB. 

CRB Research Project #5300-187

Glossary
¹Serology: A diagnostic test that utilizes antibodies to detect 
the presence of pathogen proteins.

²Metabolomics: The study of all the metabolites (small 
molecules) in a given sample.

³High throughput Sequencing (HTS): Previously known 
as next generation sequencing, a method for sequencing 
genomes rapidly and at relatively low cost. 

4Volatile organic compounds (VOCs): Organic chemicals 
that tend to occur in gas form under room temperature 
conditions. 

5Phytobiome: All organisms (both macro- and micro-) living 
in, on or around the plant. 
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Project Summary
Asian citrus psyllid (ACP) and huanglongbing (HLB) dynamics vary across California and may require different 
mitigation strategies for efficient control. As ACP is widespread in southern California and additional HLB 
detections arise, there is an urgent need to quickly identify effective and sustainable programs to protect 
commercial citrus. We have developed a mathematical model that incorporates epidemiology, management 
programs, delimitation protocols and social behaviors or perspectives such as compliance, awareness and 
risk perception to evaluate performance in real-world situations and landscapes. Through scenario-based 
simulations in any California landscape, the model predicts the likelihood of ACP/HLB invasion into commercial 
citrus and analyzes dynamic control strategies (any combination of survey, chemical applications, biological 
control, HLB and ACP detection techniques, tree removal and ACP/HLB delimitation efforts). The highly flexible 
model serves as a tool to improve decision-making and answer questions posed by California citrus growers or 
regulatory agencies. 

SIMULATING 
ACP/HLB 

MANAGEMENT 
SCENARIOS
IN CALIFORNIA 

LANDSCAPES

CRB-FUNDED FINAL RESEARCH REPORT 

Each California citrus landscape presents different drivers 
of ACP and HLB dynamics. For example, the spatial 
distribution of residential and commercial citrus, climate 
and environmental suitability and human behavior (e.g., 
risk-averse vs. risk-taker or cooperation vs. non-cooperation 
with state protocols by individual residents or growers) can 
influence how ACP and HLB spread within a region and the 
overall effectiveness of management programs. Programs 
that are tailored to the landscape, infection or infestation 
situation and available resources with considerations for 
delimiting response approaches and compliance levels are 
critical to having any success in slowing HLB spread. These 
situations or scenarios sometimes can be quite complex 

with urgent requests for rapid, cost-effective solutions to 
protect commercial citrus. However, simulation models can 
quickly assess current and alternative strategies through 
comprehensive analyses to guide and inform effective, 
spatiotemporal (through space and time) ACP/HLB-targeted 
management strategies under different conditions. 

California Citrus Landscapes
Most models analyzing the efficacy of control strategies 
typically operate on within-grove scales, omitting the 
influence and implications of the surrounding landscape 
such as the potential ACP or HLB reservoirs in residential/
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urban citrus or varying perspectives on risk and control 
practices by growers. This presents incomplete information 
on the effectiveness of management programs in real-world 
settings, particularly in California, where citrus landscapes 
are composed of different spatial compositions of residential 
and commercial citrus. These host distributions (i.e., density, 
proximity of urban/residential citrus to commercial citrus) 
and characteristics (e.g., variety/cultivar, flush patterns, tree 
or grove age, organic or conventional) are integrated into the 
model to simulate real-world scenarios and estimate ACP/
HLB spread risk for different landscapes across California. 
Therefore, the model can operate on any landscape of any 
size in California. Several critical (25-square mile) areas in 
southern California counties were considered for scenario 
analyses where ACP and HLB pressure has been increasing 
(Figure 1):
• Urban/residential epidemic zones: Los Angeles (San 

Gabriel epicenter, omitted from graphic) and Orange 
(Garden Grove) 

• Intermixed residential and commercial citrus: Riverside, 
San Bernardino (nearby vulnerability), San Diego (high 
climate suitability in coastal and inland zones) and 
Ventura (mostly commercial citrus landscape with major 
lemon production, which presents different seasonal 
flush patterns and environmental suitability)

Scenario Analyses 
First, we investigated the dispersal mechanisms of ACP 
and HLB once introduced into the landscape without 
implementing any control strategy. Running thousands of 
these simulations set baselines for evaluating management 
performance in different citrus landscapes. Figure 2 shows 
the general HLB dynamics in residential and commercial 
citrus for each landscape without any control measures 
from 100 simulations. After five years, HLB quickly spreads 
throughout residential citrus in urban and high-density areas 
such as Los Angeles, Orange, Riverside and Ventura in case 
studies. Figure 3 illustrates the spatiotemporal progression 
of HLB from one simulation run in the Ventura landscape 
where HLB spreads from residential to commercial citrus over 
a ten-year period. Together, these simulation results highlight 
commercial properties that are most vulnerable or at risk to 
invasions from nearby residential citrus and where potential 
“front-line” mitigation efforts can be investigated individually 
or as a landscape-level management program (e.g., area-
wide or state protocol). When commercial citrus has many 
nearby connections with residential hosts (Riverside, Rancho 
Santa Fe [San Diego 2], Ventura study areas), HLB begins to 
invade commercial properties after four to five years. On the 
other hand, when commercial properties are more isolated 
(San Bernardino, Valley Center [San Diego 1] study areas) it 

Figure 1. Selected 25-square mile southern California citrus landscapes in (A) Garden Grove [Orange County], (B) Riverside 
[Riverside County], (C) Redlands [San Bernardino County], (D) Valley Center [San Diego County], (E) Rancho Santa Fe [San 
Diego County] and (F) Camarillo/Las Posas Valley [Ventura County] for simulation case studies. Residential citrus properties 
are indicated in green while commercial blocks are displayed in orange. The selected regions highlight the complexity of citrus 
landscapes in southern California.
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takes seven or more years to infect commercial groves, only 
after ACP is widespread and HLB is prevalent in residential 
citrus.

Next, management programs can be assessed on mitigation 
performance. Strategies can be fixed or dynamic and include 
any combination of survey, chemical control applications, 
biological control releases, infected tree removal and 
delimitation responses (e.g., survey, treatment, removal). 
Fixed management strategies do not change over the course 
of the simulation (e.g., fixed number of survey cycles or 
chemical control applications). On the other hand, dynamic 
strategies allow the strategy to change as new information 
about ACP/HLB detections in the simulation occurs (e.g., 
increase or decrease the number of survey cycles or chemical 
control applications). 

Current protocols in urban areas of southern California 
include deployment of a residential risk-based survey 
where plant and ACP samples are collected and tested 

via quantitative polymerase chain reaction (qPCR) with 
prompt removal of any HLB-positive detections followed 
by a subsequent 250-meter delimitation response. In 
commercial settings, growers routinely apply chemical 
treatments to mitigate ACP. For scenario analysis, consider 
the San Bernardino County landscape (Figure 1C) with both 
residential and commercial citrus at a later epidemic phase 
with a widespread ACP population; that is, an increased 
suitable climate with an established vector population in 
the region with ACP in at least 50 percent of the properties. 
We can directly compare the California management 
protocol in that region with various survey adjustments – 
as well as changes in detection capabilities and removal 
methodologies under the same HLB introduction in 
residential properties and environmental settings, -- to 
investigate changes in available resources and capacities. 
An example is highlighted in Figure 4 to illustrate how the 
model serves as a proactive tool for designing and evaluating 
management strategies so that effective plans can be 
identified in advance.

Figure 2. Initializing two HLB-positive trees in the residential area to simulate human-mediated introduction, we investigated 
the ACP and HLB dynamics under no control. HLB quickly spreads in urban and dense residential landscapes (Los Angeles, 
Orange, Riverside, Ventura county study areas) if left unchecked.

Figure 3. Simulation snapshots from a single run in the Ventura landscape without any control measures. The residential and 
commercial citrus properties are color-coded by host infection status: exposed hosts (blue), cryptic, which are infectious but 
asymptomatic, hosts (orange) and symptomatic, which are both infectious and symptomatic, hosts (red).
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Further scenarios can be analyzed regarding chemical 
treatments, delimit response optimization or other 
buffer activities in residential citrus for refinement of the 
overarching management program if surveillance resources 
are not available/feasible. Delimitation response protocols 
are used to contain and control localized infections 
while balancing statewide HLB management resources. 
Initially, delimiting responses covered an 800-meter radius 
surrounding any new positive HLB detection in urban areas 
of southern California. 

We investigated delimitation scenarios in urban areas of 
Orange (Figure 5) and Los Angeles County study areas to 
provide a simulation study on the impact of delimitation 
distances in urban citrus on mitigation performance. As initial 
HLB introductions are not specifically known (i.e., which is 
the very first HLB-positive tree), we randomly introduced two 
HLB trees in the landscape of study. We ran this introduction 
scenario 1,000 times to generate a confidence interval to 
estimate the spread of HLB. HLB begins to spread in the 
landscape around four years after initial introductions due 
to the climate suitability and host density. New detections 
initiated delimit response programs at fixed radii: 800 
meters, 400 meters and 250 meters. Based on the results, 
efforts can be reduced to 250-meter delimiting response 
programs without significant performance reduction if the 
statewide risk-based survey program continues as designed. 
It is possible to miss positive finds due to the long-distance 
dispersal capabilities of ACP outside of the 250-meter radius; 
however, the statewide risk-based survey program captures 

this mechanism in the model underpinnings and survey 
design. 

Additional analyses should be investigated on delimit 
response distances in other California citrus landscapes, as 
this study focused only on densely populated citrus. For 
landscapes with commercial citrus or where citrus hosts are 
more spread out (e.g., isolated hosts with nearby citrus more 
than 250 meters away), delimitation guidelines may need to 
consider different residential and commercial protocols, as 
well as the detected incidence. Observing that residential 
areas can serve as reservoirs for pests and diseases, we 
can use the model to evaluate a targeted approach on 
spatial regions radiating from commercial properties in 
other landscapes for surveillance efforts or ACP treatments 
in addition to the delimit response program to protect 
commercial citrus.
  
