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Summary

Among the many diseases of citrus that have invaded or could invade Florida, greening
represents the greatest threat to the industry. Greening has been known internationally, from its
first description in the early 1900s in China, as huanglongbing (HLB, translated as “yellow shoot
disease™). In Florida, HLB is associated specifically with the bacterium Candidatus Liberibacter
asiaticus (CLas), the presumed causal agent. The insect vector, the Asian citrus psyllid (ACP,
Diaphorina citri) acquires CLas by feeding on the nutrients carried by phloem cells in the citrus
plant and injects the bacterium to other citrus plants. ACP was first detected in Florida in 1998.
Shortly thereafter, ACP had spread to the point that eradication became unconceivable. HLB
itself was discovered in Florida in August of 2005. HLB is now present in the 34 citrus-
producing counties of Florida, but is most prevalent in the southern areas of the state.

In April 2009, the National Research Council, at the request of the Florida Department of
Citrus (FDOC), formed the Committee on the Strategic Planning for the Florida Citrus Industry:
Addressing Citrus Greening Disease (Huanglongbing). In developing a strategic plan, the
committee was charged to examine: 1) the current citrus disease situation in Florida and the
status of public and private efforts to address citrus greening and other diseases; including
lessons learned; 2) the capacity of the industry to mobilize a scientifically based response to
current disease threats and to translate scientific advances into products and services for the
protection of Florida citrus industry in the short and long term, and 3) the relationship of the
industry to public, academic, and private research, and to regulatory and funding organizations at
the state and federal level, with respect to controlling citrus greening and developing a
comprehensive solution to citrus greening and other diseases. In the course of its deliberations,
the committee made the following key findings.

KEY FINDINGS

I. Citrus products are generally appreciated as being both desirable and healthful, and this
appreciation is justified. Without Florida citrus production, orange juice and other citrus products
in our stores would be fewer, less diverse, possibly of reduced quality, and likely more
expensive.

2. Citrus is emblematic of Florida. There would be great repercussions for Florida’s
economy if the estimated $9.3 B annual economic benefit of the citrus industry were to be lost or
significantly diminished. Florida’s citrus is an industry very worth preserving.

Copyright © National Academy of Sciences. All rights reserved.
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2 STRATEGIC PLANNING FOR THE FLORIDA CITRUS INDUSTRY

3. HLB and HLB control measures reduced Florida orange juice production by several
percent by 2008, and losses will likely increase, at least in the immediate future and possibly
longer.

4. The two major parts of the Florida citrus industry are the larger juice processing sector
and the more profitable, per acre, fresh market sector. The incompletely defined dynamic
between citrus production and the processing plants is such that when plants operate below their
most productive level, profits are threatened. If a plant closes, producers suffer reduced
marketability of their oranges. Thus, declining production can induce a downward spiral.

5. In the Florida situation, HLB is entirely correlated with the presence of, and is presumed
to require the participation of, CLas and its insect vector ACP.

6. In Brazil and in Florida, rigorous three-pronged programs have had a demonstrated
saving effect in areas not yet severely affected by HLB. The programs rely on (i) production of
citrus propagation materials in insect-proof facilities, which has been mandatory in Florida
nursuries since January, 2008, (ii) strong reduction of the ACP population, and (iii) identification
and removal of infected citrus trees, the principal reservoir of CLas. Although these programs
have reduced the percentage of infected trees in some areas, the numbers of infected citrus trees
in Florida as a whole continues to increase.

7. Increased use of insecticide sprays, as currently required for successful suppression of
ACP populations, brings with it risks of ACP developing resistance to one or more of the most
useful insecticides and of adverse affects on beneficial insects. More information on ACP
behavior and HLB ecology and new approaches are needed to improve ACP suppression.

8. The identification and removal of CLas-infected citrus trees is currently dependent on
scouting for visible HLB symptoms. The process is expensive, not sustainable for many
orchards, and very likely would be greatly improved if infected but as yet asymptomatic trees
could be identified.

0. The most powerful long-term HLB management tool likely will be citrus cultivars
resistant to CLas and preferably to ACP as well. However, there is no clear path by conventional
breeding to deliver a robust resistant citrus for many commercial species because these species
lack known sources of resistance and a facile breeding system.

10. It is likely that the breeding systems for sweet orange and some other citrus can be
greatly enhanced in the long run by capabilities derived from genome sequence analysis and
other technologies.

11. Genetic engineering, in the form of transgenic citrus or citrus inoculated with a
transgene-expressing virus vector, holds the greatest hope for generating citrus cultivars resistant
to CLas and ACP.

12.  New information on CLas, ACP and citrus, and the advances of modern biology and

chemistry in general, suggest new research directions that may reveal new strategies for HLB
mitigation.
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13.  The citrus industry and various government agencies have made very significant
investments in research on HLB and approaches to HLB mitigation. Results usable in effective
HLB mitigation will probably be derived more rapidly from research projects if efforts are more
unified than they are at present, on the national and international level, and there is more
emphasis on strategic planning. When (or if) HLB no longer is a significant threat, an integrated
research infrastructure would continue to serve the industry well.

The Florida Citrus Industry

The favorable conditions for citrus production in Florida have allowed the industry to grow
to the point of having a $9.3 billion annual economic impact on the state. Throughout the Florida
citrus industry’s history, this success has been tempered and defined by the adverse effects of the
natural calamities of freezes, hurricanes and diseases, and, in more recent times, by urbanization,
international competition, and shortage of water.

Due to the Great Freeze of 1894—1895, citrus production was abandoned in northern Florida
and in other southeastern US states and has become concentrated in mid- and south-Florida. The
Florida freezes of the 1960s provided an opening for the expansion of the Brazilian citrus
production. Brazil now accounts for about 37 percent of the worldwide citrus production,
whereas the United States’ share is about 17 percent. In 2004-2005, hurricanes were largely
responsible for the reduction in sweet orange (38 percent) and grapefruit (69 percent) production
compared to the year before. Urbanization has displaced citrus production from most of Florida’s
coastal areas, leaving the majority of the production in the more freeze-prone inland areas. The
seasonality of Florida rainfall means that virtually all Florida citrus is irrigated. A more subtle
factor influencing the citrus industry is the interaction between production and processing, as
indicated in Key Finding 4, above.

Citrus Greening (Huanglongbing) and its Florida Vector, Asian Citrus Psyllid

The first observations of diseased citrus corresponding to what is now recognized as HLB
were in southern China in the late 19" century. In the mid-20" century, the Chinese researcher
K.H. Lin provided a scientific description of HLB and demonstrated its infectious nature. At
present, it is estimated that nearly 100 million trees in 40 countries are affected by HLB. In the
1960s—1980s, HLB devastated citrus production in the Philippines, Indonesia, Thailand, and
South Africa. In March 2004, HLB was recognized for the first time in the Americas in Sdo
Paulo State, Brazil. Subsequently, nearly 3 million HLB-affected sweet orange trees were
removed in Brazil. HLB was found in Florida in 2005. In North America, HLB now occurs in
Cuba, Belize, Florida, Georgia, Lousiana, South Carolina, and Eastern Yucatan, Jalisco, and
Nayarit, Mexico.

HLB enters a geographical region in an introduced psyllid vector or in infected live plant
material. In the field, psyllid transmission (acquisition, retention through a latent period, then
inoculation) is the primary mode of HLB spread. Thus, introduction and establishment of a
vector species, which in Florida is ACP , always precedes establishment of HLB. In the principal
mode of plant-to-plant transmission with an established psyllid population, older immatures
acquire the bacteria, which circulate and propagate in the insects’ bodies while they complete
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development to adulthood; then adult psyllids inoculate healthy citrus during feeding. It is also
possible for adults to acquire the bacteria.

When HLB enters a region hitherto free of the disease, young trees show symptoms earlier
and are more severely affected than mature trees. The symptoms of HLB include the appearance
of yellow shoots and a blotchy mottle of the leaves. First symptoms may appear in 6—18 months.
Severe symptoms may appear as early as 6 months post infection in young trees but more
typically at 1-5 years, especially for mature trees. The disease progress in the orchard can be
relatively fast, reaching an incidence of more than 95 percent in 3 to 13 years after onset of the
first symptoms. Yield per tree is reduced and fruits of affected branches may have color
inversion or be abnormally small and lopsided and have aborted seeds. “Off” flavor and small
size could cause the fruit to be rejected even for juice production. There are no known citrus
species, varieties or combinations of scion and rootstock that are immune to HLB.

The Causal Agent of Huanglongbing

Almost all HLB-affected citrus trees worldwide are infected with at least one of three
recognized bacteria of the genus Liberibacter. In a few cases, HLB symptoms have been
associated with phytoplasmas and not Liberibacters, in Sao Paulo State and China. However, in
Florida, the universal association of CLas and ACP with HLB erased virtually all doubt about
whether CLas should be a prime subject of research aimed at mitigating HLB. Recently, the
complete genome sequence of CLas has been obtained by using deoxyribonucleic acid (DNA)
extracted from a psyllid and DNA from infected plants.

Detection and Mitigation of Huanglongbing

Thermotherapy, shoot-tip grafting or antibiotic treatment can rid budwood of CLas, but
antibiotic treatment of orchard trees has not proven to be a practical control method. Vigorous
pruning of symptomatic parts of the tree has given only short term relief, if any. Nutritional
sprays intended to suppress HLB symptoms have been used in some orchards. However, to date,
controlled comparisons have not demonstrated an improvement in crop yield or fruit quality or
any long term amelioration of symptoms or reduction in CLas titer from these treatments, and
their use can diminish the effectiveness of mitigation measures based on removing sources of
inoculum. In the absence of curative treatments or resistant citrus lines, the available method for
coping with HLB once the disease has been discovered in a region is the 3-pronged appoach of
Key Finding 6. Production of healthy citrus trees in “closed,” insect-proof nurseries is
established practice in Florida. The other two prongs of current HLB mitigation are reducing
inoculum sources and suppressing ACP.

RECOMMENDATIONS

Shaped by the key findings and its study of scientific opportunities to addresss HLB, the
committee’s strategic plan consists of 23 recommendations, listed in Box S-1, and grouped
according to objective: Organizational (O); Informational (In); Near- to Intermediate-Term
Research and Technology (NI); and Long-Term Research and Technology (L). The
recommendations are listed in approximate order of importance within each group. However, the
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success of some recommendations is dependent on other recommendations, requiring
coordination in their implementation.

BOX S-1
RECOMMENDATIONS

Organizational (O) Recommendations

O-1. Create “Citrus Health Management Areas” in Florida.

O-2. Identify one organization and empower it to have oversight responsibility over
huanglongbing (HLB) research and development efforts.

O-3. Create a centralized HLB website and data bank that is accessible to researchers and the
public.

0O-4. Commission an analysis of the economics of the citrus industry’s responses to HLB.

O-5. Organize an enhanced annual international symposium on all aspects of HLB.

Informational (In) Recommendations

In-1. Expand extension efforts emphasizing the importance to HLB management of removing
infected trees from groves.

In-2. Encourage homeowners to remove and properly dispose of backyard citrus trees,
particularly HLB-affected trees.

In-3. Communicate information on HLB and its potential economic impact to government
officials at the federal, state, county, and city level.

Research and Technology Recommendations: Near- to Intermediate-Term (NI)

NI-1. Improve insecticide-based management of Asian citrus psyllid (ACP).

NI-2. Support searches for biomarkers that may be exploited to detect CLas-infected citrus.

NI-3. Establish citrus orchard test plots for evaluation of new scouting and therapeutic methods.

NI-4. Accelerate the sequencing, assembly, annotation and exploitation of a sweet orange
genome to provide a powerful tool for all future citrus improvement research.

NI-5. Support development of HLB model systems.

NI-6. Exploit the CLas genome sequence for new strategies of HLB mitigation.

NI-7. Support research aimed at developing alternative ACP management strategies.

NI-8. Support small-scale studies on the feasibility of alternative horticultural systems suited to
endemic HLB.

NI-9. Support demonstration of RNA interference (RNAI) effects for possible suppression of
ACP.

NI-10. Develop in vitro culture techniques for Clas to facilitate experimental manipulation of the
bacterium for insights into gene function.

NI-11. Sequence, assemble and annotate the ACP genome to provide basis for new
approaches to ACP management.

continued
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Research and Technology Recommendations: Long-Term (L)

L-1. Support development of transgenic HLB-resistant and ACP-resistant citrus.

L-2. Support development and testing of bactericides, therapeutics or SAR activators.

L-3. Support analysis of ACP behavior, ACP-plant interactions and ecology to enhance the
knowledge base available for new ACP management strategies.

L-4. Explore possible control strategies based on release of modified psyllid males.

The scientific basis for each recommendation and its synergy with others are discussed in
detail in Chapter 4 of the full report. Near- to Intermediate-Term (NI) research and technology
projects are those that can generate proof-of-principle or demonstrate HLB mitigation in less
than 5 years. They are most important for the current management of HLB and need to be
pursued in conjunction with Organizational (O) and Informational (In) approaches. NI research
also can contribute essential knowledge for Long-Term (L) research and technology, which will
take more than 5 years to develop, but that offer the greatest opportunity for succesful long-term
management.

In the sections that follow, several of the key recommendations are broadly discussed (not
necessarily in the order presented in Box S-1) in the context of their general roles in the overall
strategy, namely: achieving an organized response to HLB, addressing the current, urgent needs
of the citrus industry, and developing the technology to sustain the industry in the future.
Individual research and technology projects that support these roles are further described in the
section on Essential Research Directions.

Responding to the Huanglongbing Threat

Industry and government both have responded to the HLB threat by significantly increasing
the research effort. Citrus research has been funded by several national, regional, state, and citrus
industry organizations. Following the detection of HLB in Florida, the Florida Citrus Production
Research Advisory Council (FCPRAC), which directed funds to research through competitive
grants program, dedicated nearly all of its funds to HLB and canker research. In 2007-2008, the
FCPRAC, the state of Florida, and the FDOC, spent $1.5, $3.5, and $2 million, respectively, for
HLB and canker research. In June of 2008, the newly launched Florida Citrus Advanced
Technology Program (FCATP) issued an Request for Proposal (RFP) which resulted in 205
proposals. These proposals were reviewed by National Research Council-appointed panels. The
FCATP awarded over $16M to the funded projects. Currently, the management of industry-
connected competitive research grants program is the responsibility of the newly formed Citrus
Research and Development Foundation (CRDF). An important goal is improved coordination of
research funding and research project monitoring (Recommendation O-2).

Chapter 5 of the full report provides an extensive explanation and comparison of four models
for support of research and development that may be useful in considering how to fund the
needed research. These are research grants, sponsored research, contract research, and
inducement prizes. Each of these models has advantages and disadvantages for advancing
particular research or development project.
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The incursion of HLB has been more effective than any prior event in bringing industry,
government, and universities together in the defense of citrus production in Florida. Local, state,
and international meetings have been organized. Attendance at such meetings has been excellent,
and growers have had numerous opportunities to become current on HLB and recommended
practices. Information transfer can be further enhanced by increased use of website-accessible
data banks (Recommendation O-3) and an annual international research meeting strategically
planned to maximize the possibilities for synergistic interactions among research groups and
information transfer among stakeholders (Recommendation O-5).

Various advisors hold differing views on the best management practices for HLB. There has
not always been a consensus, particularly with regard to the urgency of efforts in discovery and
removal of HLB-infected trees. Nonetheless, there is a general recognition of the need to develop
regulations that meet the needs of the entire industry without excessively burdening any segment.
The Citrus Health Response Program (CHRP) was initiated by the USDA and FDACS, with
considerable input from the University of Florida and industry groups. Although aspects of
CHRP regulations were considered to be onerous, especially for the nursery industry, the current
system of production of all citrus trees in screened enclosures is one result of this effort that has
benefited everyone in the industry.

A more complete understanding of the already realized and the potential economic impacts
of HLB, and of alternative approaches to dealing with the HLB problem, is needed. More
complete knowledge of economic impacts will allow fine-tuning of research priorities for the
urgent task of keeping the citrus industry viable, while new approaches to longer term HLB
mitigation are being advanced (Recommendations O-4 and In-3).

Actions Needed to Enhance the Current Management of Huanglongbing in Florida

There is reason to be optimistic about the prospects of a future Florida citrus industry that
will rely on sustainable methods for HLB mitigation not available at present, but likely to be
developed using the concepts and technology of modern biology. In the meantime,
Recommendations O-1, In-1, In-2 and NI-1 have a high priority because of their potential for
sustaining production until the to-be-developed approaches can be implemented. Citrus Health
Management Areas (Recommendation O-1) should be created to facilitate and coordinate control
of ACP and removal of affected trees, both in commercial orchards and in residential areas
(Recommendations In-1 and In-2). These areas are envisioned to be 10,000-50,000 acres
consisting of regions with similar levels of HLB incidence. Each management area would be
charged with dealing with threats to citrus production by mandating best management practices
for clean-up of abandoned HLB-affected orchards, designing and implementing compensation
plans, coordinating area-wide psyllid sprays, and reducing risk from infected urban citrus. Area-
wide insect control strategies should utilize “window” strategies where only certain classes of
insecticides are permitted during specific periods to minimize the development of resistance.
Recommendation NI-1 is intended to empower Recommendation O-1 by promoting more
integrated efforts to improve the practices for insecticide control of ACP: (i) improving the
surveillance methods for ACP, (ii) registering new insecticides and developing new insecticide
application protols, (iii) developing pesticide application protocols informed by ACP behavioral
ecology and ACP (CLas transmission biology, and (iv) coordinating cultural practices with
insecticide applications.
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In addition, Recommendations NI-2 (identifying biological markers of infection) and NI-3
(creating test plots to validate biomarkers and new treatments) have the potential to greatly
improve the effectiveness of efforts under Recommendation O-1. The new approaches would
incorporate biomarkers specific for CLas infection and instrumentation designed to efficiently
detect those biomarkers, e.g., plant volatiles analyzers, optical tree analyzers, plant tissue-
inserted electrochemical probes. These and other research approaches that can enhance HLB
management in the short-term are discussed in the Summary section on Essential Research
Directions.

Actions Needed for the Sustainable Management of Huanglongbing in the Future

The consensus approach to the long-term management of HLB is to deploy citrus lines
resistant to CLas and ACP, which can be accomplished in principle by: (i) classical genetics and
conventional plant breeding, (i) genetic transformation to produce transgenic plants, or (iii)
introduction of a bacteria- or virus-derived DNA vector bearing a resistance gene of interest. At
this time, conventional plant breeding is unlikely to deliver resistant varieties because many
commercial citrus species lack a functional breeding system and no genetically compatible
source of resistance has been found. This situation renders genetic engineering (options ii and
ii1) as more viable for developing citrus with resistance to CLas and/or to ACP (Recommendation
L-1). A variety of research projects can support achieving this long-term goal, such as
completing the sequencing of the sweet orange genome (Recommendation NI-4), the genomes of
CLas and ACP (Recommendations NI-6 and NI-11), and exploring the potential to use RNA
interference to suppress the psyllid (Recommendation NI-9). These are elaborated further in the
section on Essential Research Directions.

Should HLB become unmanageable in Florida with current production approaches, it will be
necessary to grow citrus differently in the future. Recommendation NI-8 encourages the
exploration of new advanced citrus production systems employing high density plantings or
screen houses or both, These production systems may be able to reduce infection rates or
compress and enhance the citrus production cycle so that economic return can be realized before
losses to HLB dominate. The economic viability and manageability of these systems over the
long term also need to be investigated (Recommendation O-4).

ESSENTIAL RESEARCH DIRECTIONS

Discussed below are some of the Committee’s specific recommendations aimed at enhancing
the response to HLB and improving the mitigation of HLB through the use of various scientific
approaches and technologies.

Improving Detection of Huanglongbing

Detection of CLas-infected trees for removal is based on visual scouting for HLB symptoms
and discovers only symptomatic trees. Often the presence of CLas is confirmed by polymerase
chain reaction (PCR) analysis. HLB-infected trees are pulled or cut down, followed by stump
treatment to prevent the appearance of infected shoots. If more than a few percent of the trees in
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a grove must be removed each year, production will not be sustainable, at least under present
conditions of citrus culture.

If CLas-infected trees can be detected and removed sooner than visual scouting allows, the
numbers of inoculative ACP likely will be reduced significantly due to reduced period of ACP
access to infected trees, fewer infected trees and parts of trees, and reduced average CLas titer in
the trees. Biomarkers are changes in biochemical, physiological or physical properties of an
organism that are indicative of specific biologic states, e.g., asymptomatic CLas infection.
Recommendations NI-2 and NI-3 promote a multidisciplinary search for CLas-infection
biomarkers in citrus. Biomarkers may be discovered (i) by direct analyses for changes in the
prevalence of specific nucleic acids, proteins, other macromolecules or small molecules,
including tree volatiles, or in tree optical signals, or (ii) by bioinformatic analysis of changes in
gene expression, to predict infection-specific metabolic alterations.

Improving Suppression of Asian Citrus Psyllid Populations

Several factors challenge efforts to suppress ACP populations in Florida. Compared to
temperate climate areas, Florida’s sub-tropical climate allows more generations of insects to be
produced and hence requires more intensive management practices. Citrus is a perennial crop,
and CLas multiplies in ACP, which can then efficiently inoculate the bacterium for life.

Can biological control of ACP work to reduce HLB disease progress? ACP in Florida is
attacked by many generalist predators and a number of hymenopterous parasitoids but most
effectively by coccinellid beetles. Classical biological control of ACP has been applied in Florida
with the release of the tiny wasp parasitoid Tamarixia radiata. This parasitoid became
established, but with little affect on ACP. Introduced predators and parasitoids have suppressed
several long-established hemipteran species (aphids, whiteflies, and scale insects) over decades
in Florida. However, to reduce CLas transmission (i.e. acquisition and inoculation) requires more
severe reductions in ACP populations than has been seen for other hemipterans. The only report
of successful HLB mitigation through biological control was accomplished in Reunion Island, a
small, non-continental landmass, unlike Florida. Thus, biological control alone is not likely to
reduce ACP populations sufficiently to provide HLB mitigation.

To date, significant reductions in psyllid populations have been achieved in Florida only
through the application of insecticides. Recommendations for ACP suppression, based on
research, are published in an annual University of Florida management guide. This guide
influences grower management practices. However, growers often experiment as well, leading
to variable practices in orchards. Presumably, implementation of Recommendation O-1 would
result in more uniform practices.

The principles of integrated pest management (IPM) are becoming and should become more
influential. There are continuing efforts to improve the monitoring of ACP populations, by
employing new insect traps, sentinel plants, and strategies for monitoring pest movement through
mark and recapture experiments. Generally, production managers are aware of the increasingly
important and potentially adverse consequences of inappropriate application protocols and
frequent insecticide sprays, including farm worker exposure, the development of resistance to
insecticides, reduction in numbers of beneficial insects, and contamination of groundwater.
Additionally, the economics of heavy reliance on insecticides must be carefully examined and
compared with other methods of control. These comparisons should address not only production
costs, but also other costs such as potential harm to the environment (see Recommendation O-4).
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Psyllid females strongly prefer to lay eggs in the new flushes of growth that are produced by
all citrus, but occur on young trees throughout most of the year. Insecticide applications can be
timed to protect flushes, whether they occur as the result of the natural growth cycle of citrus or
because of tree hedging operations. Young trees require aggressive ACP suppression involving
the soil-applied systemic insecticides aldicarb or imidacloprid. Other recommendations take into
account the relatively low psyllid populations that occur during winter, when broad-spectrum
foliar sprays may be applied to mature trees to suppress populations of overwintering adults.

Production managers and researchers are actively testing modifications to current
approaches. Low-volume spraying is gaining widespread use; it allows application of products to
large areas in a short time, which is a central component of area wide management approaches to
HLB mitigation (Recommendation O-1). New active ingredients and adjuvants are being
examined for their ability to provide more effective and more environmentally friendly ACP
suppression.

The reservoir of scientific knowledge of psyllids has expanded since the discovery of ACP in
Florida in 1998. However, additional knowledge about the behavior of and chemical
communication by ACP, infected with CLas or not, has potential for revealing points at which
the disease cycle might be interrupted (Recommendation NI-7 and L-3). Data support the
existence of female sex pheromone(s) and plant volatile attractants. Several observations suggest
that specific chemical compounds can attract or repel ACP and could be used in strategies which
direct ACP to congregate at sites where their destruction could be more easily accomplished.
Knowledge of the ACP and CLas genomes (Recommendations N-11 and NI-6) may contribute
significantly to acquiring and interpreting the needed new information. Information on CLas
effects on ACP and CLas transmission rates underlies predictions on HLB spread and other HLB
investigations. However, this information is very limited, and current estimates of transmission
rates vary widely.

Methods that potentially could be applied to ACP suppression include the sterile insect
technique (SIT) and related genetic technology that would involve release of reproductively
debilitated ACP males. However, the dense populations achieved by ACP, the serial mating
behavior of ACP females, and the lack of methods for mass rearing of ACP all speak against the
possibility of HLB mitigation by altered ACP release. Therefore, Recommendation L-4
advocates limited or no investment in SIT and ACP genetic technology at this time.

Genetic Transformation of Mature Citrus Tissue

Many protocols for citrus transformation have been published, most initiated from juvenile
citrus tissue. For a practical citrus-transformation program with a reasonable time to creation of
productive stock, methods for the transformation of mature citrus tissue, or an equivalent process
using altered juvenile tissue, will probably be required (Recommendation L-1).

Once a system for citrus transformation is developed, several transgenic mechanisms for
citrus resistance become possible. Expression of anti-Clas agents is one mechanism. A potential
source of anti-Clas agent is the various anti-bacterial peptides produced by both microbial and
higher organisms. Many of these peptides are well characterized as to their target and specificity.
Various proteins and peptides with specific insecticidal activity could be produced in citrus from
transgenes. Systemically acquired resistance (SAR), which is the activation of a systemic defense
reaction in a plant, is also currently being exploited by both chemical and transgenic approaches.
Another approach has ACP as the target and applies the phenomenon of RNA silencing (see
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Recommendation NI-9) activated by double-stranded RNAs that would be phloem-delivered in
the transgenic plant to adversely affect feeding insects.

A Plant Virus-Derived System for Gene Expression in Citrus

The Citrus tristeza virus (CTV), itself a significant pathogen under certain but avoidable
circumstances in Florida, has been modified by the laboratory of W.O. Dawson of the University
of Florida to create a virus gene-expression vector. Unlike almost all other virus-based vector
systems for gene expression in plants, some of the CTV vector constructions were found to
maintain gene expression for more than 6 years rather than for days or weeks. The usual
application for a transient expression vector such as CTV is as a test bed for evaluating gene
constructions intended for later use as transgenes. However, the longevity of expression shown
by CTV constructions could allow direct application of this technology to confer commercially
useful resistance to CLas and to do so in significantly less time than would be required for
creation and deployment of a resistance gene in genetically transformed citrus.

Whether new genes are introduced by citrus transformation or by application of a CTV
vector, there will be requirements for field testing and to satisfy regulatory requirements. There
will also be intellectual property considerations derived from the gene constructions or
transformation methods used. These are time-consuming and costly steps that must be taken after
the particular approach and construction have passed the proof-of-concept stage. However, there
is another important hurdle: public acceptance, which will require public education.

Prophylactics and Therapeutics

A few current research projects aimed at mitigating HLB use model systems that do not
include citrus or CLas or ACP in experiments, or may include only one of them. None of the
three, citrus, CLas or ACP, is an easily tractable experimental subject. As the text for
Recommendation NI-5 describes, high throughput assays have been or can be developed that use
multi-well plates to contain infected or uninfected seedlings or plant stem sections, individual
insects, or individual bacterial cultures. Genome sequence information (Recommendations NI-4,
NI-6 and NI-11) may guide the selection of chemical libraries to be screened in the multi-well
plates in a quest for new bactericides or other therapeutic agents, or prophylactic agents, for use
in HLB mitigation (Recommendation L-2) or for the discovery of ACP repellents. The screening
and testing of such agents would be materially assisted if in vitro culture techniques for CLas
were available (Recommendation NI-10). A model system could be the most direct route to an
anti-CLas spray that could protect existing plantings, i.e., a so-called “silver bullet.”

CONCLUSION

HLB is the latest, and most serious, challenge that nature has presented to the Florida citrus
industry. A successful response will require acceptance of the urgency of the situation and
willingness to cooperate and persist in managing the disease in the near- and mid-term while new
solutions are being developed and implemented. The HLB problem requires an unprecedented
degree of cooperation among producers, processors, government officials, and scientists, and of
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course among their respective institutions. However deficient is our current arsenal for fighting
HLB, the potential for progress against this disease remains distinctly hopeful.
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Introduction

The devastating symptoms of a disease of citrus had been recorded in the late 19th century in
China. These symptoms were usually attributed to nutritional problems. The disease was further
reported in various parts of Asia and Africa. In the 1950s, the Chinese researcher K. H. Lin
showed the disease to be the result of a transmissible agent. However, all of these observations
and research results were virtually unnoticed by researchers in the West at the time of their
publication. The disease is commonly referred to in the United States as “citrus greening”. Citrus
greening is also known as huanglongbing or HLB; huanglongbing is translated from Chinese as
“yellow shoot disease”. HLB became generally recognized as a threat to the citrus industry in the
1960s and 1970s, the period in which a bacterial etiology for the disease was suggested from
electron microscopy studies and its transmission by a small insect, any of several species of
psyllids, was documented. One of these psyllids, the Asian citrus psyllid (ACP), was discovered
in Florida in 1998, and in 2005 symptoms of HLB were observed by scouts in urban plantings in
southeastern Florida. Both the ACP and HLB rapidly spread into the commercial citrus growing
areas of Florida.

Florida citrus is recognized as an industry that has been assaulted by hurricanes and freezes,
numerous diseases and pests, shortages of water, and urban encroachment. In this panoply of
threats, citrus greening is recognized as the greatest threat, a threat to the very survival of the
industry.

BACKGROUND

In early 2008, the Florida Department of Citrus (FDOC) requested the assistance of the
National Academy of Sciences (NAS) in addressing the citrus greening problem in Florida. The
NAS was asked to convene a panel of experts, with the charge of identifying research priorities
for citrus greening (HLB) and creating a request for research proposals (RFP) based on the
identified research priorities. The NAS was also requested to review and evaluate, for scientific
and technical merit and feasibility, the proposals that would be submitted in response to the RFP.
The panel of experts met in April of 2008 and identified research priorities. The National
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Research Council (NRC) of the NAS developed a list of eight subject areas under which research
proposals on HLB could be considered and identified potential review panel members for each.
The review panels were appointed, and during the fall of 2008 the review panels met in
Washington, D.C., each panel evaluating the corresponding set of proposals. Subsequently, a
new panel composed of the chairs of the individual panels and the chair of the new panel, who
had not participated in the initial process, evaluated all of the proposals. In December of 2008,
the new panel submitted a list of research proposals that were deemed worthy of funding for
consideration by the FDOC, which had allocated $20 million for research on citrus HLB and
other serious citrus diseases.

PURPOSE AND SCOPE OF THE STUDY AND THE FORMATION OF THE
COMMITTEE

As part of its request for assistance with the citrus HLB problem, the FDOC also asked the
NAS to assemble and support a study committee that was assigned the task of developing a
strategic plan for dealing with the citrus HLB problem. The strategic plan is to deal with the
near-term mitigation and research efforts and, in the longer term, organizational and technical
approaches to reducing the damaging effects of this devastating disease. The formal proposal to
develop the strategic plan was approved by the Executive Committee of the NRC’s Governing
Board on March 12, 2008. However, the Statement of Task was subsequently revised to include
recommendations for ways that the Florida citrus industry can improve its capacity to respond to
citrus HLB in a more comprehensive way. The revised Statement of Task, as approved in March,
2009, may be found as Appendix A of this report. In April of 2009, the NRC formed the
Committee on Strategic Planning for the Florida Citrus Industry: Addressing Citrus Greening
Disease (Huanglongbing). Biographical information on the committee members is presented in
Appendix B. Given the urgency of the citrus HLB situation in Florida, the study was placed on a
fast-track schedule for completion in early 2010 rather than allowing the usual 18 months or
more for completion of a NRC committee report.

CHARGE TO THE COMMITTEE

The Committee was asked to examine the following:

o The current citrus disease situation in Florida and the status of public and private
efforts to address citrus greening and other diseases; including lessons learned

. The capacity of the industry to mobilize a scientifically-based response to current
disease threats and to translate scientific advances into products and services for
the protection of Florida citrus industry in the short and long term

o The relationship of the industry to public, academic, and private research, and to
regulatory and funding organizations at the state and federal level, with respect to
controlling citrus greening and developing a comprehensive solution to citrus
greening and other diseases.
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COMMITTEE’S APPROACH TO THE STUDY

Part of the challenge to producing this report was the relatively short period given to the
committee to complete its task. This was due to the urgency of finding ways to manage citrus
greening before it becomes economically infeasible to produce citrus in Florida. The study began
with a consultation with representatives from the Florida citrus industry, representatives from
federal and state agencies, and the university research community, most of whom formed the
study’s liaison committee (Appendix C). The purpose was to get first-hand information on 1) the
impacts of citrus greening and the actions taken by citrus growers and 2) the ongoing regulatory
and research activities to address citrus HLB.

As part of the information-gathering phase, the committee also asked experts from different
scientific and technological fields to submit a short written report on a topic selected by the
committee. Based on the submitted reports, the committee selected a subset from the group to
meet with the committee in person or by telephone to discuss new research findings, promising
results, and technologies with potential application to the mitigation of HLB. Presentations were
given at the open session of the second Committee meeting in Washington, D.C. The committee
met a total of three times, once in Florida (May, 2009) and twice in Washington, D.C. (July and
September, 2009). Except for testimony collected from the selected experts, the meetings were in
closed session. A list of all oral presentations and speakers and sources of written statements are
given in Appendix D.

All of the members of the review panels, the strategic planning committee, and the liaison
committee were selected by the NRC. As indicated above, other experts who provided input
were selected by the committee. None of the people who served on the panels or committees or
provided testimony were remunerated for their service.

ORGANIZATION OF THE REPORT

This report, the result of a fast-track study, is composed of 5 chapters and 13 appendixes.
Chapter 2 provides a historical review of the citrus industry, citrus diseases and other constraints
on citrus production, and details on HLB, including the discovery of its infectious nature, likely
causal agent and insect vector and current methods for mitigating the disease. Some gaps in
research efforts are also indicated. Also examined in Chapter 2 are the roles of, and relationships
between, federal, state, university, and industry organizations with connections to citrus
production and processing.The focus of Chapter 3 is on research results related to HLB and their
possible applications in HLB mitigation. Prior to the invasion of HLB into Florida, published
research results on the bacterium and insect vector were few. Subsequently, there has been a
dramatic increase in publications on these topics. Chapter 4 presents the specific
recommendations of the Committee as they relate to organizational changes, informational
initiatives, and research and technology projects with near-term, near- to intermediate-term, and
long-term potential. An analysis of the factors supporting and not supporting the
recommendation is presented with each recommendation. Chapter 5 contains the Committee’s
recommendations for implementation of recommendations and a comparison of various models
for supporting and managing research. Preparing for the future of the Florida citrus industry is
also a topic of Chapter 5.
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Challenges to Citrus Production

ECONOMIC IMPORTANCE OF CITRUS: WORLDWIDE, UNITED STATES,
FLORIDA

Commercial citrus fruit are produced in about 140 countries. The primary producers are
Brazil, the Mediterranean Basin, the United States, and China. Citrus fruit ranks first
internationally in trade value among all fruits (Norberg, 2008; UNCTAD, 2009). Sweet oranges
are the major fruit grown and represent approximately 70 percent of the citrus output. According
to the Food and Agriculture Organization of the United Nations (FAOSTAT, 2007), four
countries account for about 60 percent of the worldwide orange production: Brazil (32 percent),
United States (14 percent), India (6 percent), and Mexico (7 percent) (Figure 2-1).

Four states, Florida (68.7 percent), California (27.5 percent), Texas (2.7 percent), and
Arizona (1.1 percent), produce virtually the entire US commercial citrus crop. Sweet oranges
dominate Florida’s citrus production (83.6 percent) followed by grapefruit (12.6 percent) and
specialty fruit consisting of mostly tangerines and tangelos. Florida produces very few lemons.

Two areas dominate the production of oranges for juice: Sdo Paulo State, Brazil (50 percent)
and Florida (35 percent) (Norberg, 2008). More than 95 percent of Florida’s orange production is
processed into juice, accounting for essentially all of the US orange juice production. China is
another major orange juice producer. Brazil exports about 90 percent of its juice production
including a considerable amount to the United States, whereas only 10 percent of Florida’s
production is exported internationally.

Important producers of sweet oranges for fresh consumption are Spain, Turkey, South Africa,
and California (United States). Fresh market oranges bring much higher returns per acre than
juice processing oranges. Mandarin production is concentrated in China, Japan, and other Asian
countries, but high quality export fruit is produced in South Africa, Spain, and other countries of
the Mediterranean Basin. Lemons are produced in Argentina, California, Italy, Spain, and other
Mediterranean countries.

Florida grapefruit is grown predominately for fresh fruit but a considerable portion of the
crop is processed for grapefruit juice as well. Florida is the largest US producer, commanding
about two-thirds of the total. Florida produces about 30 percent of the world’s grapefruit with
Mexico, Cuba, and Turkey contributing significantly to world production. Japan is the largest
importer of fresh Florida grapefruit and Canada is the leading importer of Florida fresh oranges
and specialty citrus fruit (USDA-APHIS, 2006; USDA-NASS, 2008, 2009).

17
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FIGURE 2-1 Worldwide orange production, percent total production, 2005-2007.
Source: FAOSTAT, 2007.

The Florida citrus industry is estimated to have a $9.3 billion economic impact for the state.
Approximately 80,000 full-time equivalent jobs (grove employees, seasonal pickers, haulers,
processors, packers, and managers) are involved, earning a combined annual wage of $2.7 billion
or about 1.5 percent of the state’s wage income. Most of the fruit is harvested by hand although
harvesting machines have been developed and are used for harvest of about 5 percent of the
processing fruit. Nearly all of the hand harvesters are transient labor, mostly from Mexico or
Haiti. Citrus is a major segment of Florida’s agricultural industry, accounting for an estimated
21.1 percent of cash farm receipts in 2005 (Norberg, 2008).

HISTORY AND EVOLUTION OF THE CITRUS INDUSTRY IN FLORIDA

Cultivation of citrus is believed to have begun in Southeast Asia roughly 4,000 years ago.
Trade and cultivation moved slowly west to Northern Africa, the Mediterranean, and then to
southern Europe by the Middle Ages. Christopher Columbus is thought to have brought the first
citrus seeds on his second voyage to the New World in 1493. The Spanish explorer, Ponce de
Leon, is credited with planting the first orange trees near St. Augustine, Florida sometime
between 1513 and 1565. French Count Odet Philippe first introduced grapefruit to Florida in
1806. He later planted the first grapefruit grove near Tampa in 1823 (Webber et al., 1967,
Florida Citrus Mutual, 2009; UNCTAD, 2009).
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Commercial farming of citrus in Florida began in the mid-1800s, motivated by favorable
growing conditions in Florida and a growing demand for the attractive, healthful fruit. The
fledgling industry’s growth was facilitated by improved commercial rail transportation systems
along the east coast that opened the market for the fruit to northeastern United States. By the end
of the Civil War, annual citrus production in Florida reached roughly one million boxes. By
1893, production was about 5 million boxes.

Florida’s hot and humid climate has made the success of its citrus industry possible, but
periodic winter freezes and hurricanes have shaped the industry’s development. The Great
Freeze of 1894—1895 proved devastating. Orchards throughout the state were ruined and most
production on the Gulf Coast of other states was discontinued. A trend to move groves further
south in Florida followed this freeze. This gradual movement south has continued following
subsequent severe freezes mainly in the 1930s, 1960s, and 1980s, resulting in larger acreages in
south Florida and disappearance of most citrus from the more northerly counties. Hurricanes
have had an immediate negative effect on orange production. From August 2004 to October
2005, Florida was hit by four significant hurricanes (Figure 2-2). Based on figures from the US
Department of Agriculture- National Agricultural Statistical Service (USDA-NASS) (2005), the
2003-2004 season saw a near record orange crop of about 240 million boxes of fruit. But,
following the string of hurricanes, the figure for the 2004-2005 season was down to about 150
million boxes. For oranges alone, the decline in yield after the hurricanes was 38 percent (Table
2-1).

In contrast to California fruit, Florida oranges have a thinner skin, are more difficult to peel,
are more subject to transit and handling damage, and are less attractive. These factors become
irrelevant when the fruits are converted to juice. Processing into juice takes advantage of the
characteristic “juiciness” of Florida fruit brought about by the state’s hot, humid climate. The
earliest harvest of fresh market oranges begins in October, for Hamlin, Parson Brown,
Ambersweet, and Navel varieties with some cosmetic packinghouse eliminations being
processed for juice. The bulk of the early orange processing begins in December. Early and mid-
season varieties are harvested throughout the winter and harvest of late Valencia oranges begins
in early April and continues into June.

Following World War II, commercially feasible methods to process and freeze fresh fruit into
concentrated juice were invented. This was a major boon to the industry, especially in Florida.
Frozen juice has an extended shelf life that permits the storage of inventory to smooth out
variable seasonal supply due to adverse growing conditions caused by droughts and hurricanes.
The use of frozen concentrate permits blending of juice stock to provide consumers with a
consistent high quality product. The convenience of a juice form also increases consumption
over what it would be if only fresh fruit were available. More recently, shipping and handling
methods have improved and fresh juice can be transported without producing frozen concentrate
and “not from concentrate” products have become a popular product in the United States
(Brown, 1995).

Brazil, specifically Sao Paulo State, is Florida’s key competitor in the juice market. The
Brazilian coffee crisis of the 1930s led to the shift toward citrus production. The crisis was
caused by a huge oversupply of coffee beans brought about by government price support
programs that actually contributed to further cultivation of trees thereby exacerbating the
oversupply. The worldwide Great Depression sharply reduced demand for coffee in the 1930s.
Brazil entered into a period of political and economic instability that, in combination with
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Table 2-1 Impact of 2004—2005 Hurricanes on Florida Citrus Crop Yield (Number of Boxes)

Fruit

2003-2004 20042005 Percent Decline

Orange

242,000,000 149,600,000 38

Grapefruit 40,900,000 12,800,000 69
Specialty 8,900,000 7,000,000 19

Source:

USDA-NASS, 2005.
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reduced demand, led to a collapse in coffee prices paid to growers. Growers shifted to citrus and
this began a period of growth for this crop. Growth in the 1960s was particularly steep as Brazil
ramped up production in response to freezes in Florida that destroyed orchards and seriously
affected supply. Brazil set out to be a source of alternate supply to fill the existing demand for
citrus products in the United States and Europe. By the 1980s, Brazil had become the largest
supplier of citrus fruit and juice.

Urbanization and diseases have been critical factors in the recent history of the Florida citrus
industry. According to the 2000 US census, Florida ranks seventh in the US in population growth
(23.5 percent) from 1990-2000, almost double the US average of 13 percent, and corresponds to
a daily population growth in Florida of 830 (US Census Bureau, 2009). The housing boom over
the past few decades, now a burst bubble, led to rapid residential development in the state
especially near the coast. Developers purchased grove land at premium prices, by agricultural
standards, in part because acreage was plentiful and still relatively inexpensive for real estate.
Developed properties are taxed at a much higher rate than agricultural lands, so public officials
are disinclined to oppose the conversion of groves to residential and commercial development.
Urban encroachment means that many citrus-growing areas are no longer isolated. Current levels
of production and citrus acreage are sharply lower than the levels of the mid-1990s through 2004
(Figure 2-3 and 2-4). The number of juice processors has also declined sharply. There were 37
processors in Florida in 2001, but only 15 remained in 2008 (Norberg, 2009). The agricultural
alternatives for most citrus land are cattle pasture or pine forests, neither of which is highly
profitable, so growers have few options.
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FIGURE 2-3 Florida citrus production in tons and dollar value.
Source: USDA-NASS, 2008.
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Source: USDA-NASS, 2009.

Plant diseases such as citrus canker have had a negative effect on citrus production and
economics. The eradication program for citrus canker was responsible for the loss of 70,000
acres of groves, and the regulations on the movement of fruit from areas with the disease have
greatly affected the ability of the state to market fresh fruit. Over the last 20 years, Citrus tristeza
virus (CTV) caused the decline and death of most trees on sour orange rootstock, which
originally constituted 25-30 percent of the acreage in Florida, but most of that acreage was
replanted gradually as trees were lost.

The greatest immediate threat to both the processing and fresh fruit industries in Florida is
the recently arrived disease known as citrus greening or huanglongbing (HLB). Developing
measures for combating HLB is the principal topic of this report. The insect vector of the HLB-
associated bacterium in the Americas is the Asian citrus psyllid (ACP), which was reported in
Brazil in 1942, but was not reported in North America until it was found in 1998 in Florida.
Although it cannot be known whether small, unetected populations of ACP predated discovery, it
is clear that ACP was widely distributed by 2000, having been reported in 31 counties in the
state, so that eradication was no longer conceivable. The ACP reportedly arrived in Texas in
2001 on potted Murraya plants that originated from Florida (Mead, 2009). HLB itself was
discovered in Brazil in 2004 and in the Miami area of Florida in August of 2005. The origin of
HLB in Florida is unknown but may have been from budwood imported from Asia. The
exclusion of pests such as ACP and the HLB bacterium clearly would have been the most
effective control measure. Improving current measures for excluding pests and pathogens would
likely benefit Florida citrus, but pest exclusion is a topic beyond the scope of this report. HLB is
now present in all 34 Florida counties that have commercial citrus fruit production (FDACS-DPI,
2009), but is most prevalent in the southern areas of the state (Figure 2-5). The spread of HLB in
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Florida is considered to have occurred too rapidly to be accounted for by ACP flights, and it is
likely that long-distance spread of ACP occurred due to commerce or hobbyist activities
involving backyard and ornamental citrus. HLB is widespread in Brazil and many other citrus-

producing regions. HLB represents a serious threat to the citrus industry worldwide.
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FIGURE 2-5 Distribution of HLB in Florida from October 2005 to October 2009.
Source: FDACS-DPI, 2009.

It has been estimated that approximately 4,500 arthropod species have been introduced into
the United States and of this total, approximately 1,000 insect and mites have become crop pests
(Pimentel et al., 2000). Because of Florida’s geographic position in the United States, it is
subject to intense pressure from invasive species. Florida’s 1,350 miles of coastline, second only
to Alaska’s, provides easy access for pests that arrive by aerial movement or with humans from

ECOLOGY, CLIMATE, WATER AND FLORIDA CITRUS

Landscape Factors that Contribute to Pest Outbreaks in Florida
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tropical areas in the Caribbean, Central and South America where arthropods may reproduce
continuously without a winter break. Florida’s population of 18.3 million people places it 4™
among US states and with about 6 percent of the US total. This population receives shipments of
agricultural produce from around the world through the state’s large airports and seaports.
Despite surveillance by the US Department of Agriculture- Animal and Plant Health Inspection
Service (USDA-APHIS), these ports remain major entry points for new pests that threaten
Florida’s agriculture. Once in Florida, pests can be transported intra- and inter-state by
movement of propagative materials, foliage or soil and become established.