Finally, we consider how human behaviors and viewpoints 
can influence mitigation efforts, for example, through 
situational awareness of the pest or disease (knowledge of 
ACP/HLB distribution in the landscape), risk aversion and 
perception (willingness to adapt to the evolving situation) 
and cooperation (compliance with state or area-wide 
programs). These components are used to investigate more 
dynamic or adaptive management programs rather than 
fixed strategies through time. If the ACP/HLB situation 
changes in my landscape, should my management approach 
also change, and how? The simulation model offers the 
opportunity to investigate Pest Management Area (PMA) or 

Figure 4. Management program scenarios in the 25-square mile San Bernardino study area at a late ACP epidemic phase: 
Default, 1, 2 and 3 indicate scenarios of increasing survey and sampling capacity from 10 percent to 40 percent (in increments 
of 10 percent) of the residential citrus across two survey cycles per year, while A and B indicate detected tree removal within 
30 days and 14 days, respectively. Current sampling levels range from 5-25 percent per square mile grid. As survey capabilities 
increase, if laboratory processing and tree removal remains swift, outputs illustrate delays in HLB spread throughout the 
landscape even with widespread ACP populations.
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Pest Control District (PCD) operations, as well as individual 
grower and resident behavior as it pertains to management 
programs (i.e., evolving perspectives). Scenarios then can be 
run where properties are assigned based on participation 
rates in state protocols or area-wide approaches, organic 
versus conventional or management style (poor, moderate, 
good). One easily can highlight individual risk-takers versus 
risk-averse growers or assign compliance rates to encompass 
entire PMAs, generally speaking, to investigate the impact 
on mitigation performance. Additionally, one can investigate 
changes in area-wide protocols as the ACP/HLB situation 
changes in each PMA (e.g., surpassing the ACP/HLB detection 
threshold in PMA 1 triggers a change in the approach taken 
in neighboring PMA 2).

Conclusions and Next Steps
Landscape characteristics play a key role in the propagation 
of ACP and HLB. As a result, what works in one region may 
not be as efficient or sustainable in another in protecting 
nearby commercial citrus. Therefore, management programs 
need to be re-assessed to ensure optimal mitigation 
performance based on the landscape and as the ACP and 
HLB situation changes (new introductions or other human-
mediated, long-distance spread). The comprehensive model 
can analyze complex scenarios in real-world citrus landscapes 
and investigate a wide range of questions such as:
• What is the probability of ACP/HLB establishment in 

different California landscapes?
• How effective or sustainable are current ACP and HLB 

mitigation programs? Can these be improved using 
alternative strategies?

Figure 5. Delimitation Radius Analysis. (A) Initializing two random HLB-positive trees in the Orange County landscape for each 
simulation run, we evaluated the changing delimitation response protocols on management performance. Adjustments have 
been made to reduce the delimiting response from 800 meters to 400 meters to 250 meters to efficiently utilize resources 
without significant losses in control performance. (B) HLB detections through time in the Orange County landscape on a one-
square mile grid as reductions in delimitation distances were implemented. The rapid response program in Orange County 
quickly suppressed the initial spread of HLB in 2017-18. The delimitation survey distance then was reduced from 800 meters to 
400 meters in 2018 and further reduced to 250 meters in 2019.
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• How can delimitation responses or buffer treatments be 
optimized in different landscapes and epidemic phases?

• What are the expected costs associated with each 
protocol?

• How does compliance and cooperation in area-wide 
protocols affect mitigation efficacy? 

• Can a minimum threshold of participation be identified 
without loss of performance?

These modeling outputs and scenario analyses provide 
timely information regarding the short- and long-term 
performance and sustainability of different management 
programs. Conducting thorough scenario analysis before 
implementation assists growers with making informed 
decisions about effective management practices and 
the cost-benefit of alternative approaches. Several 
Data Analysis and Tactical Operations Center and Citrus 
Research Board projects have used the model to address 
priority concerns and Citrus Pest and Disease Prevention 
Program questions regarding current programs in 
California and area-wide management. The model will 
continue to provide rapid, comprehensive analyses to 
assist in guiding effective, spatiotemporal ACP/HLB-
targeted management strategies for the California 

citrus industry. Additionally, a web-based platform 
was built to deploy the model online so that decision-
makers, researchers and growers can run any scenario to 
investigate ACP/HLB epidemiology, climate impacts, fixed 
or dynamic management programs at multiple scales and 
influence of social perspectives (such as compliance) on 
mitigation practices anywhere in California. 

CRB Research project #5300-200
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Efficacy of Coordinated 
Area-wide Treatments to 
Control HLB

Bruce Babcock, Neil McRoberts and Sara Garcia Figuera

Figure 1: Map of the three study areas in Ventura County. The boundaries of the three study areas are shown in white and the 
boundaries of the Psyllid Management Areas (PMAs) are shown in yellow. Within each study area, conventional citrus groves are 
shown in orange, organic citrus groves are shown in green and residential properties are shown in black. The map on the lower 
left corner shows the location of the study areas in the state of California.
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Project Summary
The primary action taken by southern California citrus growers to prevent the emergence of huanglongbing 
(HLB) in commercial groves is coordinated area-wide insecticide treatments targeted at the Asian citrus psyllid 
(ACP). The coordination aspect of area-wide treatments involves growers applying insecticides within an 
agreed-upon time window. Treatment of an entire area at the same time should reduce the ability of ACP to 
escape treatment, thereby increasing the proportion of ACP killed.

The overall objective of this project was to test this theory by estimating how treatment efficacy and resulting 
disease control varies with the amount of coordination. We used a model of HLB and ACP developed by 
U.S. Department of Agriculture (USDA) researchers in Florida to simulate the effects of different levels of 
coordination. The model uses actual citrus production landscapes that include both commercial groves 
and residential neighborhoods.  The model also tracks ACP and HLB development and spread through the 
landscape over time. Model parameters that determine how ACP populations and subsequent spread of HLB 
change over time are controlled by the analyst. 

Our efforts to choose parameters that generated ACP population dynamics that mimic real-world data in 
Ventura County were only partially successful. The large number of parameters and a lack of data directly 
applicable to estimating key parameters, such as the initial prevalence of ACP and HLB in Ventura County, 
made reliable calibration of the model difficult. Notwithstanding these difficulties, simulation results from three 
citrus landscapes in Ventura County indicate that high levels of coordination combined with high efficacies 
of insecticides are needed to keep HLB prevalence low in commercial groves after 20 years. The results 
additionally indicate that if commercial citrus trees become infected in Ventura County, then HLB incidence will 
be evident within five to ten years, even with high levels of coordination and high levels of insecticide efficacy.

The purpose of this research was to increase knowledge 
about how the level of coordination of area-wide ACP 
treatment impacts treatment efficacy. Citrus growers in 
southern California are asked to treat for ACP within a 
proscribed time window. Area-wide management of ACP in 
Ventura County is organized by Psyllid Management Areas 
(PMAs), which are groups of neighboring citrus growers. 
The Ventura County ACP/HLB Task Force recommends four 
coordinated insecticide treatments for ACP per PMA per 
year, one in the summer (July to September), a second one 
in the fall (beginning of August to end of November) and a 
third one in the winter (January to March) with an optional 
fourth treatment in the spring (April to July). Due to practical 
constraints, such as the availability of spray equipment, 
weather events or school schedules and proximity, growers 
within a PMA are given a two-month (60-day) window to 
coordinate their insecticide applications, although it is 
recommended to cover the entire PMA citrus acreage within 
a three-week (21-day) window for maximum efficacy.

The effects of greater coordination in area-wide treatment 
were estimated by using an agent-based model developed 
specifically to better understand how ACP/HLB evolve 
over time.  The model was constructed primarily by Drew 
Posny, Ph.D., and Weiqi Luo, Ph.D., who work for the USDA’s 
Agricultural Research Service in Fort Pierce, Florida. Agent-
based models are “bottom-up” models that mimic individual 
interactions between agents in the system and between 
agents and their environment over time. The total effect 
of these interactions then is used to estimate landscape-
level impacts. The agents interact according to a set of 

rules specified by mathematical equations. Agents in the 
model used are citrus trees, the ACP population and the HLB 
disease. Weather conditions and ACP/HLB control measures 
impact how ACP populations and the spread of disease 
evolve over time. The model attempts to represent reality by 
accounting for many factors including ACP lifespan, ACP net 
reproduction rate and dispersal distance, citrus host type, 
planting density and flush availability. The model runs over 
an actual landscape that includes the location of both citrus 
orchards and residential citrus trees. Our simulations were 
run on the three Ventura County landscapes shown in 
Figure 1. 

The model is designed to allow the analyst great flexibility 
in setting it up to account for differences in geography, 
climate and ACP population dynamics. We needed to specify 
55 separate parameter values before running the model. 
This flexibility, however, comes at a cost. Data to guide 
parameter values often were not available. Plus, too often 
when we found studies and data on which to base parameter 
values, the resulting model runs resulted in simulated ACP 
populations and associated disease spread that bore little 
resemblance to the reality of low ACP populations and no 
official detections of HLB in Ventura County orchards. In 
selecting model parameters, we were cognizant of the need 
to parameterize the model so that results generally agreed 
with on-ground reality even when selected parameters may 
not have been supported by data.

To simulate the effect of increased coordination of 
treatments on ACP populations requires a selection of 
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meaningful scenarios to run with the model. Two natural 
scenarios are to simulate ACP populations and any resulting 
spread of HLB, assuming first that growers in an area all made 
treatments in a 21-day window and then assuming that all 
treatments were made in a 60-day window. We anticipated 
that ACP populations would be managed more effectively 
when area-wide treatments all were completed within 21 
days than within 60 days. We also wanted to make sure that 
the model behaved as we thought it should and included 
a no-control scenario where no treatments targeted at ACP 
were made. For each of these three coordination scenarios, 
we altered the efficacy of insecticide application to account 
for differences among all of the common insecticides 
used to control ACP. At the low end, we assumed that 50 
percent of ACP were killed by treatment. At the high end, we 
assumed that 80 percent died. These efficacy levels reflect 

ACP sampling data before and after treatments in Ventura 
County. 

Simulations of HLB epidemics within the three study 
areas in Ventura County were run for a period of 20 years 
randomizing the initial location of cryptically infected 
(infectious, but not symptomatic) citrus trees with more 
than 100 replicate simulations for each treatment. Model 
runs were initiated with a one percent infection rate, 
accomplished by infecting ten percent of trees on ten 
percent of the properties. Infected trees were located in 
either commercial groves, residential properties or both. 
To estimate the benefits of coordination, we examined the 
effect of different coordination levels on ACP population 
dynamics, on the progression of HLB and on the cumulative 
impact of the disease on commercial citrus groves.

Figure 2: Simulated Asian citrus psyllid (ACP) dynamics in commercial citrus groves in Ojai Valley. The y axis represents the 
average ACP density (proportion of the carrying capacity) per tree over 20 years of simulation. Columns correspond to the 
efficacy of the insecticide treatments against ACP. Rows correspond to the size of citrus groves: Very Small (0.06-0.88 acres), 
Small (0.88-2.55 acres), Big (2.55-7.15 acres), Very Big (7.15-85 acres). Colors correspond to three different coordination levels 
for the insecticide treatments: no control (red), insecticide treatments three times per year within a 60-day period (green) and 
within a 21-day period (blue).
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Results
Figure 2 shows per-tree ACP populations (vertical axes) 
over time (horizontal axes) in the Ojai Valley study area. 
The first notable result is that psyllids spread to every 
commercial grove and residential property within the first 
year of simulation across every scenario. Average ACP 
prevalence reaches maximum carrying capacities in most 
of the scenarios within the first six months. Model results 
were not sensitive to the assumed level of ACP carrying 
capacity. Simulation results demonstrate that grove size is 
important in determining whether ACP can be controlled 
in an orchard. Small groves have a larger proportion of 
borders, which implies more points of infestation than larger 
groves. The level of coordination corresponding to the 

60-day window offers little ACP control unless treatment 
efficacy is 80 percent in larger groves. Treatments coordinated 
within a 21-day window with 50 percent efficacy can keep 
ACP populations at low levels only in larger groves over 
a 20-year period. As the efficacy of insecticide treatments 
increases, the level of ACP control improves. For example, 
insecticide treatments coordinated within a 21-day window 
with 80 percent efficacy can keep ACP populations from 
rapidly growing.  These results show that high levels of 
both insecticide efficacy and coordination are needed to 
effectively manage ACP populations in Ventura County.

In terms of HLB dynamics, Figure 3 results show that three 
treatments per year within a 21-day window can delay the 
onset of HLB and keep the proportion of diseased trees 
after 20 years under 50 percent across all study areas. With 
65 percent efficacy, the 21-day window can keep disease 

Figure 3: Simulated evolution of the huanglongbing (HLB) epidemic in commercial groves in three landscapes in Ventura County 
over 20 years. The curves show the average percentage of diseased trees (exposed, cryptically infected or symptomatic) 
across 100 simulations. The line types correspond to three different efficacy levels of the insecticide treatments against ACP: 
50 percent (short dash), 65 percent (long dash) and 80 percent (solid). The colors correspond to three different coordination 
levels: no control (red), insecticide treatments three times a year within a 60-day period (green) and within a 21-day period 
(blue). These scenarios were evaluated under three different initial conditions: HLB-infected trees in both commercial and 
residential properties (HLB_B), only in commercial (HLB_C) or only in residential (HLB_R).
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incidence at 25 percent for ten years in many scenarios. By 
contrast, treatments with 50 percent efficacy are not effective 
in delaying disease spread. 

Landscape structure also impacts ACP and HLB dynamics. 
In Ojai, disease incidence in commercial groves reaches its 
maximum under no control after seven years, even when 
the initial inoculum comes exclusively from residential 
properties. This suggests that areas with high intermixing of 
commercial and residential properties may face a significant 

challenge trying to reduce HLB spread if no control measures 
are applied. Fortunately, the results suggest that coordinated 
insecticide treatments with high efficacy are most effective 
in this landscape. In Las Posas and Santa Clara, where the 
commercial groves are larger and more isolated, the disease 
spreads more slowly under no control.
 
To examine the impact of the HLB epidemic on commercial 
citrus groves after 20 years, we calculated the area under the 
disease progress curve (AUDPC¹) from Figure 3. We tested 

Figure 4: Simulated impact of the huanglongbing (HLB) epidemic in commercial groves in three landscapes in Ventura County 
over 20 years. The boxplots show the areas under the disease progress curves (AUDPC), with the first quartile, median and 
third quartile of the AUDPC values over 100 replicates for each treatment. The x axis on each plot shows three different 
efficacy levels of the insecticide treatments against ACP: 50 percent, 65 percent and 80 percent. The colors correspond 
to three different coordination levels: no control (red), insecticide treatments three times a year within a 60-day period 
(green) and within a 21-day period (blue). The columns correspond to three different initial conditions: HLB-infected trees in 
both commercial and residential properties (HLB_B), only in commercial (HLB_C) or only in residential (HLB_R). The rows 
correspond to the three study areas in Ventura County.
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the effect of the initial location of HLB-positive trees, the 
coordination scenario and the level of efficacy on the AUDPC 
through statistical analysis. The results are shown in Figure 
4. When the three landscapes are considered together, 
the landscape accounts for the majority of the variance in 
AUDPC, followed by the coordination scenario, the level of 
efficacy and the initial location of infected trees.
 

Implications
California citrus growers have supported area-wide ACP 
treatment programs as the primary means of controlling 
ACP and preventing spread of HLB. Our simulation results 
indicate that this support is well-placed if growers in an area 
coordinate their treatments so that they occur within a 21-
day window and if effective insecticides are used. If either of 
these conditions are not met, then our results indicate that it 
will be quite difficult to control the spread of HLB in Ventura 
County after infection enters commercial groves. 

Glossary
¹AUDPC: The area under the disease progress curve is a 
single measure of cumulative disease pressure on a crop over 
time. This measure depends on both the severity of disease 
infection, as well as how long disease has been present.

Bruce Babcock, Ph.D., is a professor in the School of Public 
Policy at the University of California, Riverside. Neil 
McRoberts, Ph.D., is a professor of Plant Pathology at the 
University of California, Davis. Sara Garcia Figuera, Ph.D., 
is a plant pathologist and a consultant in Brussels, Belgium. 
For more information, contact babcock@ucr.edu
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CRB-FUNDED FINAL RESEARCH REPORT 

Douglas Hill and Ryan Milton

IMPROVING HLBIMPROVING HLB
DIAGNOSISDIAGNOSIS
THROUGH INSTRUMENT ENGINEERINGTHROUGH INSTRUMENT ENGINEERING

Figure 1. The LTE system with accompanying scale. Petioles are cut into the top opening. Material is ejected into the syringe 
with extraction buffer. After mixing, the liquid is separated from the larger pieces with a filter in the syringe and is ready for 
extraction.



www.CitrusResearch.org  |  Citrograph Magazine   45

Introduction
Technology Evolving Solutions (TES) has developed 
instruments that expedite plant sample processing: Leaf 
Tissue Extraction (LTE), Budwood Tissue Extraction (BTE) 
and Bulk Leaf Tissue Extraction (BLTE). The instrument 
utilizes different shredding chambers depending on the 
application. The LTE uses a chamber that processes 12-
48 citrus petioles (Figure 1). Petioles are cut into the top 
opening using scissors, and a 10-milliliter (ml) syringe 
containing an extraction buffer is attached to the chamber. 
After starting the machine, shredded material is ejected into 
the syringes within 30 seconds and is then ready for DNA or 
RNA extraction. The LTE machine replaces hand-chopping, 
freeze drying and bead beating. According to the CDFA-
Plant Pest Diagnostic Center (PPDC), an operator spends 
approximately 14 minutes of labor per sample chopping, 
freeze drying and preparing the bead beating (unpublished 
data). Our device processed 110 samples with an average 
processing time of 00:05:26. This includes the time weighing 
and preparing the sample and cleaning the chambers after 
processing.

The LTE evolved from technology developed in creating 
and testing the BTE, and it provided insights. The BTE and 
LTE utilize the same cutting technology and software. The 
BTE uses a chamber that processes budwood and ejects 
plant tissue into a five-ml syringe. In 2021, TES performed 
a case study funded by a CDFA grant with the Citrus Clonal 
Protection Program (CCPP) to process more than 1,600 
mother trees from their Lindcove facility. The CCPP staff 
slices material from four budwood sticks per sample from 
each mother tree, then freeze dries and bead beats the 
sample before performing a magnetic bead extraction on 
the material. The magnetic bead extraction yields similar 
results to the CDFA’s column extraction protocol. The BTE 
had a 2.5-minute median processing time compared to 
the 11-14 minutes normally required. Much of this savings 
comes from the removal of the hand-chopping operation. 
On top of that, the BTE had a higher DNA concentration of 
80.25 micrograms per microliter (µg/µl) over 139 samples 
compared to hand chopping’s average of 77.84 µg/µl and 
similar DNA purity. This case study provides insight into 
the BTE’s ability to replace hand chopping, freeze drying 

Project Summary
This Citrus Research Board (CRB)-funded project’s goal is to reduce the cost and increase the efficiency of 
processing leaf tissue to identify pathogens of citrus diseases like huanglongbing (HLB). We have done this 
through the development of the Leaf Tissue Extractor (LTE 2.0), which eliminates the labor-intensive process of 
hand cutting, freeze drying and pulverizing plant tissue in preparation for quantitative polymerase chain reaction 
(qPCR)¹ testing. This machine will allow a lab to process significantly more leaves at a time. Increasing sample 
size can improve the accuracy in detection. The California Department of Food and Agriculture (CDFA) lab has 
shown that testing quadrant samples per tree (12 leaves per quadrant, 4 tests per tree) allowed the detection 
of trees that previously tested negative using a single sampling method (Kumagai et al. 2019). Unfortunately, 
manually chopping leaves all day long is labor intensive.  The LTE device, if validated, can replace most of the 
manual chopping and lower the risks for repetitive motion injuries and increase cost savings in both prepping 
time and PCR reagents.  

CDFA LEAF TESTS RUN 1 RUN2

12 leaf – 12 Cq=23 22.69 22.7

24 leaf – 12 Cq=23 + 12 healthy 23.3 23.19

48 leaf – 12 Cq=23 + 36 healthy 23.31 23.24

12 leaf – 1 HLB + 11 healthy 27.05 27.46

24 leaf – 1 HLB + 23 healthy 26.02 26.84

48 leaf – 1 HLB + 47 healthy 26.72 26.7

Table 1: BLTE tests run at the California Department of Food 
and Agriculture during a demonstration in July 2021. Rows 1-3 
show a 12-leaf sample with a Cq of 23 continually diluted with 
healthy material. Rows 4-6 show a single huanglongbing leaf 
that is continually diluted by healthy leaves. As the sample size 
increased, the Cq value did not increase significantly.

and bead beating. TES believes the LTE will have similar 
effectiveness, as the BTE and LTE cut the same. Furthermore, 
the CDFA has expressed interest in testing different tissue types 
such as roots (Kumagai et al. 2019, CDFA et al. 2021), which can 
be done via the BTE and LTE. 