The 600,000 acres of commercial citrus in Florida currently is confined to the southern two-
thirds of the peninsula exclusive of the urban Miami area and the Everglades (Figure 2-6). The
highest point in Florida is only 345 ft in elevation. The flatness of Florida’s landscape facilitates
planting, harvest, and transport of agricultural produce but also results in a lack of natural
barriers to the movement of ACP and HLB, e.g., in storms. In the Central Ridge area, citrus is
planted on deep sandy soils. Citrus in southwestern and coastal areas is planted on “flatwoods”
which also have sandy soils, but are often very shallow with rooting depths of no more than 1
meter and contain some organic matter. In such areas, citrus is planted on raised, two-row beds
with ditching to avoid flooding in the summer rainy season. Displacement of citrus from
urbanized coastal areas has resulted in a larger proportion of the crop being at risk from frost
damage.

Urban encroachment on production areas means that even if commercial citrus producers use
effective management practices to control ACP in their groves, nearby residential plantings may
serve as a reservoir for ACP and HLB. Abandoned orchards and those that receive minimal care
serve as major sources of pests and diseases that may infest commercial orchards or nursery
stock. The slowing of home building recently has resulted in groves purchased for housing being
left undeveloped and becoming potential sources of ACP and HLB.

Climatic Conditions that Contribute to Pest Qutbreaks in Florida

Generally speaking, Florida’s sub-tropical climate and year round vegetation in and around
citrus groves allows a larger number of generations of insects to be produced and leads to more
frequent application of management practices, such as insecticides, than would be found in
temperate areas. This situation has potential negative consequences for farm workers and the
general environment. Accordingly, Florida also has cases of insect resistance to insecticides
(Omoto et al., 1995). Although resistance may originate in one particular location due to the
local management practices, such resistant insects may be able to move long distances. In
Florida, such long-distance movement occurs regularly because of hurricanes and summer
thunderstorms. From 1851 to 2008, there were 96 category-3 to 5 hurricanes that made landfall
on the eastern US coast (Texas to Maine). Thirty nine percent of these landfall events occurred in
Florida (AOML, 2009).

Water Use, Groundwater Protection, and Citrus Production

Water, once a cheap and plentiful resource in Florida, is becoming a precious and valuable
commodity for all sectors of Florida’s economy, including agriculture and tourism. Florida relies
on groundwater pumped from permeable aquifers underground to supply drinking water to more
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FIGURE 2-6 Citrus production areas in Florida.
Source: FGDL, 2007.

than 90 percent of its population (FDEP, 2009). Water consumption continues to rise and the
water levels in the aquifers continue to drop, sometimes leading to geological disturbances such
as sinkholes and saltwater intrusion into city wells (Hutson et al., 2004; Barnett, 2007). Much of
this increased consumption is due to urban activities such as the irrigation of lawns and golf
courses associated with the fast-growing housing developments throughout the state. However,
farms are also large water consumers, using nearly half of Florida's public supply (Barnett,
2007). Citrus is a tropical/subtropical crop; therefore it requires substantial irrigation when
grown in drier climes. Unlike other evergreen fruit trees such as avocado and mango, citrus trees
continuously replace their leaves as they grow. Further, citrus trees have a relatively shallow root
system as compared to deciduous fruit trees such as apple and walnut. In Florida, depending on
soil type, root depths range from 18 inches in the coastal flatwoods to 11 feet in central Florida
(Boman and Parsons, 1999). Studies in Australia have shown that mature citrus may require 7—8
mega liters (ML) of water per hectare while young citrus plantings may require 2-5 ML per
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hectare annually (Falivene et al., 2003). Reducing irrigation by 20 percent or more resulted in
significant citrus crop losses. Citrus water requirements may be less in Florida than in Australia
due to Florida’s lower temperatures and higher humidity, but the requirements nevertheless are
substantial.

Despite relatively high rainfall, virtually all Florida commercial citrus has microsprinkler
irrigation systems installed to meet the crop water needs in the state’s soils, which are up to 95
percent sand (Reddy et al., 1992). Microsprinklers consume less water that the older overhead
irrigation systems they replaced. Drip irrigation is not effective in Florida’s very sandy soils,
except for young trees (Parsons and Morgan, 2004). Rainfall in Florida is confined largely to the
summer season and irrigation is most needed in the dry spring. In the summer months, citrus
grown in “flatwoods” groves has the opposite problem and requires good drainage to avoid
flooding.

The Florida Department of Environmental Protection (FDEP) has the primary role of
regulating public water systems and its responsibility for ground water is divided into two
individual programs—ground water protection and ground water regulatory (FDEP, 2009).
Citrus production is impacted by both programs. The FDEP requires permits to pump ground
water and controls the volumes that can be pumped at any time. The water is controlled by five
management districts that may impose restrictions as needed on residential, industrial, or
agricultural use. For groundwater protection, the FDEP has the responsibility for monitoring
fertilizer and pesticide levels in the water to make sure that they do not exceed the
Environmental Protection Agency (EPA) standards. Use of agricultural products, especially
pesticides, in sandy soils is particularly contentious, and is likely to become even more so now
that ACP and HLB are threats to the citrus industry. Some of the management practices in place
are of concern for water quality. As is stated in the University of Florida 2010 Florida Citrus Pest
Management Guide, “the only soil-applied insecticide that has been shown to provide any
reduction in psyllid numbers on large trees is aldicarb” (Rogers and Dewdney, 2010). Studies
conducted in the 1980s in the central sands area of Wisconsin demonstrated that aldicarb can be
found in wells (Rothschild et al., 1982) and follow-up studies suggested a health risk from
consumption of aldicarb-contaminated groundwater (Rothschild et al., 1982). Under Florida
conditions, aldicarb degrades relatively rapidly, but nevertheless has been found in some shallow
water wells (Jones and Back, 1984; Forrest and Chris, 1986). Thus, aldicarb is limited to
applications only in the dry season (November—April) and cannot be applied within 1000 ft of a
drinking water well. Although aldicarb use under the indicated conditions is regarded as safe, it
is desirable to rely on other methods and other insecticides for long-term control of ACP and
HLB, to minimize risks to human health and the general environment.

Other Environmental and Landscape Management Issues

Commercial citrus production is close to being a monoculture crop. However, herbicides are
applied only under the trees, leaving grasses and other plants in row middles and ditches with
considerable vegetation surrounding most blocks in flatwoods groves. Crop monocultures
facilitate mechanization of production and harvesting activities and allow specialization in
marketing. However, monocultures generally provide less biological diversity and thus tend to be
less ecologically stable than polycultures. Generalist natural enemies, primarily predators, are
usually less abundant in monocultures since they have fewer alternative hosts to sustain them
before the pests on which they can feed build up to damaging levels on the cash crop (Landis et
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al., 2000; Bianchi et al., 2006). Thoughtful habitat management and introduction of plant
diversity into a cropping system can help reduce pest populations and their damage on the cash
crop by providing natural pest enemies with resources such as nectar, pollen, physical refugia
and alternative hosts. There are many examples of “ecological engineering” tactics in annual
crops and a few in perennial crops as well (Gurr et al., 2004). Three examples are summarized
below, and described in more detail in Chapter 3..

Growers and researchers in Vietnam have noted that interplanting citrus with guava almost
entirely negated infestations by citrus psyllids and, as a consequence, the citrus trees remained
free of HLB (Stover et al., 2008; L. Stelinski citing unpublished report from Vietnam). Florida
scientists are exploring the use of guava and the underlying biochemistry of guava’s putative
capacity to limit or prevent infestations of citrus psyllids.

In New Zealand, buckwheat ground cover has been used to enhance the parasitism of a
leafroller insect, a major pest of grapes. Apart from enhanced biological control, mixed plantings
of crops may disrupt an insect's ability to locate or establish on a plant species (Price, 1984).

Trap cropping is the use of plant stands that are, per se or via manipulation, deployed to
attract, distract, intercept, retain, and/or reduce targeted insects or the pathogens they transmit in
order to reduce damage to the main crop (Shelton and Badenes-Perez, 2006). The trap crop may
be treated to suppress the “trapped” insect population.

DISEASES AND PESTS THAT THREATEN CITRUS PRODUCTION

HLB (Citrus Greening): Impact, History, and Disease Spread

Impact of HLB

HLB is a destructive disease, and probably is the most serious disease of sweet orange,
mandarin and grapefruit trees. It is destructive irrespective of rootstocks or whether the trees are
grafted or are seedling trees. The yield of affected trees is not only reduced considerably by
continuous fruit drop, dieback, and tree stunting, but also by the poor quality of fruits that remain
on the trees.

HLB epidemics take several years to reach high incidence levels. The temporal progress of
HLB incidence is dependent on (i) vector populations, (ii) extent of the inoculum reservoir, and
(ii1) age of the grove at first infection. The disease progress in the orchard can be relatively fast,
reaching more than 95 percent incidence in 3 to 13 years after onset of the first symptoms
(Catling and Atkinson, 1974; Aubert et al., 1984; Gottwald et al., 1991; Gatineau et al., 2006;
Gottwald et al., 2007a; Gottwald et al., 2009). Severe symptoms have been observed 1 to 5 years
after onset of the first symptoms, depending on the age of the tree at infection time and on the
multiplicity of infection (Lin, 1963; Schwarz et al., 1973; Aubert, 1992). As the disease severity
increases, the yield is reduced and makes the orchard production uneconomical in 7 to 10 years
after planting (Aubert et al., 1984; Aubert, 1990; Gottwald et al., 1991; Roistacher, 1996).

It is estimated that close to 100 million trees are affected by HLB worldwide. In the northern
and eastern regions of Thailand, 95 percent of trees were affected as of 1981. In the Philippines,
HLB reduced the citrus acreage by 60 percent between 1961 and 1970. In Java and Sumatra, 3
million trees were destroyed from 1960 to 1970, and Bali lost 3.6 million trees from 1984 to
1987. In the southwestern oases of Saudi Arabia, HLB had killed most sweet orange and
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mandarin trees by 1983. Reunion Island lost its entire citrus industry in the 1960s due to HLB. In
Sao Paul State, Brazil, where HLB was recognized in March 2004, close to 3 million HLB-
affected sweet orange trees have been removed since mid-2004 in the HLB-control program. In
Florida, where HLB was reported in 2005, intensive control measures were advocated but not
implemented, except for some notable private efforts. By 2008, the situation had become so
serious that the very existence of citrus is endangered. South Africa suffered devastating losses
due to HLB at the time when the insect vector of this disease was not yet seriously controlled
with systemic insecticides. Citrus was decimated in the northern part of the country (i.e. the
White River region) while in the Tzaneen region, citrus has been replaced by avocado; the Hazy
View area has lost 90 percent of its citrus; and many other regions are riddled with HLB (H. Le
Roux, Citrus Research International, Nelspruit, South Africa, personal communication).
However, since the late 1980s, when efficient control of the African psyllid was achieved with
systemic insecticides, HLB in South Africa has become much less aggressive than the HLB in
Brazil, Florida or Cuba. Because the African form of HLB is heat sensitive, the disease is severe
in cool, elevated areas, whereas in some dry, hot areas, the disease is mild or absent.

General reviews on HLB and its vectors have been prepared by Bové, (2006, 2009),
da Graga, (1991), da Graga and Korsten, (2004), Garnier and Bové, (1993), Gottwald et al.,
(2007), and Halbert and Manjunath, (2004).

History of HLB

In South China, in 1919, Reinking mentioned “yellow shoot” as a citrus disease of little
importance (Reinking, 1919). By 1936, the “yellow shoot disease” had become a serious
problem to which Kung Hsiang Lin, a phytopathologist at the South China Agricultural
University, devoted most of his activities from 1941 to the late 1950s. From his discussions with
the farmers in the Chaozhou district, Guangdong province, he learned that the disease had been
in the Chaozhou district since the late 19™ century and that the disease in South China probably
originated from that district (Lin, 1956b). Subsequently, similar diseases were reported in citrus
elsewhere in the world, e.g., in the Philippines in 1921, and in South Africa in the late 1920s.
However, observed symptoms were attributed to mineral deficiencies (Van der Merwe and
Andersen, 1937).

K. H. Lin was the first to report in 1956 that HLB is transmissible by graft-inoculation (Lin,
1956b). Professor A. Ciccarone, an Italian phytopathologist, published a report of Lin’s work in
1957 in an Italian journal of citriculture (Ciccarone, 1957). In spite of this report, Lin’s
achievements remained largely unknown in the western world. Transmission of South African
greening by graft-inoculation was reported nine years later, in 1965 (McClean and Oberholzer,
1965b). Transmission of the greening agent by the African citrus psyllid vector, Trioza erytreae,
was also published in 1965 (McClean and Oberholzer, 1965a). Transmission of the HLB agent
by the Asian citrus psyllid vector, Diaphorina citri, was reported simultaneously in 1967 in India
(Capoor et al., 1967) and in the Philippines (Martinez and Wallace, 1967).

Citrus in India has been known to suffer seriously from certain disorders resulting in low
production, twig dieback, slow death, and even sudden wilting. These symptoms were attributed
to “dieback”, and might have been observed by Roghoji Bhonsale (Capoor, 1963) in the 18"
century, as well as by Bonavia (1888) in Assam. However, “dieback in citrus is not a specific
disease” (Asana, 1958) and, over the years, many factors, including soil disorders, nutritional
deficiencies, twig fungi, and viruses such as CTV, were evoked to account for it (Capoor, 1963).
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Support for a connection between HLB and dieback came in 1966 from a survey on dieback in
all major citrus areas of India. Researchers concluded that dieback was caused by the “virus”
responsible for greening in South Africa (Fraser and Singh, 1968). Unquestionable proof for the
presence of HLB in India came in 1967 when successful transmission of the disease agent with
the Asian citrus psyllid was obtained (Capoor et al., 1967).

When first observed in South Africa in the late 1920s, HLB was referred to as “yellow
branch” in the western Transvaal and as “greening” in the eastern Transvaal. The term
“greening” prevailed and became the most common name of the disease worldwide. It refers to
fruits with abnormal coloration (inverse coloration) in that they are still greenish at the stylar
end, when the peduncular end has already turned orange/yellow; in normal fruits, coloration
starts at the stylar end (Figure 2-9). In the Chaozhou district of southern China, where a local
Chinese dialect was spoken, the disease was called huang long bing (“bing” meaning disease,
“long” meaning shoot [and not “dragon”], and “huang” meaning yellow). Yellow shoot is an
early, characteristic symptom of the disease and refers to the yellow color of the new flush of
growth on infected trees. K. H. Lin referred to this disease as “huanglongbing” (Lin, 1956a). For
these reasons, the International Organization of Citrus Virologists (IOCV) proposed in 1995 at
the 13" conference of the IOCV in Fuzhou (Fujian province, China) that the official name of the
disease be huanglongbing, and this proposal was accepted. Today, HLB is widely used for the
African, American, and Asian forms of the disease.

Other names of the disease exist: “likubin” in Taiwan; “blotchy mottle disease” in South
Africa, a very good name referring to the most characteristic leaf symptom (McClean and
Schwarz, 1970); in the Philippines, the names “leaf mottling” (Salibe and Cortez, 1968) and
“leaf-mottle-yellows” (Martinez and Wallace, 1968) also refer to leaf mottle, but lack the
important term “blotchy”; in India, “citrus decline” or “citrus dieback™ are unspecific names, as
disorders other than HLB are often involved in citrus trees affected by decline or dieback; “vein-
phloem degeneration” in Indonesia, draws attention on an important histological symptom.

Bacterial Agents Associated with HLB

Initially, it was thought that the HLB agent was a virus because of its graft transmissibility
(Lin, 1956b). In 1967, Doi et al. in Japan, showed that “mycoplasmas” (today referred to as
“phytoplasmas,” plant-infecting bacteria that lack cell walls) were associated with certain plant
diseases and that those diseases could be graft transmitted. Previous to this development,
mycoplasmas were known mostly as human and animal pathogens. Because of the discovery of
phytoplasmas, the presumed viral etiology of many plants diseases was re-examined, including
HLB.

In 1970, through the use of electron microscopy (EM), Lafleche and Bové reported the
presence of bacteria-like structures in the sieve tubes of HLB affected sweet orange seedlings
from Africa and Asia (Lafleche and Bové, 1970a, b). First described as mycoplasma-like or
having no cell wall, the bacteria-like structures were later on shown by Saglio et al. (1971) to
clearly possess a cell wall. Moll et al. (1974) in South Africa also drew attention to the similarity
between the cell-wall of the HLB-associated agent and Gram-negative bacteria (i.e having a cell
wall composed of an outer membrane and an inner peptidoglycan layer). The Gram-negative
nature HLB-associated organism was finally demonstrated in 1984 (Garnier et al., 1984a, b). .
Most HLB-affected citrus trees worldwide carry one of three recognized liberibacter species
designated as Candidatus Liberibacter africanus (CLaf), Ca. Liberibacter asiaticus (CLas), or
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Ca. Liberibacter americanus (CLam). However, in early 2007, a genuine plant mycoplasma, i.e.,
a phytoplasma, belonging to 16Sr group IX was detected in sweet orange trees in northern Sao
Paulo State (Teixeira et al., 2008a). Another HLB-associated phytoplasma, belonging to a
different group (16Sr group I) than the one detected in Sao Paulo State, has been identified in the
Guangdong province of southern China (Chen et al., 2009).

Phytoplasmas can be easily distinguished from the walled liberibacters by EM. The
symptomatic leaves from these trees in Sad Paulo tested negative for all three liberibacter
species, but were eventually found to be infected with a sieve-tube restricted phytoplasma which
has 99 percent 16StTDNA sequence identity with the pigeon pea witches’ broom phytoplasma
(group 16Sr IX) (Teixeira et al., 2008a). The insect vector of the HLB phytoplasma in Sao Paulo
State has not yet been identified. Crotalaria junceae plants, grown in between citrus rows for
soil improvement and showing characteristic witches’ brooms, have been found to be infected
with the HLB phytoplasma (Wulff et al., unpublished). Thus, a non-citrus host is probably the
source of phytoplasma inoculum on which potential insect vectors, such as leathoppers,
planthoppers or psyllids, may become infected and transmit the phytoplasma to citrus. In
summary, symptoms indistinguishable from those induced by CLas infection have also been
shown to be induced by specific phytoplasmas in the absence of CLas or other liberibacters.

Liberibacters and the phytoplasmas have not been available as pure (axenic) cultures. Thus,
the criteria for establishing causality (Koch’s postulates) could not be fulfilled, and it could not
be demonstrated that bacteria of either of these groups were indeed causal agents of HLB. In
general, the three liberibacters and the two phytoplasmas should not be called ‘agents”, “causal
agents”, or “pathogens” of HLB. Rigorously, they should be designated as “agents” or “bacterial
agents” associated with HLB. However, there is strong circumstantial evidence that these
associated agents, and in particular the liberibacters, are in fact etiological agents of HLB. The
term “Candidatus” preceding a Latin binomial name indicates that the corresponding bacterium
is not available in axenic culture and has only been associated with HLB by DNA sequence-
based and other techniques (Murray and Schleifer, 1994).

Because axenic cultures were unavailable in the 1990s, comparisons with known bacterial
16S rDNA sequences from data bases were employed to show that the Asian and African HLB-
associated organisms are indeed Gram-negative bacteria, and, more precisely, are members of a
new subgroup in the alpha subdivision of the Proteobacteria. Organisms in this subdivision live
in intimate association with eukaryotic cells and, in many cases, have the ability to survive and
grow within an arthropod vector. The HLB-associated bacterium fits this description remarkably
well because it grows in a specialized niche in its eukaryotic plant host, the phloem sieve tubes,
and is transmitted by two arthropod vectors, the citrus psyllids, 7. erytreae (the vector in Africa)
and D. citri (the vector in Asia), in which it circulates and replicates.

Because the HLB-associated bacterium was the first representative of a new subgroup in the
alpha-Proteobacteria, a new name was coined: “Liberobacter” from the Latin liber = bark and
bacter = bacterium (Jagoueix et al., 1994). Liberobacter was later replaced by Liberibacter
(Garnier et al., 2000a). The HLB-associated agent from Africa, CLaf, can be distinguished from
the agent in Asia, CLas, on the basis of temperature sensitivity (Bové et al., 1974), as well as
nucleotide sequence (Villechanoux et al., 1993), and serology (Garnier et al., 1991; Gao et al.,
1993; Jagoueix et al., 1994; Garnier et al., 2000b). Sequence identification of the region between
the 16S rRNA gene and the 23S rRNA gene (16S/23S intergenic region) has confirmed the
notion that the African liberibacter and the Asian liberibacter represent two different liberibacter
species (Jagoueix et al., 1997; Subandiyah et al., 2000).
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A third liberibacter species (American HLB-associated bacterium) has been identified in Sdo
Paulo State, Brazil, shortly after HLB was detected there in 2004. Comparison of the sequences
of the 16S rDNA and the 16S/23S intergenic regions of CLaf, CLas, and the American HLB-
associated bacterium indicated that the latter is a new species: Ca. Liberibacter americanus
(CLam) (Teixeira et al., 2005a; Teixeira et al., 2005¢; Teixeira et al., 2005d; Teixeira et al.,
2005b). Transmission by graft-inoculation to healthy sweet orange seedlings has been
demonstrated and EM observations showed CLam to be restricted to the sieve tubes. The host(s),
characteristics, distribution, and natural vectors of all three Liberibacters are shown in Table 2-2.
Liberibacter associated with non-citrus hosts. The potato zebra chip (ZC) disease, so-called
because chips from afflicted tubers exhibit stripes when they are fried, was first reported in
Mexico in 1994. Not long after that, in 2004, the disease was reported in Texas, near Pearsall
(Secor and Rivera-Varas, 2004). In recent years (2004—2006), ZC has become an economically
important disease in the United States and in Mexico, with losses amounting to millions of
dollars. Two reports released within months of each other, one from a group in California
(Hansen et al., 2008) and the other from a group in New Zealand (Liefting et al., 2009),
described the association of a liberibacter with ZC and another disease that occurs in tomato,
called psyllid yellows. Two names have been proposed for this liberibacter, Ca. Liberibacter
psyllaurous (Hansen et al., 2008) and Ca. Liberibacter solanacearum (Liefting et al., 2009); both
are transmitted by the potato/tomato psyllid, Bactericera cockerelli. B. cockerelli is associated
with diseases of solanaceous plants, tomato (Solanum lycopersicum), potato (S. tuberosum),
tamarillo (S. betaceum), capsicum (Capsicum annuum), chilli (Capsicum sp.), and cape
gooseberry (Physalis peruviana) in New Zealand (Liefting et al., 2009) and with the potato ZC
in the United States (Lin et al., 2009). The liberibacter associated with ZC is the first liberibacter
to have been described from non-citrus hosts and was found to have 95-97 percent 16S rDNA
sequence identity with the HLB-associated liberibacters. The names “Ca. Liberibacter
psyllaurous” and “Ca. Liberibacter solanacearum” are probably synonymous based on the
currently available 16S rDNA sequences from the National Center for Biotechnology
Information (NCBI), and are both included in the List of Prokaryotic names with Standing in
Nomenclature (last updated on March 6, 2010). However, names included in the category
Candidatus are not covered by the Rules of the Bacteriological Code (1990) (for naming new
bacterial taxa) since these are only candidate species not actual species. Accordingly, a name
included in the category Candidatus cannot be validly published. Therefore, the bacterium is best
referred to, at present, as “Ca. Liberibacter psyllaurus/solanacearum” (CLp/s). Citrus is not a
host of the potato/tomato psyllid. However, work by Garnier and Bové (1983) and Duan et al.
(2008), which demonstrated CLas transmission to, and symptom production in tobacco
(Nicotiana tabacum) and tomato using dodder (Cuscuta campestris, a parasitic plant), suggests
that there is the possibility that the liberibacter found in potato can also be dodder-transmitted to,
and can produce symptoms in, citrus (sweet orange). Once in citrus, CLp/s could be acquired and
inoculated by the ACP. In other words, it is not excluded that CLp/s might behave, once it gets
into citrus, as another HLB liberibacter.

Copyright © National Academy of Sciences. All rights reserved.



Strategic Planning for the Florida Citrus Industry: Addressing Citrus Greening

32

q “8600C “Te 12 Sungary

600T “Te 39 UI'T :800C
“Te 19 udsuey .00
‘J023S pue pejsawpno

800€ “Te 10 uen( 00T
“[e 19 IR (/661

‘661 “Te 30 X1onoJef
‘€661 ‘€861 ‘9rog pue
Toruren /61 “Te 10 9a0g

600T 'Te 3 sadoT (ap'q
®500T B 19 BIXIS,

©000C e 10 Joruren
$661 “Te 10 x1ono3de[

‘€861 ‘9A0g pue Jo1uIED

Ajqrssod-(prpjAsd
ojew0}/03e30d)
1]]2.19Y200
DA20142]ODG

(priAsd
ojewo0y/03e10d)
1]]2.42%202
DA20LI2IODG

(prAsd
SNNIO UBISY)
14310 vurioydoiq

(priAsd
SNNIO UBISY)
14712 vurioydi(y

(priAsd
SO UBOLY )
ova.4)A42 DZOLL]

pue[BdZ MON

eRWdIEND)
{SBXQT, ‘OJIXN

[Tzerg
‘epLo[ ‘erqery
Ipnes ‘eIsy

(pswryuooun)
euIy) ‘ueuny
{(sreran) seury
pue ojned

oes) [1zelg
Spues|
uorunay
‘snpunen
‘ensurudd
ueIqely ‘eolyy

snoe[[Asd
19)10eqLIdqQI] A119QaS000)  WINIBOOBUB[OS
SmIppIpun)) ade) ‘oqjuewre ‘oje10d 1910BqQLIdQI]
Se oues oy} A[OI'] ‘raddag ‘i) ‘orewo], snppIpuv)
oyejod ur oseasIp
diyo e1qoz sosned
{SNOBISE 19)0BqLIOQI]
SnIDpIPUD)) snone[Asd
yum AJLIe[urs 10JoBqLIOQIT
oouanbas 9,/ 6 sdoIo snooorue[0S snppIpuv)

SISO SN0JIBINI-UON WIOIJ SIIIeqLIdQI

Ioppop Aq (unjuajnosa

JSE-7€ 1@ 10218.42doo24T) oyetio}

OSBASIP SIsned ueId[o) pue (wnovgn) PUnIFOIIN) snoneIse

189y ‘oAne3ou-werd 0008q0) ‘QpyuImirad 19108qLIaqI]

{PAIOLNSAI AqNI-AAAIS 0} J[qIsstwsuen dds sn.ug1) SmIppIpun))

QATIISUDS SNUBOLIOWE

189y ‘oAne3ou-werd I9ppop Aq spurmrrad I0)0eqLIRQI]

‘paoINsSaI q3-0A91S 03 d[qisstwsuen) S dds sng1) SnIDPIPUD.)
(s1ps2duino

JADISUDS pInosny)) 1ppop Aq (snaso. snuedLye

180y ‘oAne3ou-werd snyjup.vyIv)y) puImLIdd 19)0eqLIdqQI]

‘PoIOINSAI 9qMI-9A1IS O3 d[qisstwsuen) S dds snig1) snIppIpuv)

$19)0BqLIIQIT PIILIOSSY GTH

SOOUAIRJY

10109 A\ TeImiEN

uonnquIsiq

SONSLIdIORIRY)) (shsoH juady

Surq3uoSueny YIm pajeIdossy Sjuddy [endoeg -7 A TdV.L

Copyright © National Academy of Sciences. All rights reserved.



Strategic Planning for the Florida Citrus Industry: Addressing Citrus Greening

33

(11891 dnois)
119)se ewse[dojAyg

SMIDPIPUn))

(SuopSuenn)) 0] poJe[al SSIl-[[Bm
6002 <'Te 30 uay)D BUIYD {pOIOLIISAT AqNI-OAJIS Nahilig) ewse[doiAyg

(X11891 dnois)

ewse[dojAyd wooiq

Soyoim ead uoa3id

M Anuapt oouanbos

600C T8 12 JInM (orneq %66 SeY :SSI[-[[em
0800 “'Te 10 BIIOXIQ ], umouy| 194 10N ueg) [izeig PAIOLIISAT 9QNI-OADIS paoun{ v1iv]o1o.4) SN ewse[dojAyd
d'TH WM pajernnossy ewse[dojAyd
SQOUQIJOY I0JO9A [eINIBN uonnqLisIq SONSLIdIORIRY)) (shsoH juady

Copyright © National Academy of Sciences. All rights reserved.



Strategic Planning for the Florida Citrus Industry: Addressing Citrus Greening

34 STRATEGIC PLANNING FOR THE FLORIDA CITRUS INDUSTRY

Transmission

HLB is readily transmitted (acquired and inoculated) by budwood or by insect vectors, i.e.,
the African psyllid, 7. erytreae (McClean and Oberholzer, 1965a) or ACP (Capoor et al., 1967;
Martinez and Wallace, 1967). Low efficiency seed transmission of CLas has been reported
(Zhou et al., 2008) but needs to be quantitated by further studies. Attempts at mechanical
inoculation by introducing sap from infected trees into test plants proved to be unsuccessful.
Graft inoculations of CLam with shoots, buds, bark from shoots or roots, and leaf patches has
been successful with varying efficiency, depending on the species and the size of the tissue used
(Lopes and Frare, 2008). Transmission by dodder from citrus to periwinkle, tobacco, and tomato
(Lycopersicon esculentum) has been demonstrated by Garnier and Bové (1983), Garnier and
Bové (1993), and Duan et al. (Duan et al., 2008), respectively.

Transmission by psyllid is considered as the primary mode of HLB spread in the field. The
following section provides a brief summary of what is currently known about ACP life history
and biology. More information can be found in a paper presented by Hall (2008) at the 2008
North American Plant Protection Organization (NAPPO) Workshop on Citrus Huanglongbing
and the Asian Citrus Psyllid (held in Hermosillo, Sonora, Mexico) and in a review by Halbert
and Manjunath (Halbert and Manjunath, 2004).

ACP description, life history, and biology

The ACP is 2.7 to 3.3 mm in length and has mottled brown wings and piercing mouthparts
(stylets) which are used to ingest phloem sap from young citrus stems and leaves. Adults resting
or feeding on leaves are found with their heads low and their bodies at a 45° angle with the plant
surface (Figure 2-7, A and D). They are active and are capable of jumping or flying short
distances when disturbed (Hall, 2008). The ACP life cycle includes an egg stage (Figure 2-7, B)
and five nymphal instars (Figure 2-7, C) which take 11-15 days to complete (Chavan and
Summanwar, 1993).

Oviposition and development of nymphs occur on young, tender flush leaves or shoots (Hall
and Albrigo, 2007). ACP developmental times vary with temperature, with 25-28°C as the
optimum temperature range for development (Liu and Tsai, 2000). Adults reach reproductive
maturity 2 or 3 days after emergence, and oviposition (egg laying) begins 1 or 2 days after
mating (Wenninger and Hall, 2007). Females were observed to oviposit throughout their lifetime
if young leaves were present. According to reports from Husain and Nath (1927), Pruthi and
Batra (1938), Tsai and Liu (2000) and Nava et al. (2007), the adult females are capable of laying
500 to 800 eggs or more over a period of two months. Studies by Skelly and Hoy (2004)
indicated that oviposition by adult ACP is influenced by temperature and by relative humidity;
exposure to 34° C for 5 days caused adult ACP to stop laying eggs and fewer eggs were
produced when relative humidity dropped below 40 percent (Skelley and Hoy, 2004).

Maximum adult longevity ranged from 117 days at 15°C to 51 days at 30°C (Liu and Tsai,
2000); survival was observed to increase with increasing humidity (McFarland and Hoy, 2001).
Very low temperatures have an adverse effect on ACP; 94 to 98 percent mortality was observed
in adults that were kept at -3.3°C (Ashihara, 2004). ACP development, longevity, and
reproduction also vary depending on the host species (Tsai and Liu, 2000; Fung and Chen, 2006;
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FIGURE 2-7 Asian citrus psyllid (ACP) life cycle. Clockwise from top left: A) ACP adult and
nymphs; B) eggs of the ACP; C) five nymphal stages of the ACP; and D) closer view of ACP
mottled brown wings and 45° angle with plant surface.

Source: (A) Courtesy of M. E. Rogers, Citrus Research and Education Center, Lake Alfred, FL;
(B, C, and D) Courtesy of David Hall, USDA-ARS-USHRL, Fort Pierce, FL.

Nava et al., 2007). Studies by Tsai and Liu (2000) showed that the psyllid developed faster on
grapefruit than on rough lemon, sour orange, or orange jasmine (Tsai and Liu, 2000).

Wenninger et al. (2008; 2009) observed that male and female courtship behavior includes
substrate-borne vibrational signals; they also found behavioral evidence that the female ACP
emits a sex pheromone (Wenninger et al., 2008). Mating, which is restricted to daylight hours
(Wenninger and Hall, 2007), has been found to occur multiple times with different partners
(Wenninger and Hall, 2008). Oviposition and other mobile activities of the psyllid were also
observed to occur only during daylight hours (Wenninger and Hall, 2007). Aubert and Hua
(1990) noted that flight activity is more pronounced during warm, windless, and sunny
afternoons between the hours of 4 and 6 pm. Research in Florida indicate that low numbers of
adults routinely disperse from citrus within distances of 8 to 60 m (Hall, 2008) with some
evidence for occasional mass migrations (Hall et al., 2008).
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Population fluctuations of ACP are strongly influenced by the availability of young citrus
flush, since eggs are laid only on young flush where nymphs hatch and develop. Large
infestations of ACP occur during late spring through midsummer, but outbreaks can occur at any
time of the year depending on warm temperatures and availability of young flush leaves (Hall,
2008). In India, Husain and Nath (1927) recorded nine ACP generations on citrus over a one year
period and they speculated that two or more additional generations can occur in warmer weather
with ample flush available.

ACP host plants

Halbert and Manjunath (2004) provide a list of plant species that are hosts of the ACP. The
psyllids can feed on many citrus species and citrus close relatives, but the preferred hosts are
Murraya paniculata (Orange jasmine, mock orange) (Aubert and Quilici, 1988) and Citrus
aurantifolia (Halbert and Manjunath, 2004). However, studies done by Tsai and Liu (2000) and
Tsai et al. (2002) did not show the psyllid’s preference between grapefruit and orange jasmine.
Continuous shoot growth by M. paniculata plays an important role in maintaining ACP
populations when citrus flush is not available (Tsai et al., 2002).

Vector-pathogen interactions

There are a number of reports on the transmission of Ca. Liberibacter spp. by ACP (Capoor
et al., 1974; Huang et al., 1984; Xu et al., 1988; Hung et al., 2004; Brlansky and Rogers, 2007)
that together support a horizontal (plant-to-plant), circulative-propagative transmission
mechanism. Nymphs appear to acquire the pathogen during later instar stages; adults emerging
from these nymphs can immediately inoculate trees with the pathogen. Studies by Xu et al.
(1988) indicated that the first, second, and third instars cannot inoculate the pathogen but the
fourth and the fifth instars are able to do so. Adults can acquire the pathogen with feeding times
ranging from 30 minutes to 5 hours (Capoor et al., 1974; Xu et al., 1988). Since nymphs have
limited mobility and spend their entire time feeding in one small area of a tree, they may be the
most important stage for efficient acquisition. The adult stage with its mobility, however, is the
stage which spreads the pathogen from tree to tree.

The transmission cycle of HLB includes the acquisition, retention (after a latent period), and
inoculation of the pathogen by the vector. In general, pathogen transmission by the vector occurs
during feeding and involves the bacteria traversing a complicated path through the vector.
However, the mechanism of pathogen transmission is poorly understood for psyllid-Liberibacter
interactions, and research is underway to decipher critical processes involved in this pathway.
After the pathogen is acquired, it multiples in the insect, and the vector remains infected
(inoculative) for life. It is reported that a latent period of up to 25 days occurs after acquisition
but before the adult can inoculate the pathogen (Xu et al., 1988; Hung et al., 2004). Capoor et al.
(1974), however, reported a latent period of only 8—12 days. ACP was shown to inoculate the
plant during a feeding period of 5 hr (Xu et al., 1988), but results derived from modern
techniques could alter this timeframe. Transmission of CLas is being investigated by electrical
penetration graphs to relate psyllid feeding behavior to both acquisition and inoculation (Bonani
et al., 2010). Investigations of transovarial transmission have so far given only negative results
(Capoor et al., 1974; Xu et al., 1988; Hung et al., 2004), and effects of CLas on the life-span or
fecundity of the psyllid have not been reported. Many early reports from Asia indicate low
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transmission efficiency (ranging from 1.3 to 12 percent) by ACP (Huang et al., 1984; Xu et al.,
1985; Xu et al., 1988). However, field infection rates of 50 to 70 percent have been observed in
young citrus groves in China (Xu et al., 1988).

ACP distribution

The ACP distribution is discussed in another section of this chapter (see Worldwide
Distribution).

Epidemiology

The ACP was first detected on Murraya in Palm Beach County, Florida in 1998 and became
widespread in Florida as a result of shipment of infested orange jasmine (Halbert and Manjunath,
2004). Murraya spp. has been shown to be a host of the HLB pathogen but its role or importance
in HLB epidemics is unknown. Based on observations of localized HLB secondary spread, much
movement is presumed to be of short distance. However, when HLB was first diagnosed in 2005
in coastal communities in Miami-Dade County, the disease was soon found in a commercial
grove some 90 to 150 km away. Gottwald et al. (2007) speculated that this could have resulted
from long range dispersal of infected psyllids. In any event, the pathway of long-distance
pathogen spread likely involves infected psyllids migrating from citrus to citrus as well as
hitchhiking on infested ornamental plants such as Murraya , its preferred host.

The epidemiology of HLB is difficult to assess due to the fastidious nature of the presumed
causal agent, its persistent/propagative mode of transmission by psyllid vectors, the long latent
period needed for symptom development, as well as variability of HLB symptoms due to
climate, horticultural practices and different citrus varieties. This often leads to disparate
observations in estimates of disease incidence. The recent use of polymerae chain reaction (PCR)
to accurately diagnose HLB infection in trees and psyllids has vastly improved this problem
(Gottwald et al., 2007) by its ability to confirm infection of asymptomatic or questionable trees.

Symptomatology

Symptoms of infected field tree

In sweet orange trees, the early stages of infection can be identified by the presence of one or
several characteristic “yellow shoots”. With time, the yellow shoots grow into larger yellow/pale
green branches. In South Africa, trees with large yellow branches are characteristic of HLB. In
later stages of the disease, the yellow branches take over the whole canopy, indicating that the
tree is fully (systemically) infected. In Sdo Paulo State, the “yellow branch” stage is less
characteristic of HLB (Bov¢, 2009). Affected branches may show one or several of the following
features: defoliation, twig dieback, presence of leaves with blotchy mottle (see below), mineral
deficiency patterns (zinc in particular), or uniformly yellow, presence of affected fruits, which
have a tendency to drop. Defoliation results in sparse foliage and an “open” type of growth. In
Brazil, Florida, and Cuba, many young orchards, because of abundant growth flushes, became
affected more severely than older orchards with fewer flushes. While many trees in these young
orchards were fully affected, other trees still had some symptomless sectors with well-developed
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green leaves, while the symptomatic sectors had yellowish leaves with severe zinc deficiency
patterns. Such trees, with symptomless sectors and symptomatic sectors, are most characteristic
of orchards being invaded by HLB. In fall and early winter, these trees have blotchy mottle
leaves, which may drop in late winter and make HLB diagnosis more difficult.

In mandarin trees, HLB is characterized by yellowing of all sectors of the canopy and severe
defoliation. HLB-affected Murcott tangor trees in Sdo Paulo State have pale green/yellowish
branches, undergo defoliation and show severe fruit symptoms.

Symptoms on leaves

One of the most characteristic symptoms of HLB, worldwide, is leaf “blotchy” mottle.
Leaves with blotchy mottle have several shades of yellow, pale green and dark green. These
shades blend into each other, and there are no sharp boundaries between the various shades of
color, hence the term "blotchy" mottle (Figure 2-8). Blotchy mottle is synonymous with HLB
and accompanies HLB wherever it occurs in the world. Zinc, manganese or magnesium
deficiencies also produce a blotchy mottle but with a symmetrical pattern on the two sides of the
leaf unlike the asymmetric pattern characteristic of HLB. The only other disease that produces
similar symptoms is lime blotch/wood pocket, a genetic disorder of Tahiti or Persian limes
(Timmer et al., 2000), and those symptoms occur exclusively on limes. With trees in early stages
of HLB, blotchy mottle may affect large, well-developed leaves, and may be the only leaf
symptom to be seen. In later stages, foliar symptoms of zinc deficiency will eventually develop,
and such leaves will remain small, and with time, the whole leaf blade may ultimately turn
uniformly yellow. Leaves may become thicker and leathery. Midribs and lateral veins are
sometimes enlarged, swollen, and corky. In Florida, yellow midribs are prevalent on HLB-
affected leaves.

FIGURE 2-8 Huanglongbing symptoms on citrus trees (left) and leaves on a branch (right).
Source: Photos courtesy of M. Irey, US Sugar Corporation, Clewiston, FL.

Blotchy mottle is most apparent on sweet orange leaves, but most other citrus species and
varieties also show it, including grapefruit, pummelo, citron, rough lemon, Citrus macrophylla,
Volkamer lemon, and sour orange. Leaves of lemon, Mexican lime, and Tahiti lime also show
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blotchy mottle, but of a type slightly different from that of sweet orange leaves, as the patches of
dark green tend to be much larger than in the case of sweet orange leaves. Blotchy mottle
symptoms also vary among the mandarin varieties that are grown in different regions of the
world.

Symptoms on fruit

HLB also produces characteristic symptoms on fruit, which are easily seen on sweet oranges but
are also observed on mandarins, tangors, pummelos, and many other species, hybrids or
varieties. In normal fruits, the orange color develops first at the stylar end, at a time when the
peduncular end is still green. On HLB-affected fruit, the orange color starts first at the
peduncular end, at a time when the stylar end is still green. Fruits affected by HLB also exhibit
orange-stained vascular bundles, are lopsided and are smaller than normal fruit, and have aborted
seeds (Figure 2-9). Juice from fruit displaying these symptoms is similar in quality to juice from
immature fruit. However, trees affected with HLB are also characterized by severe drop of
symptomatic fruits. Most symptomatic fruit either drops before harvest, is not picked, or is
eliminated by the sizing equipment. Therefore, under current conditions, HLB severely affects
yields of juice oranges but has not presented a significant quality problem for the juice.

Host Range

Non-rutaceous hosts

It has been demonstrated that the three citrus liberibacters can be transmitted to periwinkle
plants by dodder (Garnier and Bové, 1983; Bonnet, unpublished). Dodder-transmission of CLas
to tobacco (Garnier and Bové, 1983) and to tomato (Duan et al., 2008) has also been
demonstrated, indicating that CLas can infect solanaceous plants.

Sensitive species, varieties or scion-rootstock combinations (Citrus and Citrus relatives)

The most severe symptoms are found on sweet orange, mandarin, tangelo, and grapefruit,
followed by lemon, rough lemon, and sour orange. Severe fruit and leaf symptoms can be seen
on pummelo (Citrus grandis), even though this species is sometimes erroneously considered
more or less tolerant. Trees of small-fruited, acid lime (C. aurantifolia) are only slightly affected,
but clear-cut blotchy mottle symptoms can be seen on leaves. In many countries where HLB
occurs, CTV is also present and affects acid lime much more severely than does HLB. However,
the lime trees are severely affected by the ACP, which is a significant pest for lime trees.
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FIGURE 2-9 HLB symptoms on citrus leaves and fruit. Lopsided fruit with aborted seeds and
brownish vascular bundles (lower right).
Source: Courtesy of J. M. Bové, La Bréde, France.

The ornamental citrus relative, M. paniculata , shows leaf yellowing, defoliation and dieback
on branches when infected with CLas or CLam in Sao Paulo state (Lopes et al., 2005; Lopes et
al., 2006). M. paniculata was also found in Florida to be naturally infected with the CLas (Zhou
et al., 2007). Leaves of Clausena lansium (Chinese wampee) infected with CLas show leaf
mottle (Ding et al., 2005). Severinia buxifolia (Chinese box orange) is also a host of CLas (Hung
et al., 2000).

In the Western Cape Province of South Africa, Calodendron capense, an ornamental
rutaceous tree (Cape chestnut tree), showed blotchy mottle leaves, and was found to be infected
with a liberibacter. The new liberibacter was characterized as subspecies "capensis" of Ca. L.
africanus (Garnier et al., 2000a).

Symptomless species, varieties or scion-stock combinations

There are no citrus species, varieties or combinations that are immune to HLB; trifoliate
orange (Poncirus trifoliata) is said to be tolerant, but citranges may show leaf symptoms.
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Worldwide Distribution

For many years, HLB was restricted to two large geographical regions: Africa and Asia, with
the Arabian Peninsula between. At present, HLB occurs in the following regions of the world:
Asia, Southeast Asia, Oceania, Africa, Madagascar, Arabian Peninsula, Reunion and Mauritius
Islands, and America. The distribution of the HLB-associated liberibacters and the HLB insect
vectors are given in Table 2-3 and Figure 2-10.

In all countries in Asia, Southeast Asia, and Oceania, the HLB-associated agent and the
psyllid vector are temperature tolerant. Symptoms of Asian HLB occur at temperatures up to 32—
35°C, if not higher. In the African countries where HLB is found, as well as in Madagascar, the
disease and the African psyllid vector are only present in cool, elevated areas with temperatures
below ~30°C, as the African HLB-associated liberibacter (CLaf) and the African psyllid are both
temperature sensitive (Catling, 1969; Bové et al., 1974). The African psyllid is also severely
affected by relative humidities below 25 percent.

In Saudi Arabia, HLB and the ACP were present in the early 1980s in the western oases
along the Red Sea from Mecca down to the border with Yemen. In Yemen, HLB and the African
vector occurred only on cool uplands, the HLB-associated liberibacter and its vector being both
of the temperature-sensitive type. At the Saudi/Yemeni border, the two psyllid vectors were
found in the same orchards, and the two HLB-associated liberibacters, CLaf and CLas, were
probably present too (Bové and Garnier, 1984).

T. erytreae and ACP, as well as CLaf and CLas, were present on the two Indian Ocean
islands, Reunion and Mauritius (Garnier et al., 1996). On Reunion, CLas and ACP occur from
sea level up to ~500m. Above 500m, the CLaf and 7. erytreae predominate. On both islands,
some sweet orange trees carry both CLaf and CLas.

HLB has been present in the Americas since 2004. The countries where the disease occurs
are listed in Table 2-3. In some of these countries, the disease was presumably present for several
years before being reported. Ca. Liberibacter asiaticus is present in North and Central America,
and both CLam and CLas occur in Brazil, with ACP as the vector.

The ACP has been present in the Rio Grande Valley of Texas (United States) since 2001 and
in the Yucatan peninsula of Mexico since 2002. It quickly spread throughout Mexico, and, in
June 2008, it was seen in Tijuana, at the border between Baja California, Mexico, and California,
USA. By October 2008, it was detected in southern California along the United States/Mexico
border. In October of 2009, ACP was detected in the Los Angeles basin and in Orange County
(http://www.cdfa.ca.gov/phpps/acp/). It is present throughout the Southern United States,
including Texas, Alabama, Georgia, Mississippi, and South Carolina and has been recently
detected in Arizona. Table 2-3 lists regions that have the psyllid vectors but not HLB.

As of January 2009, HLB and two psyllid vectors have not been detected in the countries
around the Mediterranean Basin, as well as Australia, New Zealand, and North- and South-
Pacific islands, except that ACP is present on Hawaii and Maui.