The CCPP study refined our paperless automated sample 
tracking system to seamlessly link samples with the trees or 
blocks that they came from using NFC2 technology. When 
the samples are processed with the LTE or BTE, weights and 
timestamps are automatically stored with the sample. This 
allows us to determine the actual operating time required 
to process samples with our device. GPS coordinates can be 
logged when a tree is tagged to identify its specific location. 
On average, it took 15 seconds to link a sample with a tree after 
the sample was collected. We plan to automatically load results 
of the samples, such as its Cq3. With this data, we will be able to 
notify the proper people if a sample is positive, develop disease 
plots or schedule a task to address the problem.  The CDFA has 
expressed interest in the NFC sample tracking system built into 
the LTE. 

The LTE allows larger samples (up to 48 petioles) to be 
processed for further cost reductions, increased sensitivity 
and screening over the current 12 leaf protocol. The CDFA is 
working to validate the 48-petiole sample. Hierarchal testing 
combines samples to reduce the number of tests needed 
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to identify infected samples. The Central California Tristeza 
Eradication Agency (CCTEA) has implemented hierarchal 
testing to detect citrus tristeza virus (CTV) isolates with 
MCA13 monoclonal antibody (MAb) in central California 
(Barnier et al. 2010). In conjunction with the CCTEA, TES ran 
a CDFA grant-funded case study testing multiple trees per 
sample using the LTE and the BLTE. We tested 1,019 trees for 
CTV with MAb with only 48 tests and identified six positive 
trees. These results match the CCTEA’s results using their 
standard ELISA⁴ method and show that field hierarchal 
screening is feasible using the LTE/BLTE. TES believes that 
this technology and methodology needs to be utilized to 
help control HLB. After an initial positive is identified, higher 
sensitivity testing should be used to test individual trees. 

In 2017, the CDFA began using a four-quadrant sampling 
method on trees identified as having a higher risk of exposure 
to the HLB bacterium (remaining trees in find sites, adjacent 
trees to find sites and inconclusive trees). Twelve leaves per 
quadrant of the tree were tested. According to the CDFA data, 
additional high-risk trees were detected using this method, 
which previously had tested negative using the single 
sampling method. The uneven distribution of the bacteria in 
the tree makes sampling challenging.  Increasing the sample 
size could help meet this challenge and improve the sampling 
accuracy and testing. However, quadrant testing every single 
tree (four tests/tree) would be costly. Validating the use of 
the LTE to process one 48-leaf petiole sample per tree could 
provide a way to increase the level of detection while keeping 
costs affordable.

TES performed an LTE and BLTE-based quadrant testing 
demonstration for the CDFA in Sacramento, California, in 
June 2021. The LTE/BLTE processed eight samples from 12 
to 48 leaves with varying levels of positive leaves that were 
extracted and tested at the CDFA laboratory. As healthy 
leaves were added to known infected leaves, the Cq stayed 
relatively the same (Table 1). Furthermore, leaves processed 
by the LTE/BLTE yielded the expected Cq determined by the 
CDFA running their own protocol. These results mirror internal 
data from our tests. The CDFA currently is running additional 
samples with the LTE 2.0 to acquire enough data for statistical 
analysis, and our initial findings are promising.

Research funded by this CRB grant helped TES obtain a 2021 
CDFA Specialty Crop Block grant. The grant, entitled “12 leaves 
is not enough,” is for the validation of our hierarchal bulk 
testing protocol. This type of testing is needed to combat the 
continued expansion of quarantine zones, because it allows 
for the bulk screening of citrus trees in lower probability 
areas such as farms. TES believes that if HLB reaches central 
California, it will overwhelm the current 12-leaf protocol. In 
support of obtaining this grant, TES utilized the BLTE and LTE 
in a case study with the CCTEA to test 5,691 trees with 271 
large sample tests.  In the CDFA grant, TES will improve a bulk 
protocol and develop support equipment, such as a cleaning 
system. TES will continue working with the CDFA to validate 
the LTE. With CDFA validation, TES will finalize the LTE for 

mass production and work on obtaining regulatory approval 
with the USDA. TES will continue to evolve the paperless 
automatic sample tracking system, which will be utilized in 
the upcoming grant and within the CCPP facilities. 

CRB Research Project #5300-201

GLOSSARY 
¹Quantitative polymerase chain reaction (qPCR): This 
method measures the increase in PCR products during the 
thermal cycling procedure using a fluorescent dye that binds 
within double-stranded DNA. This allows for an estimation of 
the initial amount of “template” DNA present in the sample.

²Near-field communication (NFC): Near-field 
communication allows the exchange of a few bytes of 
digital information between two electronic devices in close 
proximity (less than 1.5 inches).

³Cycle quantification (Cq): The time point (measured in 
temperature cycles) when a PCR sample crosses the cycle 
threshold line.  

⁴Enzyme-linked immunosorbent assay (ELISA): A method 
to detect an antigen (usually proteins, polysaccharides or 
lipids and usually from the surface of a virus or bacteria) by an 
antibody. In most cases, an enzyme attached to the antibody 
is activated when the antigen is present, causing a color 
change in the reaction mixture. 
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Project Summary
Novel solutions are needed to protect California citrus growers from the threat imposed by 
the ongoing huanglongbing (HLB) epidemic. In this project, we examined the potential of the 
bacterium Paraburkholderia phytofirmans PsJN (PsJN) to act as a biological control agent of the 
HLB-associated pathogen, ‘Candidatus Liberibacter asiaticus’ (CLas). This research was motivated 
by reports that PsJN is able to suppress Pierce’s disease of grapevines, which is caused by the 
bacterium Xylella fastidiosa (Baccari et al. 2019). We were able to demonstrate successful 
introduction and persistent survival of PsJN in citrus trees but found that PsJN did not disperse 
away from the site of inoculation and did not reduce the titer of CLas in infected trees.

CRB-FUNDED FINAL RESEARCH REPORT 

Tyler Laird, Sanju Kunwar, Ozgur Batuman, 
Steve Lindow, Kris Godfrey and Johan Leveau

Testing P. phytofirmans PsJN 
for Biological Control of HLB

A

B

C
Figure 1. Methods used to inoculate citrus trees with Paraburkholderia phytofirmans 
PsJN bacteria: leaf infiltration (A), petiole puncture (B) and derma-roller (C).
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Paraburkholderia phytofirmans PsJN (PsJN) is a well-studied 
plant growth-promoting bacterium that has been shown to 
protect plants against a variety of abiotic and biotic stresses, 
including infectious disease and drought (Esmaeel et al. 
2018). Recently, it was shown that PsJN can suppress Pierce’s 
disease of grapevines, which is caused by the bacterium 
Xylella fastidiosa (Baccari et al. 2019). Therefore, we assessed 
the potential of PsJN to combat CLas infection in citrus trees. 
A successful demonstration of PsJN-based suppression 
of CLas would add to the growing list of bacteria with 
protective properties against CLas (Nan et al. 2021; Trivedi et 
al. 2011) and offer a path toward a temporary and practical 
solution for the current lack of resistance to HLB in citrus 
trees. 

As part of this project, we assessed and compared three 
different methods for delivering PsJN into young (up to 
one year old), healthy citrus trees (Meyer lemon on Carrizo 
rootstock) in pots in greenhouse trials at the University 
of California, Davis (UC Davis). The delivery methods we 
evaluated were leaf infiltration, petiole puncture and derma-
roller inoculation (Figure 1).

For the leaf infiltration method, we used a needleless syringe 
to inject a bacterial suspension of PsJN directly into the citrus 
tree leaves. The results from three combined trials (Figure 
2) show that the population sizes of PsJN inside whole 
infiltrated leaves remained relatively stable at about 100,000 
bacteria per leaf for the first 20 days. Between 20 and 40 days, 
the number of PsJN bacteria declined to levels below the 
detection limit of 1,000 bacteria per leaf (Figure 2). We rarely 
detected PsJN in the corresponding leaf petioles, suggesting 
that leaf-infiltrated PsJN did not readily move from the leaf to 
other parts of the tree.

Interestingly, we observed that PsJN-inoculated leaves, but 
not mock-inoculated leaves, turned yellow at the site of 
infiltration about 20 days post-inoculation (Figure 3). This 
yellowing coincided with onset of the PsJN population size 
decline inside the leaves, which suggests that the plant 
recognized PsJN and responded to its presence. Future 
experiments will reveal what this response is and whether it 
moves, unlike the bacterium itself, to other parts of the plant.

We also tested the method of petiole puncture to see if and 
how PsJN would survive and/or move in citrus trees. This 
method involved placing a small drop of PsJN suspension 
on single petioles and subsequently puncturing the petioles 
with a needle to allow infiltration of the PsJN suspension. 
At 20 days after inoculation, we sampled stem sections at 
distances of 0, 5, 10, 20 and 50 centimeters away from the 
point of inoculation and tested them for the presence of 
PsJN. We performed three replicated trials for this inoculation 
method. In the first trial, we quantified the population sizes 
of PsJN in the stem sections (Figure 4A). For the second and 
third trials, we simply determined the presence/absence 
of PsJN in stem sections (Figure 4B). We found that PsJN 
persisted around the point of inoculation for at least 20 days 
after inoculation but did not disperse far (five centimeters at 
most) from the initial point of inoculation.

For the third method of inoculation, we used a derma-roller 
device to puncture small holes in the trunk of trees, after 
which a paper tissue soaked in a bacterial suspension of PsJN 
was placed over these holes and wrapped around the trunk 
with Parafilm. As with the petiole puncture procedure, PsJN 
was able to survive at least 20 days around the inoculation 
zone but did not disperse far (five centimeters at most) 
beyond this zone (Figures 5A and 5B). To assess whether 

Figure 2. Population sizes of Paraburkholderia phytofirmans PsJN recovered from 
leaves of Meyer lemon trees at different times after leaf infiltration beginning at 
the time immediately following inoculation. Shown are data averaged from three 
separate experiments, with error bars indicating the standard deviation. Black 
symbols show a stable population size for the first 20 days of the experiment. Red 
symbols show a decline in the population size during days 20 through 40, to below 
the limit of detection (which was about 1,000 colony forming units [CFU] per leaf). 
The population size of PsJN was reduced by 50 percent every 2.57 days.

PsJN needs longer than three weeks 
to move to other parts of the tree, we 
left two inoculated trees for 10 weeks, 
and were able to recover PsJN from the 
zone of inoculation, but not 5, 10, 20 or 
50 centimeters away from the point of 
inoculation (results not shown). 