Diagnosis

Diagnostic field symptoms. When HLB enters a region hitherto free of the disease, young
trees show symptoms earlier, are more severely affected, and have a more rapid disease
progression than adult trees. Young trees may be fully infected or still have some symptomless
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Table 2-3 Geographical Distribution of Huanglongbing-associated Liberibacters and their Insect

Vectors
Organism Countries Present References
AFRICA
Candidatus Burundi Garnier and Bové, 1996; Bové, 2006
Liberibacter Cameroon Garnier and Bové, 1996; Bové, 2006

africanus and
Trioza erytreae

Central African Republic

Garnier and Bové, 1996; Bové, 2006

Ethiopia Garnier and Bové, 1996; Bové, 2006
Kenya Garnier and Bové, 1996; Bové, 2006
Malawi Garnier and Bové, 1996; Bové, 2006
Nigeria Garnier and Bové, 1996; Bové, 2006
Somali Garnier and Bové, 1996; Bové, 2006
South Africa McClean and Oberholzer, 1965a
Swaziland Garnier and Bové, 1996; Bové, 2006
Tanzania Garnier and Bové, 1996; Bové, 2006
Zimbabwe Garnier and Bové, 1996; Bové, 2006
ARABIAN
PENINSULA
Yemen Bové and Garnier, 1984
INDIAN OCEAN:
Madagascar Island Bové, 2006
ASIA

Candidatus Bangladesh Bové¢, 2006

Liberibacter = pp)\ ¢ Bové, 2006

asiaticus and

Diaphorina Cambodia Bové, 2006

citri China Bové, 2006
East Timor Bové, 2006
India Capoor et al., 1967
Indonesia Bové et al., 2000a
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Organism Countries Present References
Iran Faghihi et al., 2009
Japan Miyakawa and Tsuno, 1989
Laos Bové, 2006
Malaysia Miyakawa and Tsuno, 1989
Myanmar Bove, 2006
Nepal Bové, 2006
Pakistan Bové et al., 2000b
Papua New Guinea Bové, 2006
Philippines Martinez and Wallace, 1967
Sri Lanka Bové, 2006
Taiwan Bové, 2006
Thailand Schwarz et al., 1973
Vietnam Bové, 2006
ARABIAN
PENINSULA
Saudi Arabia Bové and Garnier, 1984
AMERICA
Belize Citrus Growers Association pamphlet, 2009
Cuba Luis Pantoja et al., 2008
Dominican Republic Matos et al., 2009
Mexico NAPPO, 2009d
Puerto Rico NAPPO, 2009¢

Florida, United States Halbert, 2005
Georgia, United States NAPPO, 2009a
Louisiana, United States = Lemon and Harless, 2008

South Carolina, United NAPPO, 2009
States
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Organism Countries Present References
Candidatus Brazil Coletta-Filho et al., 2004; Teixeira et al., 2005a—e
leepbacter China (unconfirmed) Lou et al., 2008
asiaticus,
Candidatus
Liberibacter
americanus,
and
Diaphorina
citri
INDIAN OCEAN
Candidatus Reunion Island Garnier et al., 1996
leerlbacter Mauritius Island Garnier et al., 1996
africanus,
Candidatus ARABIAN
Liberibacter PENINSULA
asiaticus, Saudi Arabia/Yemen . .
Diaphorina border region Bové and Garnier, 1984
citri, and

Trioza erytreae

Diaphorina
citri

Argentina
Bahamas
Bolivia
Cayman Islands
Costa Rica
Guadeloupe
Honduras
Oman

Puerto Rico
Venezuela

Virgin Islands (St.
Thomas)

Texas, United States
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Vaccaro, 1994; Augier et al., 2006
Halbert and Nufez, 2004

Bové, 2006

Halbert and Nunez, 2004

Villalobos et al., 2005
Etienne et al., 1998

Burckhardt and Martinez, 1989

Al-Zadjali et al., 2008

Halbert and Nuiez, 2004

Cermeli et al., 2000

Halbert and Nuiez, 2004

French et al., 2001
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Organism Countries Present References
Hawaii and Maui, United Conant et al., 2007
States
Alabama, Georgia, NAPPO, 2008
Louisiana, Mississippi,
South Carolina, United
States
California, United States CDFA, 2009

Arizona, United States

NAPPO, 2009b

Trioza erytreae

Portugal (Madeira
Islands)

Spain (Canary Islands,
Tenerife, La Gomera, La
Palma, El Hierro)

United Kingdom (Saint
Helena)

PLANT Protection Service of Portugal, 1994—12

Gonzalez Hernandez, 2003

EPPO-CABI, 1997
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B Candidatus Liberibacter africanus and Trioza erytreae

B Candidatus Liberibacter asiaticus and Diaphorina citri

. Candidatus Liberibacter asiaticus, Candidatus Liberibacter americanus, and
Diaphorina citri

. Candidatus Liberibacter africanus, Candidatus Liberibacter asiaticus, Diaphorina
citri, and Trioza erytreae

B Diaphorina citri only
Trioza erytreae only

FIGURE 2-10 World distribution of Candidatus Liberibacter spp. and their insect vectors.
Source: Based on Table 2-2.

sector(s). In general, trees are not uniformly affected. Diagnosis of HLB in the field is based on
the characteristic symptoms that were discussed earlier in this section (see Symptomatology).

Biological indexing. Preferred indicator seedlings are sweet orange (such as Madam Vinous,
Pineapple, Hamlin) and tangelo (Orlando, Seminole) cultivars. Inoculation can be done with
budwood sticks, bark pieces, buds, and patches of blotchy mottle leaves from affected parts of
the candidate tree. However, transmission is not 100 percent successful, probably because of low
concentration and uneven distribution of the liberibacters, and 5 to 10 indicator seedlings should
be used for each source to be indexed.

Electron microscopy. From 1970 to 1990, transmission electron microscopy (TEM) was the
first and only laboratory technique for indisputable identification and confirmation of HLB and
has been widely used (Garnier and Bové, 1996). The reliability and specificity of TEM is based
on two properties of the HLB-associated liberibacter: (i) its exclusive location in the sieve tubes,
and (ii) the presence of a cell wall (Figure 2-11). In citrus, no bacterium other than the HLB-
associated liberibacters fit these criteria. However, TEM is a difficult and time-consuming
technique, and it cannot distinguish between African, Asian or American liberibacters, but can
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distinguish between the walled liberibacters and the wall-less HLB-phytoplasmas.

FIGURE 2-11 Electron micrograph of Candidatus Liberibacter sp. in the phloem of infected

citrus tree.
Source: J. M. Bové, La Bréde, France.

Serological diagnostic methods. Thirteen monoclonal antibodies (MA), specific for the
African or Asian liberibacters, have been produced (Garnier et al., 1991; Gao et al., 1993). The
use of these MAs for the detection of the HLB liberibacters by immunofluorescence on thin
sections has shown that each MA is very specific for the strain used for immunization and,
therefore, it is not advisable to use the MAs, either singly or in cocktails, for generalized
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diagnosis of HLB (Garnier et al., 1991). They have, however, been used for purification of the
liberibacter cells.

Molecular diagnostic methods. Today, molecular techniques, DNA hybridization and in
particular PCR, are the techniques of choice for HLB diagnosis. The plant DNA required for
these techniques is obtained from leaf midribs by such methods as the cetyltrimethylammonium
bromide procedure of Murray and Thompson (1980). If possible, leaves with blotchy mottle
symptoms should be used, as the liberibacter titer in these leaves is generally high (Teixeira et
al., 2008b). The molecular diagnostic methods that have been used to detect the presence of HLB
liberibacters include the following: DNA hybridization (see Villechanoux et al., 1992; Bové et
al., 1993; Villechanoux et al., 1993; Planet et al., 1995; Teixeira et al., 2008b), conventional PCR
(Jagoueix et al., 1996; Hocquellet et al., 1999; Teixeira et al., 2008b), nested PCR (Weisburg et
al., 1991), and quantitative real-time PCR (Irey et al., 2006; Li et al., 2006; Wang et al., 2006; Li
et al., 2007; Teixeira et al., 2008b).

Iodine-based starch test to assist in selecting leaves for HLB testing. Anatomical studies
conducted in the 1960s found "massive accumulation" of starch in leaf samples collected from
HLB-affected sweet orange trees. More recent studies have quantified starch accumulation in
HLB-affected leaves at six times more than healthy leaves. Starch readily reacts with iodine,
resulting in a very dark grey to black stain. Recently, a number of researchers from Vietnam and
Japan have been working to adapt this starch/iodine reaction into a diagnostic tool for HLB, and
they report up to 90 percent agreement between PCR analysis and starch tests with iodine.
Researchers at the University of Florida Institute of Food and Agricultural Sciences (UF-IFAS)
has not performed a similar correlation analysis, although studies are ongoing. An IFAS-
developed version of this test, how to perform it, the required materials, its potential benefits, its
limitations, and how to interpret the results has been reported (Etxeberria et al., 2007). The
purpose of the test is to assist in determining which leaves, with difficult-to-interpret symptoms,
should be submitted for PCR analysis. The test can be performed in the field but it does not
replace PCR.

Management

Antibiotic treatments. Immediately after the discovery in 1970 that HLB is associated with
a bacterium (and not a virus), tetracycline injections into the trunks of HLB-affected citrus trees
were tried in South Africa, and found to significantly reduce the incidence of symptomatic fruit
(Schwarz and von Vuuren, 1971; Schwarz et al., 1974; Moll and van Vuuren, 1977; Moll et al.,
1980). The control procedure was, however, stopped after a few years because tetracycline is
only bacteristatic and not bactericidal, requiring treatments to be repeated each year. After
several trunk injections, the antibiotic induced phytotoxicity in the injected citrus trees.
Tetracycline injections were used for some time in Taiwan (Su and Chang, 1974; Chiu et al.,
1979) and Indonesia (Supriyanto and Whittle, 1991) without appreciable results. Wholesale use
of an antibiotic in the orchard presents potential problems from development of antibiotic
resistance. Experimentally, penicillin was shown to give remission of HLB symptoms, and this
result supported the bacterial nature of the HLB agent (Aubert and Bové, 1980; Bové et al.,
1980).

Approaches to biological control of psyllid vectors. The ACP in Florida is attacked by
many generalist predators such as spiders, lacewings, syrphids, ladybugs, minute pirate bugs,
along with a number of hymenopterous wasp parasitoids. However, the natural enemy reported
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most effective in reducing psyllid populations were coccinellid lady beetles (Michaud, 2004),
including the larval and adult stage ACP predators Olla v-nigram (Mulsant) and Harmonia
axyridis. Classical biological control, defined as the introduction of natural enemies from the
pest’s region of origin, has been implemented in Florida for ACP control. The tiny wasp
parasitoids (so named because, unlike parasites, they always kill their hosts) Tamarixia radiata
from Taiwan and Vietnam and Diaphorencyrtus aligarhensis (Shafee et al., 1975) from Taiwan
were imported, reared and released against the ACP in Florida (McFarland and Hoy, 2001).
Apparently, only 7. radiata, a wasp that lays a single egg beneath the psyllid nympth and has
shown some success against ACP in the islands of Guadaloupe (Etienne et al., 2001), has
become established in the State (Michaud, 2002). However, there was little effect of 7. radiata
on the ACP population in Florida.

A critical finding from studies on psyllid parasitoids is that they substantially reduce
populations of the pest only if the introduced parasitoid is free of its hyperparasitoids (Aubert
and Quilici, 1984). To our knowledge, the only report of successful HLB mitigation through
biological control was accomplished on Reunion Island, where citrus production had been
essentially eliminated by HLB. Psyllid biocontrol was established by introducing two psyllid
parasitoids, Tamarixia radiata and T. dryi, without their hyperparasitoids. The fact that these
psyllid parasitoids were initially absent from the island was assurance that hyperparasitoids of
the psyllid parasitoids also were absent. A second reason for success on Reunion Island is the
ability of 7. dryi to parasitize, and multiply on, not only Trioza erytreae (a vector of HLB), but
also an additional psyllid, Trioza eastopi (not a vector of HLB), living on a very common
Reunion shrub, Litsea chinensis. Thus, sufficient populations of 7. dryi were maintained.
Orchards on Reunion Island were successfully replanted with healthy citrus (Aubert et al., 1996).
More detailed summaries of this project and other biocontrol efforts against ACP are provided by
Halbert and Manjunath (2004).

Biological control, applied alone, appears to have only limited capabilities for HLB
mitigation in Florida (Halbert and Manjunath, 2004). Citrus is a perennial crop and HLB has a
persistent/propagative relationship with the vector. This means that the pathogen multiplies in
the vector and an infected psyllid remains inoculative its entire life. Freedom from hyperparasites
and abundant alternative hosts for the parasitoids are conditions that are difficult to satisfy under
Florida conditions. Hence, keeping ACP populations below economic thresholds in the near term
is most likely best achieved by insecticide applications. However, many of the broader spectrum
insecticides are not compatible with biological control of ACP or other pest species. Increased
emphasis should be placed on efforts to incorporate insecticidal practices that are compatible
with biological control to ensure the long term stability of the system. Armored and soft scale,
whiteflies, mealy bugs, and aphids are normally under good biocontrol in Florida and require
only very limited insecticide applications. Continued efforts are likely to help maintain
biocontrol agents at the highest possible levels, for management not only of psyllids but of other
insect pests as well.

Under warm, humid conditions, entomophagous fungi have been observed to exert high
mortality on ACP populations (Aubert, 1987). However, the most effective uses of
entomopathogens like Beauveria spp., Metarhizium spp., Verticillium vecanii and Paecilomyces
fumosoroseus have been in managed greenhouses with ornamental crops rather than in orchards
(Osborne and Landa, 1992).

Protection against HLB by guava plants. In the Mekong delta of Vietnam, farmers have
found that the presence of guava trees close to citrus trees prevents or at least retards HLB. It has
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recently been shown that the volatiles of guava repel ACP, and this likely explains the guava-tree
effect (Noronha and Bento, 2008). While planting one or several guava trees next to each citrus
tree would not seem to be a very practical solution for large orchards, use of repellents from
guava volatiles to reduce ACP contact with citrus is under investigation.

REVIEW AND ASSESSMENT OF CURRENT HUANGLONGBING MANAGEMENT
STRATEGIES IN FLORIDA

In the absence of curative treatments or effective biological control, preventing citrus trees
from becoming infected with HLB-associated agents appears to be the only way at present to
cope with HLB. The pioneering HLB researcher K. H. Lin promoted in China, in the middle of
the 20™ century, a three-pronged approach to combating HLLB after its appearance in a region: (i)
elimination of liberibacter inoculum by removal of symptomatic trees, (ii) insecticide treatments
to keep psyllid vector populations as low as possible, and (ii1) production of healthy citrus trees
in “closed”, insect-proof nurseries for new orchards as well as for replacements of removed
symptomatic trees.

In South Africa, where the less aggressive CLaf occurs, effective management has been
achieved by the use of disease-free nursery stock, aggressive psyllid control, and removal of
infected trees. Planting citrus in warmer areas that are less favorable for the disease has proven
quite effective (Box 2-1). Preventative control measures have been effective for CLas
management in some areas of China, but CLas is clearly more difficult to manage (Box 2-2). In
areas where HLB has been more recently introduced such as Brazil, similar measures have been
undertaken, but have had to be applied aggressively to achieve success (Box 2-3).

Experience with tree removal and psyllid management in Brazil’s Sao Paulo State allowed
researchers to identify factors that significantly influence HLB mitigation. These factors are: size
of the farm, age of trees, the frequency of HLB incidence in the region of the farm’s location,
presence or absence of neighboring orchards without HLB-management, percentage of HLB-
affected trees at first inspection, date of first inspection, number of inspections for affected trees,
and the number of insecticide treatments (Belasque, Jr. et al., 2009). Similar observations have
been made in Florida. Large farm size and surrounding areas well maintained and low in
inoculum, as expected, reduce HLB incidence by reducing the number of incursions per unit area
in the orchards.

In Florida, the same three measures are currently recommended (Brlansky et al., 2009).
Production of citrus nursery trees from disease-free sources in screened enclosures has been
mandatory in Florida since January 2008. The management strategy of inspection and removal of
symptomatic trees and psyllid control in the field has varied in effectiveness depending on the
local situation such as disease incidence in the grove, incidence in adjacent groves, and the rigor
with which the program has been applied.

Survey Methods and Tree Removal

Visual Inspection

Most of the detection of HLB is done by survey crews inspecting individual trees visually for
disease symptoms. In Sdo Paulo State, and now in Florida, platforms with two or four inspectors
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that allow for inspection of the tops of adult trees have been found to be essential as many
affected trees show symptoms first on the upper half of the canopy. Inspection by vehicle or even
on foot is complicated in coastal areas where groves are planted on two-row beds with shallow
ditches between beds. Visual inspection (scouting) has been very effective where highly trained
crews inspect several times per year, but not otherwise. Some inspectors have an amazing ability
to find HLB even when a single twig on a tree is showing symptoms. Generally, if the HLB
incidence is low, inspectors will find a number of trees affected during the first three or four
inspections. Then the number of symptomatic trees decreases in subsequent surveys as only more
recently infected trees will be discovered. However, even in the best situations, affected trees
continue to be found. In areas where incidence of symptomatic trees is very high, i.e. > 5-10
percent, tree removal and psyllid control would probably not be very effective in reducing HLB
incidence.

Currently, four inspections per year are recommended (Brlansky et al., 2009). However, it
has proven difficult to find HLB symptoms in spring and early summer when the new flush of
growth covers the mature leaves. Thus, many growers are inspecting only two to three times a
year from early fall to late winter. Where disease incidence is low and psyllid populations are in
check, growers have found that this system has been effective; they have observed a decline in
incidence. However, in many cases, 2 to 2.5 years of intensive effort are required before the
incidence stabilizes at a low level. Many growers in areas with low HLB incidence in the central
and northern production areas are not inspecting frequently enough or are using inadequately
trained inspectors. In the southern production areas, where HLB incidence is high, inspections
and psyllid control have been abandoned and many growers continue to harvest groves as long as
they can to maximize profits. Once a grove is no longer generating a profit, growers may remove
entire blocks of trees. Frequent inspections with well-trained crews are very costly and with the
current low prices of fruit, growers look to minimize costs wherever possible. If the detection of
HLB-infected trees is to be the first course of action even in the long term, then survey methods
need to be improved.

PCR Detection

Early in the epidemic, Southern Gardens (the citrus division of US Sugar Corporation)
established a diagnostic laboratory for PCR detection of HLB. Southern Gardens was one of the
first large growers affected by the disease and developed the laboratory for their own use. In
addition, Southern Gardens offered the service free to any grower around the state as well as for
researchers and regulators. The Southern Gardens Diagnostic Laboratory (SGDL) continues to
operate and is now partially funded by the University of Florida and the Florida Citrus
Production Research Advisory Council. They currently use real-time PCR and have a very
efficient system for processing samples and promptly notifying growers of their results. That
laboratory was crucial early in the epidemic because they provided verification of samples from
inspectors. It was a vital tool for training of inspectors and confirming suspected symptomatic
trees. Detection of HLB-associated pathogens in asymptomatic trees by PCR also is possible
(Irey et al., 2006), but due to the non-uniform distribution and slow spread of the pathogen in the
citrus tree, detection is difficult. SGDL has processed over 105,000 samples since its inception
and currently, processes 3,000 to 5,000 samples per month depending on the season. Other
laboratories have opened and supplement the effort by the SGDL. The laboratory at the
Southwest Florida Research and Education Center has processed more than 13,000 samples
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mostly for local growers and for research. The need for PCR testing of samples should be less
essential now because inspectors can detect visual symptoms with confidence, but large numbers
of samples continue to be submitted.

Tree Removal

The current recommendation is to remove symptomatic trees immediately upon detection and
to spray these trees with a contact insecticide prior to removal (Rogers et al., 2010). However,
prompt removal of HLB-affected trees presents a costly logistical problem for growers.
Traditionally, declining trees are removed with a front-end loader with all the roots and carried to
an open area to be burned. That is a costly process especially when only a few scattered trees are
removed. More recently, growers usually clip the trees off at ground level and treat the stumps
with herbicide to kill the roots. Research is currently being conducted to test the effectiveness of
killing trees in place by applying herbicide in combination with an insecticide to kill any psyllids
present. If successful, affected trees can then be removed at the grower’s convenience and reduce
costs for tree removal.

BOX 2-1
Huanglongbing Management in South Africa

Huanglongbing (HLB) in South Africa is associated with the heat-sensitive Candidatus
Liberibacter africanus and the psyllid vector is Trioza erytreae, which is also heat sensitive.
In the mid 1970s, citrus production was virtually eliminated by HLB in the major citrus-
producing areas in South Africa. It was estimated that 4 million of the 11 million trees in
South Africa were infected with the disease. After suffering serious losses, the South
Africans adopted an HLB management program which involves three basic measures:

o Creation of the Citrus Improvement Program- production of young trees free of
HLB in insect-proof nurseries

o Removal of diseased trees (instead of cutting of diseased branches) to eliminate
sources of inoculum

o Control of the psyllid vector Trioza erytreae through the use of insecticides that
are applied to the tree trunks (metamidophos, imidacloprid, and acetamiprid) and
more recently, applied to the citrus roots as soil drenches

Adoption of this program and a dry climatic cycle (which was unfavorable for the vector
and HLB spread) allowed for the production of citrus for export in areas where HLB was
endemic, from 1990-1999. However, the end of the dry cycle in 2002, combined with the less
aggressive implementation of the control measures, eventually resulted in thousands of trees
becoming infected. The largest removal of orchards since the 1970s occurred in 2002. This
experience illustrates the importance of holding to a control program even after the threat
appears to have been reduced.
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BOX 2-2
Huanglongbing Management in China

Huanglongbing (HLB) in China is associated with the heat-tolerant Candidatus
Liberibacter asiaticus and the psyllid vector is Diaphorina citri, which is also heat-tolerant.
Four citrus regions are affected by HLB in China; these regions are Guangdong, Guangxi,
Fujian and Taiwan. Huanglongbing is less important or is absent in other regions where
citrus is grown.

In Guangdong Province, citrus is grown in lowland coastal areas (where HLB incidence is
high) and also in high inland areas near hillsides and low mountains, where the incidence of
disease has remained low. While this phenomenon is not clearly understood, low HLB
incidence has been partly attributed to the cooler temperatures in the inland areas and the
geographical isolation provided by the mountains and valleys.

Current HLB management strategies in China are based on the control tactics developed
by Professor K.H. Lin over 50 years ago, which remain the hallmark of HLB control
worldwide. The following practices comprise the HLB management program:

o Production and maintenance of clean citrus stock in insect-free greenhouses and
screenhouses

o ldentification and removal of symptomatic trees
o Application of chemical insecticides to control psyllid populations

o Moving citrus production from areas where HLB incidence is high to new
locations with cooler weather and are more isolated from existing citrus farms.

Hedging and Flush Control

Groves in Florida are hedged and topped with large machines to control tree size and allow
passage for harvesting and other grove operations. This practice stimulates new growth flushes
which are very favorable for psyllid reproduction. An insecticide application is recommended
prior to hedging or topping of groves.

Although it makes sense conceptually, efforts to control flushes to achieve better control of
psyllids have not been highly effective. Growth of citrus trees is highly dependent on three
factors: temperature, soil moisture, and nitrogen availability. In Florida groves, a growth flush
occurs in spring after temperatures increase and that flush is relatively uniform. A second flush
usually occurs in June following the beginning of the summer rainy season, but that flush is often
less uniform. Thereafter, trees produce growth more sporadically through late summer and into
the late fall or early winter. In the warmer areas of southeast Florida, a few trees may produce
new growth even in winter. Growth on young trees is more frequent and sporadic than on mature
trees. Research results have shown that young trees require an aggressive psyllid control program
involving systemic insecticides, usually aldicarb or imidacloprid applied to the soil. Flushes can
be managed to some degree by water and fertilizer applications, but to achieve this during
specific periods in order to control psyllids is not currently possible.
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BOX 2-3
Huanglongbing Management in Sao Paulo State, Brazil

Huanglongbing (HLB) was first detected in the Sao Paulo State (SPS) of Brazil in 2004.
The disease is associated with Candidatus Liberibacter asiaticus and Candidatus
Liberibacter americanus and the insect vector is Diaphorina citri. As of April 2008, it was
estimated that there were 1.15 million trees with symptoms of HLB and at least 3 million
trees that have been removed and destroyed (Belasque, Jr. et al., 2009). The HLB
Management Program in SPS consists of these methods:

o Inspections to identify symptomatic trees (ground inspection, inspection using
tractor-pulled platforms or inspectors on horses)

o Immediate elimination of symptomatic trees
o Application of insecticides against the psyllid vector Diaphorina citri

o Use of citrus produced in insect-proof nurseries when replanting

A 2008 study of 20 farms that had employed the HLB management practices for four
years indicated that very good HLB control (i.e. low percentage of HLB-affected trees) was
achieved in farms that:

o were located in municipalities with low HLB incidence
o had older trees (with fewer growth flushes and less attractive to psyllids)
o were located at least 3 km away from orchards that do not control HLB

o had started the HLB management program early on (immediately after HLB was
detected in the farm)

In farms that were located in municipalities that had high HLB incidence and were
adjacent to orchards that do not control HLB, good to fair level of HLB control was achieved
through a high number of inspections and insecticide applications. In general, poor to very
poor level of HLB control was observed in farms that had all or some of these characteristics:

o located in municipalities with high HLB incidence

o bordered by orchards that do not control HLB

o had young trees

o had a fewer number of inspections and insecticide applications

o started the HLB management program late

Insecticidal Control of Psyllids

Many insecticides that are effective against psyllids are currently registered for use on

Florida citrus. The characteristics of these products, their modes of action and their activity
against other pests are presented in the 2010 Florida Citrus Pest Management Guide (Rogers and
Dewdney, 2010). The classification of the mode of action of each of these materials with respect
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to resistance management is also available in the Florida Citrus Pest Management Guide
(http://edis.ifas.ufl.edu/cg026) and from the Insecticide Resistance Action Committee
(http://www.irac-online.org/) of the Entomological Society of America.

To keep psyllid populations in check, insecticides must be applied frequently. This raises
environmental concerns, reduces the effectiveness of biological control, and increases the
potential for the psyllid to develop resistance to different classes of compounds.

Young Orchard Trees

Imidacloprid, a systemic compound, is applied as a soil drench for psyllid control on trees
less than 2 m in height. A single application in the spring is effective for psyllid control in young
trees for several months. In some cases, applications at half the maximum annual rate can be
applied twice a year for season long control. Subsequent applications of foliar insecticides often
are required in the summer and fall to attain good psyllid control. In an alternative recommended
control practice, the observation of relatively low psyllid populations during mid-summer and
winter (due to temperature extremes that are unfavorable to ACP) suggests value in spraying at
these times. A winter spray may greatly reduce ACP populations in the spring. While
imidacloprid is also effective for large trees, the registered rates are only sufficient for control of
insect pests on small trees. Use of higher rates to control ACP in large trees would not be in
accordance with the label and would be excessively expensive (M. Rogers, Citrus Research and
Education Center, Lake Alfred, FL, personal communication).

Mature Orchard Trees

Soil application of aldicarb is effective for psyllid control on mature trees (trees greater than
2 m in height or 5 years of age). Recommedations for aldicarb use on large trees are based on the
numerous UF/IFAS field trials that have been conducted with aldicarb for psyllid control since
2005 (M. Rogers, Citrus Research and Education Center, Lake Alfred, FL, personal
communication). Applications in Florida citrus are limited to the November—April period to
avoid leaching of the product into ground water during summer rains. No applications are
permitted within 1000 ft of a drinking water well. Often, growers apply aldicarb to mature
groves to reduce the numbers of overwintering adult psyllids and avoid build-up on the spring
flush. Soil application in winter avoids the need to apply foliar insecticides during the bloom
period when bees are active. However, aldicarb applications may not be completely effective if
they are not followed by sufficient rainfall to move the material to the roots.

Many foliar insecticides are effective for killing psyllids including: carbaryl, chlorpyrifos,
dimethoate, fenpropathrin, imidacloprid, malathion, petroleum oil, phosmet, spinetoram,
spirotetramat, and zeta-cypermethrin. The registration for spirotetramat has been recently at least
temporarily vacated (CCQC, 2010). Some are less damaging to populations of beneficial insects
than others and alternating products could help avoid resistance problems. Products also differ in
their effects on other citrus pests, and choice of product may also be affected by the need for
control of other pest problems. Recent research indicates that the incidence of the HLB
bacterium in psyllids is highest in the spring and in the late fall. Thus, applying pesticides during
these times is most effective and avoiding summer sprays may allow recovery of biological
control agents for psyllids and other pests. Regarding bearing trees, an interesting development
concerns the use of broad-spectrum foliar sprays during the winter season when the trees are
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dormant and produce no flush. These sprays target adult, overwintering psyllids. Similar to the
situation with young trees, by eliminating these adults, psyllid populations will be greatly
reduced on the following spring flushes.

Application Methods

Traditionally, foliar applications to Florida citrus have been made with airblast sprayers
using spray volumes of 100 to 250 gal/acre. Some sprays are made with the Curtec sprayer
utilizing 30 gal/acre, but they are not effective for some pests and diseases and not all products
are registered for low-volume applications. Reducing spray volume and increasing the velocity at
which applications are made greatly reduce the cost of insecticide applications. Recent research
indicates that low volume and aerial applications of insecticides are effective for psyllid control.
Most of the above products are registered for low-volume and aerial application butonly
malathion is registered for aerial application at ultralow volume. It is important to control
psyllids on an area-wide basis so that psyllid populations cannot build up between applications
and move between groves so readily.

SIGNIFICANT CITRUS DISEASES AND INSECT PESTS OTHER THAN
HUANGLONGBING

In addition to HLB, many other diseases can produce serious problems with citrus
production. Systemic (graft-transmissible) diseases are often more serious in the sense that they
may kill or completely debilitate trees and reduce production, but many foliar fungal and
bacterial diseases may also reduce yield as well as blemish fruit. Many diseases are already
widespread and most citrus areas have to deal with them. All of the important diseases are
described in some general references such as the Compendium of Citrus Diseases (Timmer et al.,
2000) and various other books and book chapters (Roistacher, 1991; Timmer and Duncan, 1999;
Timmer et al., 2003; Timmer et al., 2004) and on the website of the International Organization of
Citrus Virologists (http://www.ivia.es/iocv/). Many insect and mite pests are also described in
publications such as the Florida Citrus Pest Management Guide
(http://www.crec.ifas.ufl.edu/extension/pest/index.htm) and other local publications in different
citrus areas. Many diseases and insect pests are not uniformly distributed, and those that pose
threats if introduced into new areas are given in Appendices D and E respectively. Several vector
species are listed which are minor pests alone but become important once the pathogen they
transmit is introduced.

ECONOMICS OF CITRUS PRODUCTION IN THE PRESENCE OF HLB

Effect of HLB on Yields and Costs of Production

HLB is a devastating disease and even if it can be managed, costs of production will increase
dramatically. The disease is controlled by a combination of methods: 1) the use of disease-free
nursery stock; 2) survey, detection, and removal of symptomatic trees; and 3) control of the
psyllid vector. The costs to citrus production include:
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o decline in yield and fruit quality of affected trees.
o survey for detection of infected trees.
J removal of the HLB-affected trees.
o soil-applied and foliar insecticides for psyllid control.
J increased cost of production of disease-free nursery trees.
o cost of replacement tree, care of replant, loss of production until replant becomes

actively bearing (3 years).

Yield Loss

The effects of yield losses and the rapidity with which they occur are uncertain since there is
little experience to date in Brazil or Florida. However, any young trees that become infected will
never produce a commercial crop of fruit. The rate of decline of older trees depends largely on
the number of infections that occur. If a tree has only a single infection, it is likely that the tree
will remain productive for several years. However, if multiple infections occur in a single year to
cause a systemically wider disease within a tree, its remaining productive life may be as short as
two years. Even under the best of circumstances, grove life is likely to be shorter than it has been
in the past. It is very difficult to quantify the cost of declines in yield and loss of entire groves
that are likely to occur in Florida over the next few years.

Direct Control Costs

Nursery Trees

The January 2008 requirement for production of citrus nursery stock in screened enclosures
has doubled the cost of nursery trees from $4-5 to $8—10 per tree. Prices have begun to decline
recently as supply is beginning to catch up with demand, but nursery tree prices remain high and
a significant cost of replanting citrus groves. Those costs may be especially significant if growers
choose higher density plantings anticipating losses of trees to HLB.

Inspections and Tree Removal

At the present time, four inspections per year are recommended (Brlansky et al., 2009). Each
inspection is estimated to cost about $25-30/acre or $100—120 per acre per year (Morris et al.,
2008). Tree removal costs vary considerably depending on the number of trees to be removed
and the method used. Muraro (2008b) estimated the cost of tree removal at $34/acre/year,
assuming that six trees per acre would need to be removed each year. The average grove in
Florida has about 145 trees per acre and thus, six trees would represent about a 4 percent loss per
year. That cost could be considerably higher in many situations. Tree removal costs are expected
to be high initially for removal of already-infected trees and then decline and stabilize if the
disease is brought under control.

Morris et al. (2008) analyzed two approaches to dealing with HLB: 1) remove affected trees
and replant with young trees immediately and 2) leave affected trees and remove the entire block
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when production was no longer economically viable. They concluded that there was little
difference economically between the two scenarios. The most desirable approach depends on the
situation. Since young trees are very attractive to psyllids and readily infected by HLB,
replanting of individual trees is probably only reasonable if HLB incidence in the area and the
likelihood of infection are very low. Young trees can be effectively protected by soil applications
of imidacloprid, but application costs are very high (about $0.50/tree/year) and higher where
there are only a few trees per acre to be treated. In one large planting in southwest Florida,
nursery trees are grown to 3 years old in pots in a protected area and treated with imidacloprid at
maximum rates and frequencies prior to planting in the field to avoid numerous trips through the
grove to apply the insecticide. From an operational point of view, it would probably be simpler
to wait until the grove was no longer economically productive and then remove the entire block.
However, that leaves large numbers of HLB-infected trees in the planting that serve as sources of
inoculum for healthy trees. Thus, it is probably advisable and advantageous to remove infected
trees promptly and then remove the entire block when too few trees remain to be economically
viable.

Insecticide Applications

Morris et al. (2008) estimated that for the average grove of mature trees, a soil application of
aldicarb and three applications of foliar insecticides would be needed for psyllid control in the
presence of HLB in addition to normal sprays for control of other pests and diseases. Such a
program would be similar to the possible control approaches that are recommended by the
University of Florida (Rogers et al., 2010). The cost for those products and their application was
estimated to be $288 per acre per year (Morris et al., 2008). Costs can vary considerably
depending on the situation. They could be reduced by using a dormant foliar insecticide
application rather than aldicarb in the winter, but could be substantially higher if more
applications are needed to control psyllid populations.

Effect on Returns and Profits

The costs and returns on Florida citrus vary greatly depending on the variety of citrus grown,
its destination (fresh or processing), and the yields attained. Citrus fruit is often sold on the tree
and the purchaser is responsible for harvesting and transport of the fruit. Growers are paid for
processing fruit on a pounds-solids basis (the sugar content of the fruit) as assessed upon
delivery. Yields are usually expressed as the number of 90-1b boxes per acre and the average
sugar content in Florida is about 6.5 1b per 90-1b box but varies considerably depending on the
variety, rootstock, soil conditions, and management practices. Processing fruit is harvested by
hand or occasionally mechanically and transported in bulk in open trucks to the processing plant.
Muraro (2008b) estimates the cost of production for Valencia oranges in Central Florida at
$1657 per acre including management and interest on investment for a grove assuming no costs
for HLB or canker control. Harvesting, delivery and assessment costs are estimated to be $1226
per acre for a total delivered-in cost of $2883 per acre for an average grove. The break-even
price for a grove with no HLB or canker would range from $1.19 to $0.80 per pound solids if
yields ranged from 300 to 600 90-Ib boxes of fruit per acre assuming no resetting of the trees
removed. In the presence of HLB and canker, the break-even price would be $1.38 to $0.89 in
groves with yields ranging from 300- to 600-box yields.
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Fresh fruit is harvested in 10-box tubs (~ 900 Ib total) and growers are paid on a per box
basis. With the same assumptions as above, the total delivered-in cost for production of white
grapefruit in the Indian River area would be $3,195 per acre without canker or HLB and $3,600
in the presence of both (Muraro, 2008a). Break-even prices would range from $8.37 to $5.82 per
box for yields ranging from 350 to 650 boxes per acre in the absence of HLB and canker and
$10.03 to $6.71 in the presence of both diseases.

Morris et al. (2008) conclude that production of citrus for processing can be profitable in the
presence of HLB, but production costs would increase by about 41 percent. That assumes that
tree loss rates and costs for inspections and psyllid sprays are in the ranges indicated above and
the value of orange juice is $1.25 to $1.50 per pound solid. In the past season (2008-2009), juice
prices ranged from $0.75 to $0.85 for early and midseason varieties and $0.80 to $1.25 per
pound solid for Valencia oranges (http://www.flcitrusmutual.com/market info/citrusprices.aspx).
Early and mid-season oranges generally have a lower price than Valencias, but some of the
differential is due to increasing prices late in the season. Average delivered-in prices for
Valencias have ranged from a low of $0.77 per pound solid in 2003—-2004 to a high of $2.23 in
2006-2007 (Morris et al., 2009). Processing grapefruit prices are very depressed due to large
inventories and ranged from only $0.25 to 0.80 per pound solid, but good quality fresh grapefruit
still demands a high price and is a profitable crop. Morris et al. (2008) suggested that higher
planting densities could be used to partially offset the increase in production costs per acre.

Orange Juice Production, Consumption, and the Competitiveness of the Florida Industry

Most of the orange juice consumed in the world is produced by Brazil (50 percent) and
Florida (35 percent). Total world consumption of orange juice is about 3.3 billion gallons of
single-strength equivalents (SSE) and the United States and the European Union consume about
1.3 billon SSEs each (Spreen et al., 2008). Florida supplies most of the orange juice consumed in
the United States (77 percent) (USDA-NASS, 2009) and Brazil supplies most of the juice
consumed in Europe and elsewhere in the world or about 1.25 billion gallons (USDA-FAS,
2008). The per capita consumption in the United States declined from 5.8 to 3.9 gallons per year
from 1997-1998 to 2007—2008 and continues to decline and inventories are still high (Morris et
al., 2009). That may be attributable to popular low-carbohydrate diets, the availability of other
juices and beverages, and increased cost or other factors. China produces some juice currently
and has the potential to become a major player in the juice market as their production has
increased significantly in recent years.

There are several factors that affect the ability of Florida citrus growers to compete for the
market for citrus juice. There is currently a tariff on juice imported from Brazil of $0.29 per
pound solids which is equivalent to about $0.17 per gallon of single strength juice. Elimination
of the tariff for Brazil is estimated to reduce the price of juice in the United States by $0.22 per
gallon (Brown et al., 2004). Elimination of all tariffs in the United States, Europe, and Japan is
estimated to reduce the price of juice in the United States by $0.13 per gallon. Juice imported
from Mexico and Central America is not subject to tariffs. Thus, if tariffs are eliminated,
production in Florida would have to become more efficient to compete.

Production costs do not differ greatly between Sdo Paulo and Florida. Generally, labor costs
are lower in Sao Paulo, but costs for machinery, pesticides, and fertilizers are higher in Brazil
than in the United States. However, the cost of harvesting, which involves a great deal of labor,
is significantly lower in Brazil than in Florida and thus, the total cost for production of juice is
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greater in the United States. HLB will increase costs of production in Sao Paulo as well as in
Florida. However, survey costs for HLB detection are estimated to be only $4 per acre in Sao
Paulo compared to about $25-30 per acre in Florida. Other costs of control would be similar in
the two locations. Other potential producers of orange juice either already have HLB or face the
prospect of having it in the near future. Thus, it is unlikely that any area would have a
competitive advantage over Sao Paulo or Florida long term because of the absence of the disease.
Thus, Sao Paulo would be the main competitor for Florida in the foreseeable future. At current
prices, processing orange production is not highly profitable for most growers. However, large
vertically integrated companies that grow, harvest, process, and sell their own products are in a
much better position to deal with price fluctuations. Profitability of citrus in Brazil is also
affected by the value of the dollar since most of their returns are received in US § and most of
their expenses are paid in Brazilian reis. Thus, a high value for the dollar is beneficial to
Brazilian producers. It is likely that the large Brazilian production companies, Citrovita,
Citrosuco, and Cutrale, will control a significant portion of the production in both Sao Paulo and
Florida in the future. In both locations, large companies with extensive land holdings will have
an advantage over small growers who cannot control the actions of their neighbors. Small
growers probably can only survive by forming cooperative arrangements with their neighbors for
HLB control.

There is adequate land available for citrus production in Florida despite considerable urban
growth and development. Much of the land devoted to citrus is not suitable for other crops. Large
acreages are available in Sdo Paulo and citrus competes primarily with sugarcane (Spreen et al.,
2008). Due to considerable utilization of sugarcane for ethanol production, prices of sugar have
increased in recent years. Many of the groves severely affected by HLB have been converted to
sugar production. Competitiveness in Florida may depend on reducing harvesting costs.
Mechanical harvesting is already used to some extent and, if an abscission chemical can be
registered, a large portion of the processing oranges could be harvested in that fashion. Thus, if
HLB control can be achieved, production of processing oranges should continue in the
foreseeable future, although the acreage is likely to be lower than in the past.

FEDERAL, STATE, AND LOCAL REGULATORY AGENCIES AND INDUSTRY
ORGANIZATIONS AND THEIR IMPACT ON THE CITRUS INDUSTRY

There remains an urgent need to maintain speed and focus of research aimed at finding an
effective solution for HLB. New technologies intended to combat HLB may include new early
detection technology, new chemicals, transgenic plants and psyllid control by means of
biological tools. A strong public-private partnership and commitment will be required to move
any new technologies forward through regulatory agencies, to public acceptance and, ultimately,
to commercial implementation. As is indicated below, many organizations are concerned with
research related to citrus production and processing. This diversity of agencies presents both an
advantage, by allowing many points of view to be developed, and a challenge, because of the
need to channel efforts to combat HLB.

In order to develop a picture of the Florida citrus industry’s many moving parts, we provide
Table 2-4 which arranges the various agencies with influence over citrus production, processing
and marketing or advocacy according to their status (university, government, non-government)
and the type of benefit provided. Any attempt to pigeon-hole the many private and public
agencies whose actions impinge on citrus production, processing and marketing will inevitably
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be inexact and subject to challenge. Nevertheless, we find the Table 2-4 distribution of agencies
to be useful, even though some are of hybrid type and some have functions that are overlapping.
Appendix G presents short mission statements for each of the agencies.

The concern and sense of urgency over the HLB situation in the Florida citrus industry
prompted the awarding of unprecedented amounts of funding for research aimed at developing
short-, intermediate- and long-term approaches to mitigating the disease. Some in the industry
and the research community are advocating a “Manhattan Project” type of dedicated and
integrated research program on HLB mitigation. There is no road map for such an unprecedented
undertaking in agricultural research, but whether a more or less focused course is taken for
research and development on citrus, there will be possible organizational overlap and redundant
responsibilities and funding mechanisms. Some industry leaders have expressed apprehension
about the apparent fragmentation of research effort in the past and hope for a more integrated
approach in the future. There is general recognition that investments into an insightful, focused,
sustained and stable research funding program provide the best hope for survival of the citrus
industry. Moreover, coordination of efforts in controlling HLB likely will lay the groundwork for
dealing with future challenges to the profitability of the citrus industry.

RELATIONSHIPS OF FEDERAL, STATE, AND INDUSTRY ENTITIES IN FLORIDA
AND HOW THEY ADDRESS CITRUS DISEASES

Intra-Industry Relations

The citrus industry of Florida is not a unified force with similar interests. Rather it is a
composite of many interests. The two large processing corporations, Tropicana and Minute
Maid, do not grow citrus, but instead buy the fruit on the open market or via contracts with
growers in addition to purchasing juice from Brazil and other countries. They have generally
been opposed to a box tax for marketing purposes and prefer to advertise their own products
rather than pay for generic advertising for Florida orange juice and other products. Most growers
prefer generic advertising to compete with Brazilian and other producers of juice and fresh fruit.
The growers of processing and fresh fruit also have different interests. While production of
processed oranges represents the majority of the acreage in Florida, both are economically
important because fresh fruit provides far greater income per acre. The main fresh fruit product
in Florida is grapefruit, but some tangerines and navel oranges are also produced. The Indian
River Citrus League was formed primarily to support the interests of growers of “Indian River
Grapefruit”. Most of the industry-wide committees have members representing the processing
and the fresh industries and include representatives from various areas of the state.

Government Organizations

The responsibility of the USDA-ARS is research, that of the University of Florida (UF) is
research, extension, and education, and that of DPI is regulatory, with each of those entities
restricting their efforts to those ascribed areas for the most part. The relationship between the
principal government organizations dealing with HLB have generally been cordial although
occasional conflicts have arisen where the boundaries of these areas blur. There has been some
competition and infighting among them, as well as among research and extension stations within
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UF. This competition has sometimes been detrimental to the development of a consistent policy
and message to growers on dealing with HLB. However, most of the competition has been
among agency and department heads for funds and influence, and probably has not greatly
affected cooperation among individual investigators. Cooperation among investigators from the
different agencies has often been very good. Since most of the agencies are not organized along
disciplinary lines, there are few boundaries to research among the various areas of investigation.
Entomologists, pathologists, and horticulturists cooperate readily and as needed to achieve
specific goals.

Table 2-4 Government, University and Non-Government Agencies with Responsibilities
Related to Citrus Production and Marketing® ™ ¢

University Federal, state or Non-government
local government

Citrus research UF-IFAS ARS (USDA) CRDF
FCPRAC FCIRCC
FDOC
Citrus protection UF-IFAS- APHIS (USDA) US Sugar
Extension DPI (FDACS) Commercial
pesticide suppliers
Citrus production CAC (US) FCP
and processing CHRP (APHIS/DPI)  FCPA
County FCPMA
governments FFSP
DEP (FDACS) FGFSA
FNGLA
Water management NVDMC
districts Regional grower
associations
Citrus promotion FDOC FCM

and marketing

*Several agencies are multifunctional. Placement in the table indicates the agency’s main
function or functions
®Acronym List:
APHIS: Animal and Plant Health Inspection Service (USDA)
ARS: Agricultural Research Service (USDA)
CAC: Citrus Administrative Committee
CHRP: Citrus Health Response Program
CRDF: Citrus Research and Development Foundation
DPI: Division of Plant Industry (FDACS)
FCIRCC: Florida Citrus Industry Research Coordinating Council
FCM: Florida Citrus Mutual
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FCP: Florida Citrus Packers

FCPA: Florida Citrus Processors Association

FCPMA: Florida Citrus Production Managers Association

FCPRAC: Florida Citrus Production Research Advisory council

FDA: US Food and Drug Administration

FDACS: Florida Department of Agriculture and Consumer Services

FDOC: Florida Department of Citrus/Florida Citrus Commission

FFSP: Florida Foundation Seed Producers, Inc.