With all three methods of inoculation, 
we observed that PsJN persisted for 
at least 20 days in the tree tissue; and 
in some cases, it could be detected 
as long as 10 weeks after inoculation. 
However, we did not see movement of 
PsJN to other parts of the trees, unlike 
what has been reported for grapevine 
(Baccari et al. 2019). These observations 
are consistent with the findings of 
an independent greenhouse trial at 
the Southwest Florida Research and 
Education Center (SWFREC) in Florida, 
in which PsJN was inoculated into 
citrus trees using a technique known 
as Needle-Assisted Trunk Infusion, 
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or NATI (Batuman et al. 2019). In these experiments, PsJN 
also did not disperse far from the point of inoculation in 
citrus trees (results not shown). The SWFREC team also 
assessed the effects of PsJN on CLas titers in two-year-old 
Ray Ruby grapefruit trees on Dwarfing rootstock (US 878) in 
the greenhouse. They found that CLas titers were reduced 
following injection with the antibiotic oxytetracycline but not 
with PsJN (Figure 6).

Our work suggests that the ability of PsJN to move 
systemically in plant tissue and to protect plants from 

a vascular pathogen, as observed for Pierce’s disease of 
grapevine (Baccari et al. 2019), does not, unfortunately, apply 
to the citrus-CLas pathosystem. 

CRB Project # 5300-203
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Figure 3. Paraburkholderia phytofirmans PsJN-induced yellowing in Meyer lemon seedlings at the site of leaf infiltration. 
Yellowing was seen on all PsJN inoculated leaves starting around day 20. No such yellowing was seen with mock-inoculated 
leaves (phosphate buffer infiltration).

Figure 4. Results of the three petiole puncture inoculation trials. In each trial, data were obtained from stem tissue of eight 
Paraburkholderia phytofirmans PsJN-inoculated Meyer lemon plants 20 days post-inoculation at increasing distances (0, 5, 10, 
20 or 50 centimeters) from the zone of inoculation. (A) Trial 1: population sizes of PsJN in stem tissue samples (colony forming 
units [CFU] per gram (g) of stem). (B) Trials 1, 2 and 3 combined: fraction of stem samples from which PsJN could be retrieved.
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Figure 5. Results of the three derma-roller inoculation trials. In each trial, data were obtained from stem tissue of eight 
Paraburkholderia phytofirmans PsJN-inoculated Meyer lemon plants 20 days post-inoculation at increasing distances (0, 5, 10, 
20 or 50 centimeters) from the zone of inoculation. (A) Trial 1: population sizes of PsJN in stem tissue samples (colony forming 
units [CFU] per gram (g) of stem). (B) Trials 1, 2 and 3 combined: fraction of stem samples from which PsJN could be retrieved.

Figure 6. Effect of Paraburkholderia phytofirmans PsJN on ‘Candidatus Liberibacter asiaticus’ (CLas) titers in Ray Ruby 
grapefruit trees after two and three months (mths). Panels A and B show data from two separate trials examining the impact of 
Needle Assisted Trunk Infiltration (NATI) with a PsJN suspension (PsJN), with oxytetracycline (OTC) or with just the phosphate 
buffer control (buffer) on the CLas titer of infected Ruby Ray grapefruit. CLas titers were determined using quantitative PCR, 
where lower Cycle Threshold (CT) values correspond with higher population sizes of CLas. Error bars represent the standard 
error of seven CT measurements. Figure courtesy of S. Kunwar, University of Florida, Batuman Laboratory.

A

A

B

B



52   Citrograph Vol. 13, No. 2  |  Spring 2022

PLANT-BASED

HAVE THERAPEUTIC POTENTIAL 
TO CONTROL HLB

Steven Higgins and Michelle Heck

CRB-FUNDED FINAL RESEARCH REPORT 

Project Summary
The goal of this project was to test the activity of natural, plant-derived 
antimicrobial agents against ‘Candidatus Liberibacter asiaticus’ (CLas), the 
bacterium believed to cause huanglongbing (HLB). We computationally predicted, 
then synthesized and screened about 300 peptides produced by the legume plant 
Medicago truncatula in a bacterial culture assay, an excised leaf assay and an 
excised leaf psyllid acquisition assay to assess the ability of the peptide to kill 
CLas, inhibit its growth and/or inhibit its transmission by Diaphorina citri, the Asian 
citrus psyllid (ACP). Our findings could offer California citrus growers a new and 
natural suite of options for preventing or treating HLB and may indirectly prevent 
the spread of ACP by inhibiting growth or activity of the ACP’s bacterial flora.
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California citrus growers need effective 
strategies for managing HLB. Although 
no infected trees have been found in 
commercial citrus groves in California, 
at least 2,800 infected trees have been 
identified and removed from residential 
properties, with most of these located 
in Orange County. The presence and, 
therefore, the likely spread of HLB 
within the state is a major concern for 
growers because of the mobility of ACP 
and potential for CLas transmission 
resulting in increased HLB incidence. 
This is particularly true for organic 
growers, as HLB management strategies 
that do not rely on antibiotics or other 
synthetic chemicals are needed. 

The goal of this project was to 
computationally identify and test 
multiple antimicrobial¹ peptides² 
derived from the Mediterranean 
legume Medicago truncatula 
(barrelclover) and identify those 
peptides that could effectively prevent 
or reduce CLas infection in citrus trees 
and/or prevent ACP from transmitting 
the bacteria to citrus trees. We focused 
on M. truncatula because this plant 

produces a wide range of antimicrobial 
peptides, called nodule-specific 
cysteine-rich peptides (NCRs)³, that 
regulate its symbiotic relationship 
with the soil bacterium Sinorhizobium 
meliloti, an important nitrogen-fixing 
bacterium that is genetically related to 
CLas. M. truncatula uses NCRs to control 
the plant cells the bacterium can infect 
and the levels of the bacterium in its 
own root system, thereby enabling the 
plant to derive the benefits provided by 
S. meliloti while still retaining the ability 
to suppress the bacterium as needed. 

The genome of M. truncatula has been 
fully sequenced, and more than 600 
sequence patterns (motifs) thought 
to encode NCRs have been identified 
in its genome (Alunni et al. 2007). In 
addition, 138 NCRs have been detected 
in the plant’s root nodules that have 
been modified by S. meliloti as part of 
the symbiotic relationship (Durgo et 
al. 2015). While previous studies have 
shown that high levels of M. truncatula-
derived NCRs can kill E. coli and other 
bacteria that infect humans, none 
have examined whether these NCRs 

Figure 1. Growth rate inhibition of Liberibacter crescens strain BT-1, the cultivable 
surrogate for uncultured pathogenic ‘Candidatus Liberibacter spp.’, by 182 distinct 
nodule-specific cysteine-rich (NCR) peptides. All NCR peptides used in the in vitro 
screen were evaluated for their ability to inhibit L. crescens growth rate at 0.1 (top 
panel) and 1 milligram per milliliter (mg_ml) (bottom panel) final concentrations. 
NCR peptides with negative growth rate inhibition values indicate their addition 
improved the growth rate of L. crescens compared to L. crescens in medium without 
NCR peptides.

can kill plant pathogens such as CLas. 
After further analysis of the 600-plus 
NCR motifs, we were able to synthesize 
hundreds of the peptides in the lab, 
producing a large set of NCR peptides to 
test in three distinct assays: 

1. a bacterial culture assay,  

2. a CLas-infected detached citrus leaf 
assay and  

3. a CLas-infected detached leaf assay 
that included ACP nymphs, which 
are the only stage of the ACP life 
cycle that can acquire CLas leading 
to the development of vector 
competent adults.

The bacterial culture assay was 
employed to test the ability of the 
individual NCRs to inhibit bacterial 
growth. However, because CLas is 
not easily cultured and grown in lab 
settings, our assay used the related 
bacterial species, Liberibacter crescens 
strain BT-1, which has a very similar 
genome to CLas and thus serves as 
a substitute (surrogate) for it. A total 
of 182 synthesized NCRs were tested 
individually in this assay, some of which 
suppressed bacterial growth by up to 73 
percent over seven days (Figure 1). 

When screening pairwise combinations 
of NCRs in the bacterial culture assay, 
we observed additive activity for many 
pairs, but no synergistic increase in 
inhibition by the paired NCRs. In some 
cases, we observed impaired growth 
inhibition for pairs of NCRs compared 
to individual NCR peptide treatments. 
Moreover, peptides combined with 
two particular peptides consistently 
showed less activity than the individual 
peptides. While the reasons for this are 
not yet clear, the lesser effects of these 
peptides in combination may be due 
to their chemical properties, e.g., lower 
solubility than the other 12 peptides 
or binding to the other peptide in the 
pairwise combination. 

Of the 182 NCRs tested in the bacterial 
assays, the 14 top-performing NCRs 
were selected for testing in an excised 
leaf assay to assess their effect on 
CLas that had already infected citrus 

1.
2.

3.
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Citrus detached leaf assay
• Extract DNA/RNA
• Quantify CLas 16S 

rRNA/rDNA using 
qPCR/RT-qPCR

• NCR peptide 
addition

• Collect leaf discs 
(T0; n = 4)

• Incubate for 7 days
• Add buffer as 

needed

• Collect leaf discs 
(T7; n = 4)

Figure 2. Citrus-detached leaf assay to test the effects of nodule-specific cysteine-
rich (NCR) peptides on the citrus greening bacterium, ‘Candidatus Liberibacter 
asiaticus’ (CLas). Leaf disks (shown in green) are sampled on day 0 (light green) and 
seven days (dark green) after treatment with NCR peptides or the buffer control. 
CLas DNA and RNA are measured using qPCR and RT-qPCR to measure effects of 
treatment on CLas physiological processes and growth inhibition in citrus phloem.

trees (Figure 2). In these experiments, 
excised citrus leaves infected with 
CLas were removed from infected 
citrus trees. Upon the addition of a leaf 
petiole to a tube containing a treatment 
solution (NCRs or buffer control), an 
initial set of leaf discs were collected 
for DNA/RNA analysis.  Each leaf was 
then incubated for seven days in its 
respective treatment solutions inside 
an environmentally controlled growth 
chamber. The antimicrobial peptide 
polymyxin B (PMB) was also included 
in these assays as a positive control. 
To our knowledge, PMB has not yet 
been reported to inhibit CLas; but 
given its excellent performance as an 
antimicrobial peptide in the bacterial 
growth assays, we included PMB as a 
control in all experiments. After seven 
days of treatment, the DNA and RNA 
extracted from leaf discs were analyzed using qPCR⁴ or RT-
qPCR⁵ respectively to measure the total number of CLas 16S 
rDNA and rRNA gene copies they contained, respectively. 
CLas activity was estimated from the ratio of CLas 16S rRNA to 
CLas 16S rDNA gene copies (rRNA:rDNA), where a lower value 
for the ratio indicates higher antibacterial activity of the NCR. 
Analysis of bacterial 16S rDNA, rRNA and the ratio of rRNA/

rDNA genes provides useful information regarding estimated 
bacterial abundance (rDNA copies), total bacterial metabolic 
activity (rRNA) and population abundance normalized 
bacterial metabolic activity (rRNA/rDNA ratio). While related, 
each metric provides context regarding the status of the 
bacterial population subjected to antibiotic inhibition.