FGFSA: Florida Gift Fruit Shippers Association

FNGLA: Florida Nursery, Growers and Landscape Association

NVDMC: New Varieties Development and Management Corporation

UF-IFAS: University of Florida-Institute of Food and Agricultural Sciences

USDA: US Department of Agriculture
¢Several agencies of the US federal government have authority to regulate aspects of citrus
production and processing but are not specific to the citrus industry. These are the following:

DOL: US.Department of Labor

EPA: US Environmental Protection Agency

FDEP: Florida Department of Environmental Protection

ICE: US Immigration and Customs Enforcement

OSHA: US Occupational Safety and Health Administration

Government-Industry Relationships

Relations between the USDA-ARS and industry have been cordial. USDA research efforts
have contributed significantly to the understanding of HLB, and USDA-organized research
conferences, to which growers have been invited, have been valuable. The University of Florida
(UF) has the primary responsibility for extension and providing information to growers in
addition to its leadership role in research and education. A serious effort has been made by UF to
inform growers about HLB and the best management practices. HLB has been the primary topic
for every grower meeting for the last few years. Speakers from the USDA and DPI are often on
the program and cooperation has generally been good among the agencies in providing current
information to growers. Local meetings have been organized primarily by DPI, UF and Florida
Citrus Mutual to bring the latest information on canker and HLB to growers in each area of the
state. Attendance at such meetings has been excellent, and growers have had numerous
opportunities to become current on the HLB and canker situation and the recommended
practices. However, individual extension agents hold differing views on the best management
practices for HLB and have not always followed the consensus approach of prompt tree removal
and intense psyllid control. This situation has left some growers confused about what
recommendations to follow. Within UF, the Citrus Research and Education Center is the primary
agency for research and education for citrus in the state, but the UF Southwest Florida Research
and. Education Center and UF Indian River Research and Education Center, as well as faculty in
various departments on the main campus, contribute significantly to the effort. To some extent,
the experiment stations in southwest Florida and the Indian River reflect the interests of the
industries in their areas, and industry jealousies and competition carry over into research and
extension.
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The FDACS-DPI and USDA-APHIS have the primary responsibility for regulatory matters.
Those agencies were responsible for all of the citrus canker eradication programs (see Appendix
H). In the 1980s, an eradication program was conducted for a disease, thought to be canker,
which turned out to be citrus bacterial spot, another bacterial disease of relatively minor
importance. However, citrus canker was discovered as well and infected trees were eradicated.
Many nurseries were destroyed, many probably unnecessarily, during that time and many
nurserymen still resent actions taken by DPI during that period. The canker eradication program
conducted during the late 1990s and early 2000s was generally supported by growers and most
nurserymen. Growers and nurserymen were mostly well-compensated for the losses during that
program. However, at the end of the program, growers were losing confidence, felt that
eradication was continued long after it was apparent that it could not succeed, and compensation
for losses was greatly delayed. Thus, there is some resentment among growers toward DPI and
USDA-APHIS due to those programs. Many lawsuits are still pending between DPI and a few
nurserymen and a homeowners group, who do not believe that they were adequately
compensated.

The potential impact of the discovery of the ACPin Florida in 1998 was ignored because of
the focus on the Citrus Canker Eradication Program. The disease was not known in Florida at
this time, and the ACP was not causing much economic loss. When HLB was detected in 2005,
DPI chose not to conduct an eradication program or even an inoculum suppression program for
the disease. This decision was reached primarily because HLB was already widespread at first
detection but also because of reticence by DPI about getting involved in another widespread and
problematic suppression program even though HLB was listed as a select agent (SA) under
Agricultural Bioterrorism Protection Act of 2002 (CFR Part 331). The SA designation limited
research on HLB to a few registered quarantine/diagnostic laboratories in the US and was a
serious impediment to research progress. HLB was subsequently removed from the SA list in
late 2008.

The FCPRAC has served to focus research efforts and has been forced to decide on the
priorities for investigation that met the needs of all segments of the industry. The Council has
greatly improved contacts between industry and the research community and has furthered
mutual understanding. Since FCPRAC has provided much of the funding for citrus research at
UF and the USDA in Fort. Pierce, they have greatly influenced research priorities and directions.
Initially, they funded mostly research to fulfil immediate needs, but with time have seen the need
for supporting more basic, long-term work. Currently, most of the funds have been directed
toward HLB with small amounts dedicated to canker research.

The need to develop regulations that met the needs of the entire industry and did not
excessively burden any segment has brought together many diverse interests. The Citrus Health
Response Program was initiated by the USDA-APHIS and DPI with considerable input from the
USDA-ARS and UF and industry groups in an attempt to provide some regulations that would
benefit the entire industry. Many aspects of those regulations were onerous especially for the
nursery industry and there were many hard-fought battles waged in developing a satisfactory
system. However, the current system of production of all citrus trees in screened enclosures has
benefited everyone in the industry.

The incursion of HLB has brought the industry and government agencies together as never
before, and cooperation among all agencies has generally been good, if not always effective.
Since the detection of ACP in Florida in 1998 and HLB in 2005, the various agencies and entities
have been involved in activities geared towards finding ways to manage the vector and the
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disease (see Appendix H). Recently developed organizations such as Florida Citrus Industry
Research Coordinating Council and the Citrus Research and Development Foundation represent
significant attempts by the industry to coordinate all efforts focused on HLB.

The array of organizations (federal, state, university, local, or grower or producer) which
impinges on citrus production and processing is large and diverse. Table 4-1 in Chapter 4
presents, in brief, five recommendations for changes in organizations and organizational
activities that we believe will advance HLB mitigation. Table 4-1 is followed by notes on the
five recommendations.
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Citrus Greening Research and Development and Industry
Preparedness

This chapter is concerned with research results from recently completed and ongoing
research projects and their potential contributions to huanglongbing (HLB) mitigation. We begin
with a discussion of research on the presumed causal agent of HLB, Candidatus Liberibacter
asiaticus (CLas), and then turn to an analysis of research that is related to and supportive of
current HLB mitigation practices, principally identifying and removing HLB-affected trees and
reducing Asian citrus psyllid (ACP) populations in orchards. Since it is generally agreed that
citrus varieties resistant to CLas or to ACP and preferably to both would provide the most
sustainable HLB mitigation tool, we summarize research on citrus breeding, genetics,
transgenics, including the potential of Citrus tristeza virus (CTV)-derived vectors for
introduction of resistance traits into citrus. Possible contributions of new citrus cultural practices
and research model systems to HLB mitigation are considered. Finally, we summarize the
history of funding support for pest management and for citrus research and development
generally and the importance of establishing communication channels for citrus researchers. An
inventory of HLB research projects that are ongoing can be found in Appendix J and a list of
HLB research milestones from 1956—January 2009 is provided in Appendix K.

CLAS GENOMICS AND CULTURE

The demonstration by researcher H. K. Lin in China in 1956 that the HLB agent was
transmissible by graft inoculation established the infectious nature of this pathogen. As is
described in Chapter 2, by 1970 electron microscopy had revealed bacterial cells with cell walls
to be residing in the phloem tissue of citrus showing HLB symptoms. By 1974, the bacteria were
shown to be Gram-negative. This bacterium, the only viable candidate as the causative agent of
HLB in Florida, is designated CLas. See Chapter 2 for a discussion of the currently known HLB-
associated agents and other information on CLas.

67
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CLas Genomics

The complete genome sequence of CLas has been obtained by using DNA extracted from a
single psyllid carrying a high titer of CLas (Duan et al., 2009). Metagenomic analysis of DNA
from phloem of CLas-infected citrus revealed more than one CLas genome per phloem cell and
only trace representation of any other bacterial cell (Tyler et al., 2009). Although the analysis
was not capable of revealing viruses, the result suggests very strongly that CLas alone is the
causal agent of HLB in Florida. Recent work by Wulff et al. (2009) and Duan et al. (2009) have
shown that the genomes of both Clam and CLas appear to be circular with 3 ribosomal
ribonucleic acid (rRNA) operons and similar size. Analysis of the Clas genome has revealed
many other properties of the organism, particularly the absence of pathogenicity systems
involving toxins, enzymes or specialized secretion systems. The absence of such specialized
secretion systems (referred to as Type III secretion systems or T3SS), which are common in
Gram-negative bacteria that are pathogenic to humans, animals, insects, and plants, had led to
speculation that other mechanisms of pathogenicity may be involved (Bové and Garnier, 2003).
The gene for a bacteriophage DNA polymerase, discovered in 1993, has now been shown to be
part of a bacteriophage DNA genome associated with HLB on citrus (Gabriel and Zhang, 2009).
These results raise the question of a possible role of liberibacter phages in HLB. Sequencing also
has revealed genetic diversity among CLas isolates collected in Southeast Asia (Tomimura et al.,
2009).

Obtaining the CLas genome sequence has added to our knowledge of HLB, but how this
information can contribute to HLB mitigation remains to be demonstrated. The genomes of
several other bacterial plant pathogens have been sequenced. These include the genomes of
Xylella fastidiosa, causal organism of citrus variegated chlorosis (and Pierce’s disease of
grapevine), Xanthomonas axonopodis pv. citri, causal organism of citrus canker, and
Spiroplasma citri, causal agent of citrus stubborn disease. These bacteria have been cultured on
synthetic media. The genomes of several phytoplasmas, which have not been cultured, have also
been completed. In each case new candidate pathogenicity genes have been discovered and in
some cases those genes have been functionally confirmed to contribute to pathogenicity. An
interesting example is the onion yellows phytoplasma. Its genome sequence revealed that it
possesses specific genes that allow it to send protein molecules out of the sieve tubes to carry out
functions beneficial to the phytoplasma. This protein, called Tengu, is believed to inhibit an
auxin-related pathway which affects plant development (Hoshi et al., 2009).

CLas Culture

When HLB was first detected in Florida in 2005, the three citrus liberibacters, CLas,
Candidatus Liberibacter africanus (CLaf), and Candidatus Liberibacter americanus (Clam), were
known, but no evidence indicates any agent for HLB in Florida other than CLas (Tyler et al.,
2009). In 2008, co-cultivation of the Asian HLB-associated bacterium (CLas) with Gram-
positive actinobacteria was reported by a research group in Florida, but a pure culture of CLas
could not be obtained (Davis et al., 2008). In 2009, a report on cultivation of all three HLB-
associated Liberibacters and fulfillment of Koch’s postulates was published by Sechler et al.
(2009). However, neither the Sechler et al. (2009) result or previous reports of successful axenic

Copyright © National Academy of Sciences. All rights reserved.



Strategic Planning for the Florida Citrus Industry: Addressing Citrus Greening

CITRUS GREENING RESEARCH AND DEVELOPMENT AND INDUSTRY PREPAREDNESS 69

culture of Liberibacters (Garnett, 1985; Whitlock and Chippindall, 1993) have been repeated in
other laboratories.

RESEARCH SUPPORTING CURRENT HUANGLONGBING MITIGATION
PRACTICE: REMOVING HUANGLONGBING-AFFECTED TREES

A major problem in managing HLB is the long latent period between inoculation of CLas by
ACP and the appearance of symptoms visible to scouts or the accumulation of CLas in a manner
conducive to its ready detection by polymerase chain reaction (PCR). Firstly, the long latent
period affects the thinking of growers who embark on a program of infected tree removal
because, in the first 2 to 3 years of the program, the fraction of trees that is found to be HLB
infected may increase even though the reservoir of inoculum actually is decreasing, i.e., the
program is successful but appears to be not successful. Secondly, CLas-infected trees may may
remain in the grove for months or years without apparent symptoms but with the ability to serve
as a source for acquisition of CLas by ACP. At present, there is no practical method for detecting
infected trees before they show visual symptoms. The problem is accentuated by the uneven
distribution of CLas in the tree, which manifests itself in sectored development of symptoms,
with some branches remaining asymptomatic. If infected but asymptomatic trees can be rogued,
the result may be far more effective at CLas inoculum reduction than is possible with current
scouting practice, if for no other reason than a reduction of months in the time of interaction
between infected tree and psyllid. Also, the extent of CLas spread within the tree can be expected
to be less for an asymptomatic tree than a symptomatic tree.

Irey et al. (2006) tested trees for CLas by PCR by using plots of about 190 trees. Leaf
sampling was from the two most recent flushes and from 3 of the 4 sides of each tree, but was
otherwise undirected. DNA was recovered from petioles and midribs. PCR detected about 60
percent additional HLB-infected trees beyond those detected by visual assessment alone (6.5
percent of the trees in the plots were visually HLB positive; 4.1 percent were PCR positive but
visually negative). Given the difficulties of detecting infected trees by PCR analysis, the above
results suggest that for every symptomatic tree in an orchard there will be at least one infected
asymptomatic tree. Among the separate plots, the numbers of PCR-identified infected trees was
well correlated with the total number of infected trees, R* = 0.89, suggesting a natural
progression of infected but asymptomatic trees to symptomatic trees. Although the average CLas
titer in asymptomatic trees was significantly less than the titer in symptomatic trees (M. Irey,
United States Sugar Corp., Clewiston, FL, personal communication), some asymptomatic trees
showed a high titer, reinforcing the importance of identifying and removing infected but
asymptomatic trees. More than 80 percent of the PCR-positive trees were within 25 m of a
symptomatic tree (Irey et al.,, 2006), indicating significant secondary, short-distance spread
(Gottwald et al., 2007) but also long-distance spread not revealed by symptom development at
the time of sample taking. Presumably, the distant infected but asymptomatic trees will become
foci for future local HLB spread. These observations suggest that:(i) the pathogen is readily
spread by the vector to adjacent or nearby trees; and (ii) spread over longer distances also occurs,
possibly caused by dispersing vectors. Alternatively, dispersal over long distances could result
from farming practices. Pre-symptomatic trees have been reported to be sources for CLas
acquisition by ACP, but with reduced efficiency compared to acquisition from symptomatic
plants (Coletta-Filho et al., 2009).
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Sweet orange maintained in a greenhouse developed symptoms at about 90 days after being
graft-inoculated with CLas-infected tissue. However, CLas was detected in extracts of leaf
midribs at 30 days after inoculation. The CLas DNA accumulation was about 50,000-fold greater
at 90 days than at 30 days (Li et al., 2006; Alvarez et al., 2007), suggesting that at least some
CLas-infected but asymptomatic orchard trees will have low CLas titers and a significantly
diminished ability to serve as HLB sources compared to symptomatic trees.

Detecting a CLas-infected tree by analysis for CLas is the obvious but not necessarily the
most efficient approach to discovering infected trees. Perhaps the asymptomatic but CLas-
infected tree is altered sufficiently, even in parts of the tree not yet infected, to develop a specific
altered-state signal, a biomarker, that would telegraph the presence of infecting CLas. A CLas-
infection-specific, or even general infection-specific, biomarker may be based on changes in tree
volatiles production, optical properties, or chemical properties, including accumulation or loss of
specific messenger RNAs (mRNAs) (see section on the citrus transcriptome, below), proteins or
metabolites. These changes may be exploited as disease-specific biomarkers either directly or
may be used to predict the identities of biomarkers after intensive bioinformatics analysis that
can document changes in metabolic pathways and anticipate alterations in the concentrations of
specific small, including volatile, molecules. Even a biomarker that was not activated by
asymptomatic infection but would efficiently reflect a symptomatic infection could be of value
by allowing scouting to become partially automated.

Some plants have been reported to release biologically active volatile organic compounds
(VOCs) in response to infection by a specific pathogen, including fungi, bacteria and viruses
(Huang et al., 2005; Cardoza and Tumlinson, 2006; Medina-Ortega et al., 2009; Werner et al.,
2009). Profiling of volatile metabolites has been used to discriminate among pathogens infecting
apples (Vikram et al., 2004). Production of a new, citrus canker-specific volatile by infected and
symptomatic grapefruit leaves has been reported (Zhang and Hartung, 2005). Preliminary results
suggest that CLas-infected and uninfected citrus could be distinguished based on VOCs analysis
(Dandekar et al., 2009). Modern analyzers, such as the differential mobility spectrometer (DMS),
have the capability of detecting VOCs in the parts-per-trillion range and the potential to be
reduced to portable, field-mobile devices suitable for use in the orchard (Davis et al., 2010; Hao
et al., 2009). Should these results be validated, the availability of a practical VOC-based detector
of CLas-infected trees nevertheless is likely to be several years away.

In hyperspectral imaging, data from a broad section of the visible or visible-plus-infrared
spectrum are collected across the image of an object and analyzed to produce a signature of the
object that, in the case of a plant, may reflect its physiological state (Aleixos et al., 2002; Du et
al., 2004; Blasco et al., 2007; Mishra et al., 2007; Nicolai et al., 2007; Du et al., 2008; Lee et al.,
2008; Qin et al., 2009). Hyperspectral data have been reported to detect changes in the chemical
composition of plants (Ferwerda, 2005; Tilling et al., 2007) revealing, for example, the nutrient
and water status of irrigated wheat (Tilling et al., 2007). Spectral differences have been detected
in comparisons of healthy and HLB-affected citrus using detached leaves and leaves of intact
citrus trees (Mishra et al., 2007; Tilling et al., 2007; Lee et al., 2008; Poole et al., 2008).
Hyperspectral imaging is very data intensive, and its practical application in an orchard would
presumably require the use of multiple detectors, field-rugged computers and sophisticated
software packages that may require significant money and time to develop. However, if a few
essential components of the hyperspectral image can be identified, far less elaborate spectral
analyses may be sufficient to provide biomarkers for HLB. Surface-enhanced Raman
spectroscopy (Zeiri, 2007; Kiefer, 2008; Driskell et al., 2009) and laser-induced fluorescence
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(Panneton et al., 2010; Malenovsky et al., 2009) are other spectral methods that have found
application for detection of plant biomarkers.

In current practice, symptomatic leaf samples are collected from orchard trees suspected of
being CLas-infected, and the samples are transported to a laboratory for analysis. There is a
critical need for compact, user friendly, low-cost, field-deployable instruments or devices for
rapid and high-throughput identification of CLas-infected trees, symptomatic or asymptomatic,
in the orchard. Devices under consideration may rely on simple preparation of extract to be
analyzed or on a microelectrode to be inserted into tree tissue. Classes of compounds to be
detected include nucleic acids, antigens and small molecules. For example, a research project is
aimed at developing a novel oligonucleotide microarray technology that will generate a
colorimetric signal after amplification and rapid nucleic acid hybridization. Nucleic acid
purification, amplification and hybridization occur in a device about the size of a credit card by
lateral flow chromatography on a nitrocellulose membrane (Carter and Cary, 2007). This
technology is similar to the home pregnancy test kit, and a prototype was tested in a grove in the
fall of 2009 where it detected CTV, the target to which it was designed . Other devices are being
developed that are designed to provide cost-effective surveillance for several pathogens or traits
simultaneously by relying on multiplexed analyses and computational methods. In higher
organisms, small RNAs (miRNA) are often induced rapidly and specifically by invading
pathogens, making miRNAs attractive potential biomarkers for early and specific disease
diagnosis (Zhang et al., 2006).

The Citrus Transcriptome

The citrus genome sequence, when it becomes available, will provide a list of all of the
candidate genes of the citrus tree and the complete amino acid sequences for almost all of the
proteins those genes encode. Part of the key to understanding the function of a given gene resides
in the molecule that serves to transfer the information encoded in genomic DNA to the cell
machinery that synthesizes the protein, i.e., the mRNA molecule. Many of the genes on the
candidate list will be so well known from prior genomic and biochemical work with other
organisms that functions can be assigned to the corresponding gene products (proteins) with a
high degree of certainty. The functions of many other genes will remain a mystery. What will
also be almost entirely unknown will be what genes are active in what tissues of the tree and at
what stage in development or disease state of the tree. Although protein synthesis is not strictly
proportional to mRNA synthesis in any cell, a specific protein will not be synthesized without
the corresponding mRNA being present. Thus, identifying what mRNAs are accumulating in
what tissues and at what time and under what conditions of stress, i.e., characterizing the
transcriptome, can be very informative for various approaches to combating disease or
improving productivity. Analysis of the transcriptome and the corresponding global accounting
of the proteins of the organism, designated as the proteome, can result in significant new
understanding of the etiology of HLB.

Changes in gene expression due to bacterial infection have been observed for citrus,
including a few infection-related changes that precede symptom development (Albrecht and
Bowman, 2008; Cernadas et al., 2008; Kim et al., 2009), suggesting that it may be possible to
develop the desired biomarkers. The technology used in these investigations is the DNA array, or
gene chip. Tens of thousands of synthetic short DNA molecules, corresponding to known mRNA
sequences of an organism, are immobilized on a surface in a regular array of spots. Fluorescently
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labeled molecules corresponding to RNA extracted from specific tissue of the organism are
exposed to the array. Hybridization reactions result in fluorescent molecules being bound to the
array. The pattern of fluorescent spots on the array is interpreted to discover what mRNA
molecules accumulate in enhanced or depreciated amounts under specific conditions in specific
tissue. The DNA arrays used in these experiments would not have been possible without earlier
work by members of  the International Citrus Genome Consortium
(http://www.citrusgenome.ucr.edu) that identified tens of thousands of “expressed sequence
tags” (ESTs, i.e., sequences from mRNAs). More sensitive and comprehensive methods have
recently been developed for identifying differences in mRNA accumulation between infected
and healthy tissue. In the “RNA-seq” approach, cell RNA is fragmented and the fragments are
copied into DNA. High throughput sequencing methods are applied to millions of these DNA
molecules to give an in-depth picture of the identities and relative amounts of the RNA
molecules of the sample (Wang et al., 2009). One example is gene silencing, wherein a particular
gene is "switched off" by machinery in the cell in response to changes in the environment or
pathogen invasion.

RESEARCH SUPPORTING CURRENT HUANGLONGBING MITIGATION
PRACTICE: REDUCING ASIAN CITRUS PSYLLID ACCESS TO CITRUS

Suppression of ACP by Insecticide Application

Currently much effort is being expended by university, government and private industry
researchers with the goal of developing new, more effective and safer insecticides and insecticide
application technologies. Equally important is the goal of maintaining the effectiveness of
valuable insecticides by delaying or avoiding the appearance of insect resistanct to the
insecticide. Costs, effectiveness, run-off in the environment, applicator safety and effects on non-
target organisms are other important considerations affected not only by the choice of insecticide
but also by application methods. Among the many insecticides registered and recommended for
ACP, the only listed soil-applied insecticide that reduces ACP populations on large trees is
aldicarb. Reliance on a single insecticide or class of insecticide will increase the likelihood of
insect resistance. Furthermore, reliance on aldicarb is also of concern from an environmental and
health standpoint. Other alternative insecticides should be used and, in recent years, a suite of
insecticides with novel modes of action have been developed. Insecticides are now formally
classified into groups based on mode of action (IRAC, 2009). There are newer insecticides (e.g.
spinetoram) from new insecticide classes that are recommended for ACP. These products have
restrictions on the number of times they may be used so that resistance does not evolve rapidly
occur. Other products such as cyazypyr and its derivatives also hold some promise for control of
ACP. These groups and still others present many options for controlling ACP, and collecting
new information about how they can be most effectively deployed to control ACP is likely to be
a major research goal for the foreseeable future.

Success in ACP management will require improvements in monitoring of ACP populations
and of the development of ACP resistance to insecticides. Importantly, more extensive
incorporation of IPM principles is needed, including development of appropriate insecticide
resistance management (IRM) programs. There are programs (such as in cotton in Australia)
where good IRM programs have been practiced continuously with the result that some

Copyright © National Academy of Sciences. All rights reserved.



Strategic Planning for the Florida Citrus Industry: Addressing Citrus Greening

CITRUS GREENING RESEARCH AND DEVELOPMENT AND INDUSTRY PREPAREDNESS 73

insecticides remain effective for decades. In a “window strategy,” application of only
insecticides of a specific class is allowed within a given Citrus Health Management Area during
a given time period (e.g., a 2-month window), followed by rotation to an insecticide of another
class. Such rotations have been the foundation of the IRM program. Rotation delays the
evolution of resistance to any of the insecticides used (Roush, 1989; Forrester et al., 1993). There
may be concerns about implementing such a strategy (e.g. several companies promoting their
products simultaneously in the same location), but history has shown that a window strategy is
effective in countering development of insect resistance to insecticides.

Some insecticides have long residual action, so there is increased concern about the
development of insecticide resistance, because insect populations are exposed to sub-lethal doses
of the insecticide over a longer period of time. However, Boina et al. (2009) have shown that
when citrus is treated with imidacloprid, ACP adults and larvae that feed on the plant may
become exposed to sublethal concentrations, and these can have negative developmental and
reproductive effects which nevertheless could lead to population reductions over time. Cocco
and Hoy (2009) conducted laboratory studies showing that certain adjuvants had the effect of
increasing ACP mortality while reducing the mortality of its parasitoid.