We used this assay to screen the 14 NCRs individually 
(Table 1).  Ten NCR peptides had a negative effect on 
CLas growth in the plant, emphasizing the power of the 
research predictive pipeline we developed to identify these 
antimicrobial peptide fragments, as well as the use of the 
bacterial culture method as a means to perform the initial 
peptide screening.  The inhibitory activity of NCR peptides 
appeared to span a range of responses from bactericidal (kills 
bacteria) to bacteriostatic (stops bacterial growth) (Table 1), 
consistent with their diverse modes of action in M. truncatula 
(Durgo et al. 2015). PMB reduced CLas titers in only one-third 
of replicate trials, but robustly decreased CLas activity in 
all trials (see rRNA and rRNA/rDNA, Table 1). These results 
support robust bacteriostatic activity of PMB, but additional 
experiments are needed to elucidate the consistency of 
PMB’s bactericidal activity in planta. Above all, our findings 
highlight the importance of quantifying changes in bacterial 
gene copies in both RNA and DNA pools when screening 
antimicrobial peptides for activity against CLas and possibly 
other plant bacterial pathogens to robustly detect inhibitory 
effects.  

Acquisition of the CLas bacterium by psyllid nymphs is the 
first step required for tree-to-tree transmission and also is 
straightforward to measure in laboratory assays (Igwe et al. 
2021). To assay whether the NCR peptides might inhibit CLas 
transmission by psyllids, we developed an excised leaf CLas 
acquisition assay (Igwe et al. 2021) (Figure 3). For the excised 
leaf acquisition assay, we incubated uninfected ACP nymphs 
(4th–5th instar stage with between five to eight nymphs per 
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NCR PEPTIDE NO.
EFFECT ON CLAS TITER IN DETACHED CITRUS LEAF ASSAY L. CRE BT-1 GROWTH 

RATE INHIBITION (%)rDNA rRNA rRNA/rDNA

803497 Decrease Decrease - 67.5

803605 - Decrease - 67.5

803364 - Decrease Decrease 63.8

803531 *p=0.068 Decrease Decrease 62.7

803543 - Decrease Decrease 65.5

803569 *p=0.049 - - 73.3

803570 *p=0.068 Decrease Decrease 65.6

803629 - Decrease Decrease 60.3

803376 - - - 61.7

803573 - - Decrease 68.6

803584 - - - 67.4

803590 - - Decrease 60.7

803626 - - - 66.1

803627 - - - 66.6

PMB 1/3 Decrease Decrease 100.0

Table 1. Effect of the top 14 NCR peptides 1 milligram per milliliter (mg/ml) and polymyxin B sulfate (0.5 mg/ml) on ‘Candidatus 
Liberibacter asiaticus’ 16S rRNA, rDNA, or rRNA/rDNA ratio in citrus detached leaf assays and their effect on Liberibacter 
crescens (L. cre) strain BT-1 growth rate.

A “dash” (-) indicates “no change” in CLas 16S gene copies between day 0 and 7 time points. 
A “Decrease” indicates a significant reduction (p < 0.05) in CLas 16S gene copies detected between day 0 and day 7 time points.
PMB = 0.5 mg/ml polymyxin B sulfate.
“*p=X.XXX” indicates that the decrease in CLas titer approached significance at a cutoff of α = 0.05 using a Wilcoxon signed-rank test.
1/3 = significant decrease in CLas titer observed in one out of three detached leaf assay trials.

KPO4 buffer = 0.1 millimolar  potassium phosphate buffer (pH 5.8).
PMB = 0.5 milligram per milliliter polymyxin B sulfate.

leaf ) on CLas-infected citrus leaves that were incubated 
in buffer or buffer solutions containing NCRs. Over the 20 
days of incubation, the nymphs can acquire CLas and molt 
into the adult stage, where CLas titers have a chance to 
reach higher levels in the insect’s salivary glands. After 20 
days, we collected any adult ACPs found on the leaves and 
quantified the number of CLas 16S rRNA gene copies per 
psyllid in those samples, where a higher number of CLas 
16S rRNA gene copies per psyllid indicates a higher extent 
of bacterial acquisition from CLas-infected leaves. 

While these experiments are still in progress, preliminary 
data support a role for the NCR peptides in blocking CLas 
acquisition by uninfected ACP nymphs from infected 
leaves (Table 2).  Peptide 803364 seemed to inhibit 
acquisition better than the buffer control and 803543 and 
803570, with only five insects having a CLas Cq value⁶ 
under 35, as compared to 12 for the buffer control for 
this treatment. While these data are preliminary, they 
suggest that further experimentation is valuable to 
understand how antimicrobial peptides delivered through 
the plant may block acquisition and transmission of CLas 
by the ACP.  The top performing NCR peptides (Table 1, 
rows with a “Decrease”) will continue to be tested and 
compared for their ability to inhibit CLas acquisition by 
uninfected ACP nymphs from CLas-infected citrus leaves. 

TREATMENT ID ≤ 30 Cq ≤ 35 Cq ≤ 40 Cq

803364 0 5 38

803543 0 6 37

803570 0 9 44

KPO4 buffer 1 12 44

PMB 0 6 56

Table 2. The number of adult Asian citrus psyllids with 
‘Candidatus Liberibacter asiaticus’ (CLas) 16S rDNA gene Cq 
values less than or equal to 30, 35 and 40 reared from 4th-5th 
instar stage on CLas-infected, detached citron leaves for 20 days. 

Our work here has demonstrated that a subset of M. truncatula-
derived NCRs can kill CLas, inhibit its growth in citrus leaves 
and/or reduce acquisition from CLas-infected leaves by ACP. 
These findings confirm NCR peptides as a new class and source 
of biopesticide molecules that could be used to control CLas 
for the prevention or treatment of HLB. As part of our ongoing 
work, we are investigating different methods for delivering 
NCRs to citrus trees and determining which method is best for 
a specific NCR peptide. The methods we are exploring include 
transgenic citrus trees that express citrus-optimized versions 
of the M. truncatula NCRs for field testing, and the possibility of 
using a symbiont that grows on the citrus tree trunk or branches 
to deliver NCRs directly to the tree’s vascular tissue.
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Understanding the role peptides play 
in symbiotic relationships between 
plants and bacteria gives us a means of 
repurposing those peptides for our own 
goals – in this case, controlling HLB. In 
essence, nature already may have created 
solutions for the disease that we have yet 
to discover. The peptides we are studying 
could offer California citrus growers – 
organic or otherwise – a whole new suite 
of options for managing HLB. Indeed, to 
advance this work, we have a provisional 
patent application in progress covering 
the use of M. truncatula-derived NCRs 
as a novel therapy and control tactic for 
HLB. We also have formed a commercial 
partnership with Agrosource Inc., a 
company with the commercial and 
manufacturing expertise to turn the 
antimicrobial peptides we discover into 
marketable products for California citrus 
growers. 

CRB Research Project #5300-202
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Figure 3. A detached leaf assay to assess the effectiveness of NCR peptides at 
preventing ‘Candidatus Liberibacter asiaticus’ (CLas) acquisition by uninfected Asian 
citrus psyllid (ACP) nymphs. CLas acquisition by ACP from the CLas-infected citrus 
leaves is quantified by qPCR at the end of the experiment and CLas titers in ACP 
adults are compared among treatments. 

Glossary
¹Antimicrobial: An agent that kills or stops the growth of a microorganism.

²Peptide: A small protein.

³Nodule-specific cysteine-rich (NCR) peptide: A type of peptide found in the 
root nodules of legumes that contains a significant amount of the nucleotide 
cysteine.

⁴Quantitative PCR (qPCR): This PCR method measures the increase in PCR 
products during the thermal cycling procedure through the use of a fluorescent 
dye that binds within double-stranded DNA. This allows for an estimation of the 
initial amount of “template” DNA present in the sample. 

⁵Quantitative reverse transcription PCR (RT-qPCR): A variant of qPCR that is 
used to quantify RNA transcript levels in a sample. 

⁶Cycle quantification (Cq) value: The time point (measured in temperature cycles) 
when a PCR sample crosses the cycle threshold line. 
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DIAGNOSTIC ACCURACY 
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Project Summary
Huanglongbing (HLB) is associated with an unculturable bacterial pathogen,‘Candidatus Liberibacter asiaticus’ 
(CLas). HLB was found in southern California in 2012, and the current management strategy is based on 
suppression of the Asian citrus psyllid (ACP) that transmits CLas, and removal of confirmed CLas-positive trees. 
CLas in ACP and citrus is detected using polymerase chain reaction (PCR) technology based on the characteristic 
sequence of DNA, typically 16S rDNA¹, in the CLas genome. Recent research has shown that in ACP and citrus, 
there can be bacteria other than CLas present, some of which are close relatives of CLas and may interfere with PCR 
detection of CLas. Most of these non-CLas bacteria are not well known or are completely unknown. We recently 
developed a procedure using a technology called metagenomic analysis² to detect and identify non-CLas bacteria in 
samples being tested for CLas. With assistance from the California Department of Food and Agriculture (CDFA) and 
the Citrus Research Board (CRB), five ACP and two citrus samples were obtained from HLB quarantine zones. From 
these samples, ten bacteria from different genera were identified with high confidence based on the presence of 
full or partial genome sequences. Two of these bacteria, called Bradyrhizobium sp. and Mesorhizobium sp., were 
known to be closely related to CLas. These bacteria, if present in high concentrations, could interfere with current 
16S-rDNA-based PCR for CLas detection and result in a false positive result. Therefore, the use of this metagenomic 
technology will improve the specificity of HLB diagnosis in California.

Jianchi Chen

Introduction
HLB is a highly destructive disease affecting citrus production 
around the world (Bové 2006). The disease is associated with 
the bacterium CLas, which is transmitted by ACP. In the United 
States, HLB was first found in Florida in 2006 and then in 
southern California in 2012. The current management strategy 
in California is based on suppression of ACP and removal of 
confirmed CLas-positive trees. Therefore, accurate detection of 

CLas in ACP and citrus trees before symptom development is 
critical in HLB management. 

CLas in ACP and citrus is detected using quantitative PCR 
(qPCR)¹ technology. The most commonly used qPCR, HLBaspr-
PCR assay (Li et al. 2006), is based on a sequence in the 16S 
rRNA² gene. The results of a qPCR test are described as cycle 
threshold (Ct) values³, and those values can be used to estimate 
the original amount of DNA, in this case pathogen DNA from 
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a test sample. For the case of CLas, the higher the Ct value, the smaller the amount of CLas 
in the original sample. However, interpretation of an extremely high Ct value, say Ct=36, 
could be problematic, because it could mean extremely low CLas concentration, no CLas 
at all, or that a region of DNA from a bacterium similar to CLas was amplified instead. ACP 
and citrus trees can harbor a range of bacteria (Blaustein et al. 2017; Nakabachi et al. 2013). 
A collection of all bacteria/microbes in a sample is called a microbiome4. In general, the 
non-CLas bacteria associated with citrus trees are poorly understood or unknown. However, 
microbiome information may help with HLB diagnosis in specific cases following high Ct 
value qPCR results, particularly for accurate detection of CLas. Recent advancements in 
next-generation sequencing technology5 (NGS) provide new opportunities to study HLB-
related bacteria through genomic DNA sequence analyses (metagenomics6).

Procedure
This metagenomics study began with the collection of ACP and citrus leaf DNA samples. 
With assistance from the CDFA and the CRB, seven DNA samples with Ct values ranging 
from 23.39 to 36.81 were collected from HLB quarantine zones in California (Table 1; Figure 
1). The CDFA provided four ACP samples (Nos. 1, 2, 3 and 4) and two citrus samples (Nos. 6 
and 7). The CRB provided one ACP sample (No. 5). Ct values were obtained from a 16S rDNA-
based HLBaspr-PCR assay (Li et al. 2006). Note that sample No. 5 provided by the CRB has a 
high Ct value of 36.81 (Figure 1). The lack of CLas in the sample was further confirmed by an 
additional qPCR test using a second, more sensitive and specific set of CLas primers called 
RNR (Zheng et al. 2016).

Each DNA sample was sequenced through an NGS platform that generated billions of 
short sequences (called sequence reads) ranging from 35 base pairs (bp) to 150 bp each. 
Using the available bioinformatic programs, short sequences were assembled into longer 
sequences (greater than 1,000 bp each). Each longer sequence was compared to bacterial 
genome sequences in the GenBank database. Bacterial sequences were grouped according 
to The National Center for Biotechnology Information (NCBI) taxonomy⁷ system. With this 
procedure, ten bacterial groups at genus or species level were identified (Nos. 1 to 10, 
Figure 1).
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Figure 1. Graphic representation of ten bacteria from different genera (from No. 1 to No. 
10) identified through next-generation sequencing technology in seven California citrus 
leaf and Asian citrus psyllid samples. Ct values from HLBas-PCR are listed under row No. 
7.  The circle/dot sizes here are meant to visualize the amount of bacteria detected. The 
blue and red boxes highlight comparisons between CLas and two CLas-related bacteria 
with high Ct values. Rows 11 to 13 are positive controls for this analysis and were taken 
from ACP and citrus DNA. Locations of samples are abbreviated on the left and sample 
names were abbreviated and underlined below the Figure.

Result Interpretations
In this report, we are emphasizing 
three ACP samples (Figure 1). 
The red box includes sample 
A-TECA18 from Temecula (Ct of 
36.81), and the blue box includes 
sample A-RSCA17 from Riverside 
(Ct of 29.80) and sample A-SBCA18 
from San Bernardino (Ct of 28.62). 
The amount of bacteria (bacterial 
DNA) is represented by the sizes of 
circles/dots. 

Non-CLas bacteria associated 
with high Ct value when CLas was 
absent:
Sample A-TECA18 did not show 
any (no dot) CLas (bacterium 
No. 7 in red letters). In addition, 
bacteria Nos. 5 and 6 (in blue 
letters) are closely related to CLas. 
The CLas-related bacteria harbored 
sequences very similar but not 
identical to the CLas sequence 
targeted by HLBaspr-PCR. The two 
bacteria were present in Sample 
A-TECA18 (the two dots within red 
box). Therefore, bacteria Nos. 5 and 
6 could be the cause of high Ct 
values.

Non-CLas bacteria obscure Ct values 
when CLas concentration was low:
 Interestingly, our research results 
also showed that the presence 
of CLas-related bacteria could 
obscure the true CLas Ct values. 
Within the blue box in Figure 1, 
sample A-SBCA18 had a smaller 
dot of CLas (bacterium No. 7) 
than that of sample A-RSCA17. 
Yet, sample A-SBCA18 showed a 
smaller Ct of 28.62, meaning higher 
CLas concentration, than that of 
sample A-RSCA17 (Ct=29.80). The 
apparent contradiction could be 
explained by the fact that sample 
A-SBCA18 had significantly more 
non-CLas bacteria (Nos. 5 and 6), 
as evidenced by the much larger 
dots. More details of our research 
findings have been summarized 
into a manuscript published in 
Frontiers in Microbiology (Huang et 
al. 2021).



60   Citrograph Vol. 13, No. 2  |  Spring 2022

Conclusions
We used a metagenomic analysis technology to characterize the microbiome 
of five ACP and two citrus samples in California. Nine bacteria along with 
CLas were identified with high confidence by full or partial bacterial genome 
sequences. Two of these bacteria, from the genus of Bradyrhizobium and 
Mesorhizobium, are known to be phylogenetically related to CLas and, 
consequently, can lead to false positive detection of CLas, particularly in the 
case of high Ct value interpretation. This information is critical for eradication 
efforts against HLB in California where HLB is not endemic. Knowledge 
about bacterial populations in ACP and citrus will also facilitate future 
studies concerning interactions between CLas and other microbes and the 
development of HLB biological control strategies. 

CRB Research Project #5300-188 
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Table 1. General information of Asian citrus psyllid (ACP) and citrus DNA 
samples from southern California.

NO. SAMPLE COUNTY HOST YEAR OF COLLECTION

1  A-SBCA19 San Bernardino ACP 2019

2 C-SBCA19 San Bernardino Citrus 2019

3 A-SBCA18 San Bernardino ACP 2018

4 A-RSCA17 Riverside ACP 2017

5 A-TECA18 Riverside ACP 2018

6 A-AHCA17 Orange ACP 2017

7 C-AHCA17 Orange Citrus 2017

Glossary
¹qPCR: This polymerase chain reaction method 
measures the increase in PCR products during 
the thermal cycling procedure through the use 
of a fluorescent dye that binds within double-
stranded DNA. This allows for an estimation of 
the initial amount of “template” DNA present in 
the sample.

²16S rRNA: A type of RNA molecule involved 
in protein synthesis in bacterial cells. The gene 
sequence coding for 16S rRNA in a bacterial 
species has very limited changes. Therefore, it 
is used to classify bacterial species.

³Ct value: In real-time PCR tests, the 
accumulation of amplified DNA is represented 
by a number referred to as the cycle threshold 
(Ct) value. The higher the Ct, the smaller the 
amount of amplified DNA (representing the 
amount of the target pathogen) in a sample.

⁴Microbiome: A collection of all microbes in a 
sample (for example, insects and citrus leaves).

⁵Next generation sequencing:  Any of several 
approaches to sequence genomic DNA to 
produce large amounts of sequence data from 
multiple samples at very high throughput and 
with a high degree of sequence coverage.

⁶Metagenomics: The study of all genetic 
material from a community of organisms; 
usually refers to the study of microbial 
communities.

⁷NCBI taxonomy: The National Center for 
Biotechnology Information (NCBI) taxonomy 
includes organism names and classifications 
for every sequence in the nucleotide 
and protein sequence databases of the 
International Nucleotide Sequence Database 
Collaboration.
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Project Summary
In the face of ever-changing environmental conditions and biological disturbances, the California citrus industry 
is constantly seeking solutions that offer growers the ability to improve citrus production through various 
innovations, including the development of new citrus varieties and the management of pests and insect-
transmitted diseases. This report provides a glimpse of how we have turned an isolate of a citrus tristeza virus 
(CTV) into an active virus-based vector that can serve as a non-transgenic alternative for gene delivery into 
citrus plants. Genetic cargoes that can treat diseases and enhance fruit quality will help lay the groundwork 
for improving the health and productivity of California citrus. This report includes work done to construct and 
assess the performance of several versions of a CTV-based vector engineered to produce the green fluorescent 
protein (GFP) to determine its activity in citrus plants.

CALIFORNIA CTV 
VECTOR OPENS 
DOORS FOR CITRUS 
RESEARCH
TURNING A CHALLENGING VIRUS INTO A 
VERSATILE PLATFORM FOR GENE DELIVERY   

James Ng

CRB-FUNDED FINAL RESEARCH REPORT 
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Background
CTV is one of the most challenging plant viruses to work 
with due to its large genome, sophisticated architecture 
and complex interactions with its hosts. Furthermore, there 
are at least seven genetically diverse clusters (referred 
to as genotypes) of CTV (Harper et al. 2015). Depending 
on the virus genotype, citrus variety and scion-rootstock 
combinations, CTV’s activity in the plant can result in a 
range of outcomes from completely symptomless to disease 
symptoms ranging from mild to severe forms such as stem 
pitting and reduced vigor and yield or quick decline and 
death (Harper 2013). In California, spread of CTV has been 
avoided by growing commercial citrus varieties on CTV-
resistant or -tolerant rootstocks and insecticide sprays to 
reduce vector populations. Within the plant, CTV is confined 
to phloem tissues and is transmitted from plant to plant by 
specific aphids. In the laboratory, CTV can be effectively 
transmitted by experimental procedures, including, but not 
limited to, bark flap and graft inoculations. 

Some of the difficulties confronting the study of CTV 
indicated above have been addressed with the development 
of a biologically active cloneA  of CTV created from a Florida 
isolate of CTV with the T36 genotype. This clone has made 

it possible to uncover many unknown biological features 
of this virus. One of the clones was later developed into an 
active vector (referred to hereinafter as T36FL) (Ambrose 
et al. 2011; El-Mohtar et al. 2014) that found a number of 
useful applications. The most important of these applications 
has been research pertaining to the management of 
huanglongbing (HLB). An important innovation with T36FL 
is that it can be easily inoculated in a member of the tobacco 
family Nicotiana benthamiana to generate large amounts of 
the virus that subsequently can be introduced to citrus plants 
by bark flap inoculation. Using an archive of sequences 
corresponding to a California isolate of CTV with the T36 
genotype, T36CA (Figure 1), we have previously constructed 
several California clones of this virus. A comparison of T36CA 
and T36FL revealed that both viruses share a high degree 
(99.1 percent) of sequence similarity (Chen et al. 2018). This 
high degree of similarity meant that it might be possible 
to engineer the clone of T36CA into a vector capable of 
delivering, for example, antimicrobial products into citrus 
plants. 

Research Objectives
The main objective of this project was to transform the clone 
of T36CA into an active vector ready for biotechnology-

ABiologically active clone: The RNA genome of CTV can be enzymatically converted into DNA. The resulting CTV DNA can be inserted into a piece of DNA 
(referred to as a plasmid) that can undergo autonomous replication when introduced into a compatible bacterium. The plasmid (or clone) that harbors the 
CTV DNA is said to be biologically active when the RNA form, which supports all biological functions of the virus, is produced upon delivery of the clone into 
a living (plant) host of the virus.  
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Figure 1. A T36CA prototype vector and its activity in Nicotiana benthamiana (a relative of tobacco) plants. (a) A schematic map of a T36CA vector to
facilitate the production of T36CA in inoculated plants. White boxes identified by letters and/or numbers represent known genes located in the citrus 
tristeza virus genome. The green fluorescent protein (GFP) gene located within the vector as shown. (b) N. benthamiana plants inoculated with a 
representative prototype T36CA vector (pT36CA-V0) and the T36FL vector (pT36FL).

Figure 1. A T36CA prototype vector and its activity in Nicotiana benthamiana (a relative of tobacco) plants. (a) A schematic map 
of a T36CA vector to facilitate the production of T36CA in inoculated plants. White boxes identified by letters and/or numbers 
represent known genes located in the citrus tristeza virus genome. The green fluorescent protein (GFP) gene located within 
the vector as shown. (b) N. benthamiana plants inoculated with a representative prototype T36CA vector (pT36CA-V0) and the 
T36FL vector (pT36FL).
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driven applications to benefit the California citrus industry in 
pest and disease management, as well as other applications. 
Here, we report on the design, construction and early 
performance of a series of optimized T36CA vectors.

Design and Construction
Prototype T36CA vectors
We began the project with the construction of prototype 
T36CA vectors. This was achieved by using the T36FL clone 
as a working template and replacing portions of its sequence 
with that of T36CA. This operation resulted in the generation 
of several prototype versions of T36CA engineered to 
express GFP in plants to facilitate the visual observation of 
the vector’s activity. When these prototype vectors were 
inoculated in tobacco plants, fluorescence was observed in 
the inoculated leaves but not the newly emerged (systemic) 
leaves, meaning CTV did not move throughout the plant 
(Figure 1). These results indicated that one or more sequence 
variations in the T36CA prototypes could be responsible for 
the partially active vectors.  

Hybrid T36CA-T36FL vectors
As a first step toward optimizing the T36CA vector, we 
sought to identify sequence regions in the cloned T36CA that 
could be responsible for the sub-optimal performance of 
the prototype vectors by creating a series of hybrid vectors 
with specific sequences of a T36CA prototype vector to 
help identify the regions of interest (Figure 2). The hybrid 

vectors were inoculated into tobacco plants, and activity of 
the resulting viruses was determined by several methods 
of analysis, including the visualization of fluorescence and 
ELISA¹. Activity was observed in the systemic leaves of 
tobacco plants inoculated with hybrids (Hybs) 1, 2, 4, 5, 6 
and 7, but not Hyb3 (Figure 2). Based on the ELISA data, 
the strength of activity varied from strong (Hyb 1 and Hyb2) 
to weak (Hyb7) and very weak (Hybs4, 5 and 6) (Chen et al. 
2020). Subsequently, Hyb1, Hyb2 and Hyb7 were inoculated 
to Citrus macrophylla plants by bark flap inoculation, but 
activity was only observed for the Hyb1 and Hyb2 viruses. 
Taken together, the analyses revealed a potential association 
between the sub-optimal activity of T36CA variations located 
in a genomic region occupied by nine CTV genes (Figure 2).   

Fully operational T36CA vectors
We next compared both the sequences and deduced amino 
acids encoded by the nine CTV genes (identified in the 
preceding section) in the consensus sequence of T36CA, 
T36FL, and the sequence variants identified in the T36CA 
genomic library. Through these analyses, we narrowed down 
our targets to four variations in the cloned T36CA that could 
potentially be associated with the sub-optimal performance 
of the T36CA prototype vectors. These variations are in the 
genes encoding viral suppressors (important for overcoming 
host defenses) and a prospective movement protein (allows 
the virus to move from one plant cell to another). 

Armed with this information, we systematically replaced 
some of the sequences in the cloned T36CA with those 
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Figure 2. The bioactivity of hybrid T36CA-T36FL viruses. (a) Hybrid vectors pHyb1 to pHyb7 constructed by piecing together different regions of pT36CA (white rectangles) and pT36FL (grey
rectangles) at the restriction enzyme (RE) sites indicated on the schematic map of pT36CA-ori, a prototype T36CA vector. The bioactivity of the hybrid viruses inoculated to Nicotiana 
benthamiana and Citrus macrophylla plants, as determined by the visualization of GFP fluorescence in the local (L; inoculated) and systemic (S) tissues, and by DAS-ELISA, are scored as positive 
(+), negative (-) or not tested (NT). (b) GFP fluorescence as observed in the systemic leaves of N. benthamiana plants and systemic bark tissues of C. macrophylla plants inoculated with the 
virions of Hyb1 and Hyb2.
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found in the T36CA population (i.e., also found in the 
T36CA genomic library that represents the most frequently 
observed genomic sequences seen among individuals of 
T36CA) and tested the resulting constructs—T36CA-V1.0, 
-V1.1 and -V1.3—for in planta activity. While all three 
constructs exhibited activity in the systemic tissues of 
tobacco plants, only T36CA-V1.3 exhibited robust activity 
in the systemic tissues of C. macrophylla plants (Chen et al. 
2020). The activity of T36CA-V1.3 is shown in Figure 3. We 
have since generated two additional optimized versions 
of the T36CA vector, and they both showed robust activity 
(equal to that of T36CA-V1.3) in C. macrophylla plants.

Activity of T36CA in Commercial 
Citrus Varieties
One of the newly optimized T36CA vectors, T36CA-V1.4, was 
used for graft inoculation to determine its transmissibility 
to commercial citrus varieties. A limited number of side-
graft inoculations, where branches of C. macrophylla tested 
positive for the virus were grafted onto the recipients, was 
performed; and activity of T36CA-V1.4 was detected in the 
systemic bark tissues of a sweet orange variety, Madam 

Vinous (Citrus sinensis) (Figure 3). A majority (80 percent) 
of the other graft transmissions were performed using 
bark graft inoculation, where 10-20 millimeter strips of C. 
macrophylla bark tissues that tested positive for the virus 
were grafted onto the recipients. At the time this report was 
written, none of the citrus commercial varieties that were 
subjected to the bark graft transmission was found to contain 
GFP fluorescence. Given the low amount of virus inoculum 
used in a bark graft inoculation compared to that of a side 
graft inoculation, it may take a longer time for the inoculated 
plants to show virus activity. 

Conclusion
A series of optimized vectors constructed using a California 
isolate of CTV with the T36 genotype (T36CA) has been 
obtained. This is the first CTV-based vector that is made from 
a California isolate with the T36 genotype. Evaluation of the 
optimized vectors, T36CA-V1.3 and others, has shown that 
they accumulate equally well and can express GFP in plants. 
Inoculation studies with commercial citrus varieties revealed 
two important findings. First, we have provided the proof of 
concept that T36CA is active in a commercial citrus variety. 
Second, side grafting appears to be a more effective method 
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the accumulation of T36CA-V1.3 and T36FL in the systemic leaves of N. benthamiana plants. An uninfected sample was included as a negative control. (c) GFP 
fluorescence seen in the bark tissues of the newly emerged branches of C. macrophylla plants inoculated with T36CA-V1.3 virions (at 5- and 10-wpi). (d) A commercial 
citrus variety, Madam Vinous (C. sinensis) inoculated with an optimized vector T36CA-V1.4 by side grafting. White and red arrows indicate a living and a dead C. 
macrophylla branch (both previously tested positive for T36CA-V1.4), respectively, after they were side-grafted onto the C. sinensis plant (yellow arrow). The images on 
the right show the expression of GFP fluorescence in the bark tissues of the C. sinensis plant at 10-wpi.   
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to deliver the vector into commercial citrus varieties, and this 
should be a subject of further study. 

CRB Research Project #5300-190

Glossary
¹Enzyme-linked immunosorbent assay (ELISA): A method 
to detect an antigen (usually proteins, polysaccharides or 
lipids and usually from the surface of a virus or bacteria) 
by an antibody. In most cases, an enzyme attached to the 
antibody is activated when the antigen is present causing a 
color change in the reaction mixture. 
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Located in Riverside, the Citrus Experiment Station of  the 
University of  California has brought together botanists, 
entomologists and other scientists for more than 100 years 
to manage the Golden State’s oranges, lemons and 
grapefruit. Among the many important tasks these 
scientists have undertaken has been the identification of  
various citrus diseases that afflicted the citrus industry. In 
1961, Leo J. Klotz, Ph.D., a plant pathologist at the Citrus 
Experiment Station, published the third edition of  his Color 
Handbook of  Citrus Diseases. In this text, Klotz shared 
photographs that exhibited the effects of  various diseases 
and viruses on citrus trees. Among the most notorious 
culprits afflicting citrus were blue mold, a form of  decay 

that emerged around 1900; gummosis, which affected the 
parent navel orange trees in Riverside; and tristeza, the 
so-called quick decline that ravaged California citrus 
crops in the 1940s and 1950s. Images of  the effects of  
these three diseases taken from Klotz’s work, as 
preserved in the Citrus Roots Collection, appear here.

For more information, contact bjenkins@laverne.edu

– Courtesy of Benjamin Jenkins, Ph.D.
   Archives and Special Collections
   University of La Verne
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