Sterile Insect Technique

The sterile insect technique (SIT) applies to pests that reproduce sexually and works
effectively if sterilized males are sexually aggressive and successfully compete with indigenous
males for mating with females (Knipling, 1955; Knipling, 1985). This method should be
considered for use only with a serious pest where thorough knowledge exists of its biology,
ecology and behavior and methods have been developed of its mass rearing.

The most commonly used method for inducing sexual sterility in insect pests is by radiation
emitted from radioisotopes such as caesium-137 or cobalt-60 (Bushlad and Hopkin, 1953;
Lindquist, 1955). The dosage of radiation applied must have no significant adverse effect on the
male longevity, searching behavior or mating ability. Matings between sterile males and wild
females do not yield offspring. Thus, if sufficient numbers of sterile males are released, most
indigenous females will mate with sterile males, the number of individuals in the wild population
will be reduced in the next generation. Thus, the concept of SIT uses continued releases of high-
quality sterile males to overwhelm wild-type males over successive generations and result in
progressively reducing the indigenous population to levels of extinction. If SIT can be developed
for a pest, it is the key component of an area-wide integrated pest management program.

SIT has been used successfully with a variety of pests. The most well-known is the
screwworm fly, a pest that feeds in open wounds of cattle and other animals. Screwworms were
mass-reared and irradiated. Sterile male screwworm adults were then releeased by the millions
into populations of indigenous screwworms reduced in size by insecticides (Knipling, 1955;
1985). Pesticide application is necessary to reduce the feral population and increase the
proportion of sterile males to indigenous males. The SIT has now also been used against the
pink bollworm moth codling moth, false codline moth, painted apple moth, cactus moth and
others. Unfortunately, current SIT technology does not appear to be appropriate technique for
suppression of ACP. No mass-rearing program has been developed to produce ACP in large
enough numbers to make irradiation and SIT feasible. Furthermore, nothing is known about
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radiation methods to sterilize psyllids or what consequences irradiation and sterility may have on
male longevity, flight capacity or mating behavior.

ACP Trap Plant

A trap plant may be of a distinct species from the crop plant, or it could be a peripheral
planing of the crop plant. In an example of the latter, a 10-m zone of papaya trees is planted as a
trap crop around the main papaya groves, which helped reduce damage from the papaya fruit fly,
Toxotrypana curvicauda (Aluja et al., 1997). The ornamental citrus relative, Murraya paniculata
(orange jasmine, mock orange), is known as a preferred host plant for ACP. M. paniculata has
been considered as a candidate psyllid trap plant but actually is unsuitable because it is also a
host for CLas. Transformation of this plant with a gene that encodes an ACP feeding toxin has
been proposed. However, it is likely that under orchard conditions the proportion of ACP on M.
paniculata or any other known candidate trap plant would be small relative to the proportion on
the commercial citrus trees, which are themselves good hosts of the psyllid. This difficulty might
be overcome by pairing trap plants with the use of repellents on citrus (see section below on
Distraction of ACP by Chemical Attractants and Repellants).

Guava as ACP Repelling Plant

Several groups of scientists from Australia, the United States, Brazil, France, and Spain that
visited the Mekong Delta of South Vietnam have noted that mixed orchards of guava (Psidium
guajava, Xa Li and Bom cultivars) and citrus (mostly King mandarin, and pummelo cultivars
Nam Roi, Da Xanh, and Doan Hung) near My Tho, Vinh Long, and Can Tho have very low
populations of ACP and show very few HLB symptoms. In contrast, nearby guava-free citrus
orchards have high psyllid populations and high percentages of HLB-affected trees. These
observations have been made in what are essentially commercial orchards in collaborations
between growers and the South Vietnam Fruit Research Institute (SOFRI) at My Tho. Other
plant species (i.e. banana, longan, mango, and durian) have not demonstrated this effect. The
guava effect is pronounced only under the following conditions: (i) the main crop and citrus is
only used as an intercrop (i.e., typically one citrus tree surrounded by four larger guava trees);
(i1) guava trees have been planted and become well-established one year before the citrus trees
were planted; and (iii) guavas and citrus are planted close together. The guava affect occurs year-
round, which suggests that leaves rather than fruit are the source of protection. The guava-
induced protection is not sufficient to keep the psyllids completely out of the orchard, especially
once trees become two to three years old, an age when they must be supplemented with one or
two insecticide treatments per year. Protection is diminished once the citrus trees are taller than
the guavas. The citrus trees themselves may exhibit symptoms of HLB , and the number of
HLB-affected citrus trees increases as the mixed orchard reaches three to four years of age. The
high ratio of guava trees to citrus trees needed to achieve protection does not seem compatible
with current Florida citrus production, but guava trees could find application in orchards
following the Advanced Citrus Production System (described below). Field experiments have
been set up to test the protective power of guava under Florida conditions.
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Distraction of ACP by Chemical Attractants and Repellents

Research at the University of Florida is aimed at identifying and developing attractants for
ACP, for both monitoring and management. Male ACP colonize in great numbers on those citrus
plants that are currently or were previously infested with virgin or mated female ACP,
suggesting that female ACP may produce a sex pheromone that attracts conspecific males, a
suggestion supported by olfactometer results (Wenninger et al., 2008). Results of behavioral tests
and electrophysiological experiments indicate that the ACP uses both visual and olfactory cues
in orientation to host plants (Wenninger et al., 2009b). Analyses by gas chromatography and
mass spectrometry indicated that both sexes of ACP produce several volatile compounds, with
some compounds specific to each sex. Research is underway to develop methods to use
attractants to recruit parasitoids into groves to improve biological control. These results have not
yet been published and should be considered preliminary. Infection by specific aphid-transmitted
viruses has been shown to produce apparently aphid-attracting VOCs (Medina-Ortega et al.,
2009; Werner et al., 2009), suggesting another approach to identifying ACP-attracting volatile
compounds.

Protection of citrus from ACP in mixed guava-citrus orchards is described above, research is
also underway to develop a repellent for ACP, based on the volatiles released by guava and their
effects on ACP behavior. Results from laboratory experiments suggest that the guava effect is
due to volatile compounds produced by the guava plants, which may be acting as psyllid
repellents, or by masking or counteracting the citrus volatiles that attract the psyllids. Young and
old guava leaves are equally active as a source of repellents and male and female psyllids are
similarly repelled.

It has been shown that crushed guava leaves were more repellent to ACP than intact guava
leaves. Analyses of volatiles from crushed and intact “white” guava leaf flushes were compared
(Rouseff et al., 2008). Undamaged guava leaves yielded five sulfur volatiles, and crushed leaves
yielded an additional sulfur volatile, dimethyl disulfide (DMDS). Leaves of sweet orange,
grapefruit, and rough lemon, crushed or intact, did not give off DMDS, and DMDS is highly
repellent to ACP. Sulfur compounds are highly toxic to most insect species due to the disruption
of the cytochrome oxidase system of the insects’ mitochondria (Dugravot et al., 2004). In
olfactometer studies by Noronha and Bento (2008), intact guava plants without crushed leaves
repel psyllids, so the protective effect of guava in mixed orchards likely is not due to DMDS.
This observation does not diminish the merits of DMDS as a potential psyllid repellent.

Repellent effects of available DMDS formulations have remained for 3 to 4 weeks after
distribution of dispensers, which should be long enough for preliminary field studies to assess
exclusion of ACP from the groves. If DMDS is effective and new formulations, perhaps with
other active ingredients included, can extend the longevity to 15 weeks or more, field trials could
lead to registration with the US EPA. Registration will be costly and may require from 8 to more
than 55 months, but could result in an elegant short-term form of HLB mitigation.

Trap plants have been proposed for use in conjunction with feeding repellents of ACP
compounds such as DMDS in a “push-pull” strategy to concentrate ACP populations into a zone
for eradication by insecticide application. Potential feeding repellent compounds include
pymetrozine and Flonicamid (Harrewijn and Kayser, 1997; Bedford et al., 1998; Polston and
Sherwood, 2003; Bextine et al., 2004; Morita et al., 2007), which have worked for suppression of
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other pathogen vectors. If feeding on citrus can be sufficiently disrupted, ACP transmission
capability may be reduced along with ACP numbers. The push-pull strategy has been considered
as a component of an area wide ACP-HLB management program.

HUANGLONGBING EPIDEMIOLOGY AND ASIAN CITRUS PSYLLID
BEHAVIORAL ECOLOGY

There remains a great need for more information on HLB epidemiology under Florida
conditions; such information could provide the basis for creation of management/mitigation
programs or regulatory programs in the state. Some current information on CLas spread in the
orchard is presented above in the above section on research and mitigation practices. The
currently funded projects on HLB epidemiology are listed in Appendix J. Several of these
projects are ongoing in Brazil, while others are being conducted in Florida. The specific research
topics include transmission (i.e. via seed), effects of control measures on HLB spatio-temporal
progress, comparative epidemiology of HLB caused by CLas and Clam, and alternative
hosts/host range of CLas.

Understanding and Exploiting ACP Biology

“Psyllids are probably the most benign of the Sternorrhyncha and therefore the least well
studied” (Percy, 2010). That is, compared to other hemipterans such as aphid, whitefly, mealy-
bug and scale insects (all phytophagous sucking insects), few psyllid species are significant pests
of crop and ornamental plants. Moreover, most psyllids have tropical distributions and are found
on woody plants (few herbaceous crops and no grains are hosts to psyllids), and therefore tend to
receive less attention from entomologists than do non-pest species. What was known about ACP
prior to 1998 is from studies of the insect in Asia and islands in the Indian Ocean (Halbert and
Manjunath, 2004). Subsequently, entomologists, primarily in Florida, took up the study and the
number of publications on ACP expanded exponentially. In his review, Hall, (2008) remarks that
“entomologists are in the discovery phase of research detailing information on the biology,
behavior, ecology and biological control (a topic of Chapter 2) of D. citri in hopes of finding
weak points in psyllid populations that could be exploited to help curb disease transmission and
reduce the need for chemical control.” Research topics have included life history, biology and
behavior, host plant relationships, sampling, vector/pathogen relationships, and vector control
strategies. Nevertheless, some aspects of ACP have been neglected or have received insufficient
attention, as indicated below.

Behavioral Ecology

Study of adult and immature ACP behavior, movement, feeding, CLas transmission and
other interactions with plant hosts (Wenninger et al., 2009b) could yield information applicable
to reducing HLB spread. Spread of HLB in Florida occurs primarily by the dispersal of psyllid
vectors, but could potentially be spread by citrus nursery stock including ornamental citrus.
Relatively little is known about the flight behavior of ACP. Some reports indicate limited, short-
distance dispersal; others suggest longer migratory flights. It is likely that both occur. Extensive
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information about aphid flight behavior (Vialatte et al., 2007; Lankin-Vega et al., 2008; Klueken
et al.,, 2009) could guide ACP investigations. Information on psyllid flight could facilitate
improved sampling methods for monitoring ACP with benefits to management approaches.
Although the technology would not be applicable to citrus, an example of an approach that has
been successful in reducing transmission of virus diseases has been the development of reflective
mulches to repel viruliferous aphids from vegetable crops (Brown et al., 1993; Stapleton and
Summers, 2002). Research on the behavior of ACP adults has revealed aspects of probing (stylet
penetration) behavior and of communication by means of substrate vibration and semiochemicals
(Wenninger et al., 2008; Wenninger et al., 2009a; Wenninger et al., 2009b; Bonani et al., 2010).

The nymphs deserve more attention than they have received because their unique and
specialized lifestyle may make them more vulnerable to manipulation than adults. As with other
psyllids, ACP nymphs are highly specialized. They are relatively immobile, live closely
aggregated and are seemingly vulnerable. Fourth and fifth instar nymphs have been found to
acquire CLas efficiently and become, as adults, inoculators of HLB. ACP nymphs almost always
are found on the new flush of growth of their hosts. Psyllids likely have evolved behavioral
tactics to protect themselves in the developing colony.

Two strategies employed by other hemipterans whose nymphs are closely aggregated are
alarm pheromones (Nault and Phelan, 1984) and myrmecophily (beneficial association with ants)
(Holldobler and Wilson, 1990). Aphid alarm pheromones have been used to manage aphid pest
populations (Dawson et al., 1990; Guedot et al., 2008), but no studies report a search for alarm
pheromones in any psyllid species. There are a few anecdotal reports of ants collecting
honeydew from ACP nymphs and from the nymphs of other psyllid species, suggesting the
possibility of facultative myrmecophily. Chemical communication between ants and their
attendant hemipterans (Nault et al., 1976) could lead to the discovery of new semiochemicals and
novel approaches to reducing ACP populations. There may be predator and parasitoid avoidance
vibrational signals (Cocroft, 2001; Wenninger et al., 2009a) and evasive behaviors that are
critical to nymph survival. Modifications of host leaves induced by salivary secretions (Luft et
al., 2001), recruitment of ants by nymphs to avoid predators (Novak, 1994) and chemical (or
tactile) communication between ants and psyllids are other aspects of nymph behavior that could
inspire new control measures in the longer term.

Two aspects of ACP nymphal development deserve close attention. The first is the ability of
the immature psyllids to alter the biochemistry and morphology of their hosts and create the
protective niches in which they live. Developing plant tissues may be responding to compounds
in ACP saliva. Isolation and characterization of these putative chemicals could lead to new ways
to alter psyllid populations as has been suggested by Miles (1999) for aphid salivary enzymes.
The second subject concerns ACP nymphs’ incorporation of their honeydew into non-sticky,
waxy filaments that are readily carried away from colonies by wind and rain. Learning more
about the chemistry of ACP excreta would be worthwhile. In addition to protecting nymphs from
fouling their environment, the excreta may contain compounds that protect them against
predators, parasites and pathogens, or conversely volatiles that attract the enemies of predators
and parasites. Such compounds could lead to new ACP management strategies.

Vector-pathogen Interactions

Information on CLas transmission rates and CLas effects on ACP is needed to provide the
foundation for epidemiological models and predictions of HLB spread and other HLB
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investigations. However, published reports on CLas transmission by ACP are not in agreement
with transmission rates from either field-collected insects or laboratory-reared insects. This
uncertainty may be attributed in part to variations in experimental conditions, e.g., the use of
different plant species and cultivars (Xu et al., 1988). However, at this point the data are too few
to allow underlying variations in transmission to be distinguished from variation due to
experimental method, and more data are needed.

Presently, little attention is being given to the potential impact of CLas infection on the
fitness of the ACP vector. In other systems, plant pathogens have been found to decrease or to
increase the lifespan and fecundity of vectors carrying circulative, propagative pathogens.
Infection of the plant host may make the plant more beneficial to the feeding insect vector,
expand the host range of the vector, or improve its survival under an environmental stress such
as over-wintering (Purcell and Nault, 1991). In natural ecosystems, well-adapted plant hosts and
vectors of pathogens are not harmed by infections (Caudwell, 1984). Almost certainly HLB
propagates in ACP, and ACP may be the ancestral host for CLas. A long CLas-ACP association
would predict that CLas is not pathogenic to ACP and could be beneficial (Purcell and Nault,
1991), whereas an association at a more primitive evolutionary stage may result in pathogenicity
(Purcell and Suslow, 1987).

Transovarial transmission (vertical transmission from parent to offspring) and sexual
transmission are vector-pathogen phenomena that could influence HLB epidemiology.
Experimentally demonstrating transovarial or sexual transmission requires care to insure that
plant hosts for rearing ACP are CLas-free or non-susceptible (Purcell, 1982). van den Berg et al.
(1992) reported some evidence that a HLB agent is transmitted transovarially and/or during
oviposition or that greening can be acquired by plants via the eggs of the psyllid Trioza erytreae.
More recently, Hansen et al. (2008) reported that bacterium associated with Ca. Liberibacter
pysllaurous/solanacearum (CLp/s) is transovarially transmitted by the potato psyllid, Bactericera
cockerelli. The 16S rRNA sequence of CLp/s has 97 percent homology to CLas from Brazil, and
B. cockerelli is in the same taxon as 7. erytreae, so transovarial transmission of CLas could
occur with ACP. If vertical transmission of CLas occurs at all, the extent apparently is very
limited and unlikely to be of significance in a full blown epidemic with high ACP populations.
However, where both sources of CLas inoculum and ACP have been reduced to low levels,
vertical or sexual transmission could make destroying the last vestiges of CLas more difficult.

RESEARCH ON CITRUS BREEDING AND GENETICS

Citrus Breeding

Plant genetic improvement through both conventional and genetic engineering (GE)
approaches has been a primary strategy to develop improved agricultural crops. In conventional
breeding programs, scientists cross or interbreed close and even distantly related species to
develop new crops with agronomically desirable phenotypes. However, as demonstrated by over
50 years of international research efforts, breeding of improved germplasm to address HLB has
been technically daunting due to the challenges inherent to the HLB bacterial agent, the vector,
and, most importantly, the inherent difficulties in breeding with citrus germplasm. Citrus
improvement through conventional approaches is limited mainly because of the fruit’s complex
reproductive biology. Therefore, a statistically predictable breeding program, based on normal

Copyright © National Academy of Sciences. All rights reserved.



Strategic Planning for the Florida Citrus Industry: Addressing Citrus Greening

CITRUS GREENING RESEARCH AND DEVELOPMENT AND INDUSTRY PREPAREDNESS 79

sexual reproduction, is not available for many commercial citrus species.

Citrus efficiently forms apomictic (nucellar) embryos. That is, apomixis (asexual seed
formation, termed as nucellar embryony in citrus) bypasses sexual reproduction and interferes
with developing a traditional breeding program for many citrus species. Nucellar embryos arise
from the maternal nucellar tissue and thus are clones of the maternal parent. Nucellar embryos
initiate prior to pollination and are more vigorous than zygotic embryos resulting in very few
zygotic embryos from a cross. With the exception of pummelo, citron and some mandarins, most
citrus species such as lemon, lime, sweet orange, grapefruit, and mandarin exhibit varying ranges
of apomixis. Juvenility is another factor affecting breeding programs. Citrus typically requires 3—
7 years to reach flowering and maturity. The long breeding cycle, coupled with the large size of
the trees, greatly limits the number of families and individuals that can be evaluated in a
breeding program. Finally, heterozygosity, or the presence of different alleles at a locus, is very
high in most citrus clones and results in substantial and unpredictable genetic segregation in
progeny (Moore, 2001).

As a consequence of its unique reproductive biology, most of the scion and rootstock
cultivars in commercial production were not developed through systematic breeding programs,
but rather as spontaneous seedling or bud sport mutations (Talon and Gmitter, Jr., 2008). There
has been some success, however, in breeding for citrus rootstocks. For example, intergeneric
crosses between Citrus and Poncirus sp. and the several resulting cultivars “Carrizo”, “Troyer”
and “Swingle”, while not acceptable as scions, are widely used as rootstocks because of their
resistance to soil diseases and nematodes (Soost and Roose, 1996; Moore, 2001).

Conventional plant breeding for resistance to HLB is likely to be extremely challenging. A
dominant gene for resistance to Citrus CTV is known in Poncirus trifoliata, and species highly
resistant to citrus canker, in calamondin, kumquat and Ichang papeda also exist. However, there
is little or no evidence for genetic resistance to HLB in Cifrus or related genera and a survey in
South African orchards, where HLB has been present for decades, failed to identify any HLB-
disease resistant trees (Roux and Grout, Citrus Research International, Nelspruit, South Africa,
personal communication). Even with good sources of HLB resistance, the most optimistic
timelines suggest that a minimum of eight years would be required to develop resistant
mandarins and a substantially longer time for the difficult breeding systems of oranges or
grapefruit (Roose and Close, 2008).

Somatic Hybridization of Citrus

In the 1980s, the complications limiting conventional breeding for new citrus cultivars were
thought to be overcome by the development of somatic hybridization by protoplast fusion. These
techniques circumvented sexual incompatibility and allowed crossing to create interspecific
hybrids through in vitro fertilization. Citrus somatic hybridization has been successfully used in
citrus to produce over 200 parental combinations and to generate hybrid rootstock which are
under field evaluation (Grosser et al., 2000). However, the variety of progeny produced by
somatic hybridization is more limited than those produced in sexual crosses. Somatic
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hybridization has yet to fulfill the commercial hopes of generating new cultivars to meet the
increasing agronomic needs of the citrus commodity.

Citrus Genetic Transformation

Genetic transformation of citrus for resistance to CLas or ACP provides a viable alternative
to the technically challenging conventional breeding of the most widely planted citrus species.
GE has the potential to introduce disease resistance trait(s) with negligible alteration of the
integrity and traits of commercially important scion clones. Genetic transformation of citrus was
first reported in the early 1980s. Since then, citrus has been transformed employing
Agrobacterium, chemically induced DNA uptake into protoplasts, and particle bombardment
(Pena and Navarro, 1999; Singh and Rajam, 2009). The first variety of transgenic sweet orange
(Washington navel) was developed in Japan by Agrobacterium-mediated transformation and
regeneration of citrus from suspension cells (Hidaka et al., 1990). Gloria Moore in Florida has
been another pioneer in the development of Agrobacterium-mediated transformation of citrus
(Moore et al., 1992). Thus far a number of major citrus crops have been transformed with genes
of potential agronomic importance (Table 3-1).

TABLE 3-1 Major Citrus Species that have been Genetically Transformed to Produce Citrus
Plants with Genes of Agronomic Interest

Common

Name Scientific Name Gene Introduced Reference

Carrizo Citrus sinensis x Citrus blight-associated Kayim et al., 2004

citrange Poncirus trifoliata gene

Carrizo C. sinensis x P. HAL?2 gene Cervera et al., 2000

citrange trifoliata

Carrizo C. sinensis x P. LEAFY and APETALA1 Peiia et al., 2001

citrange trifoliata

Grapefruit C. paradisi Carotenoid biosynthetic Costa et al., 2002
genes

Grapefruit C. paradisi Coat protein gene of Citrus Moore et al., 2000
tristeza virus (CTV)

Grapefruit C. paradisi CTV genes Febres et al., 2003

Mexican Lime C. aurantifolia Coat protein gene of CTV ~ Dominguez et al.,

2000

Ponkan C. reticulata Blanco  Chimeric ribonuclease Lietal., 2002
mandarin gene
Rangpur Lime C. limonia bO (bacterio-opsin) Azevedo et al., 2006
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Common
Name Scientific Name Gene Introduced Reference
Sour orange C. aurantium Coat protein gene of CTV ~ Gutiérrez-E et al.,

1997; Ghorbel et al.,

2000
Trifoliate P. trifoliata Capsid polyprotein gene Iwanami et al., 2004
orange (pCP)
Trifoliate P. trifoliata Citrus FT (CiFT) Endo et al., 2005
orange
Trifoliate P. trifoliata Gene encoding human Kobayashi et al., 1996
orange epidermal growth factor

(hEGF)

Trifoliate P. trifoliata rolC gene Kaneyoshi and
orange Kobayashi, 1999
Troyer C. sinensis % P. Truncated version of CTV ~ Piestun et al., 2000
citrange trifoliata and Bar gene
Troyer C. sinensis x P. rolABC genes Gentile et al., 2002
citrange trifoliata Cirvilleri et al., 2005
Valencia C. sinensis Pectin methylesterasegene  Guo et al., 2005
orange
West Indian C. aurantifolia Genes for decreased seed ~ Koltunow et al., 2000
lime set

Source: Extracted from Singh and Rajam, 2009.

In order for GE to become a practical strategy in citrus, the transformation efficiency needs
to be increased, the extended regeneration times need to be reduced, and the extended juvenility
period needs to be shortened. Most published Agrobacterium-mediated transformation
procedures begin with juvenile citrus material such as epicotyl segments from seedlings, which is
favored as being more amenable to transformation (Bond and Roose, 1998; Ali and Mirza,
2006). The result is juvenile transgenic citrus plants with delayed time, usually years, to
flowering and acquisition of mature growth habits. Plants derived from such protocols must be
evaluated not only for their resistance traits but for being true-to-type and having desired
horticultural characters. In contrast, using well-characterized citrus varieties as the mature citrus
starting material minimizes the time to flowering and the need for horticultural evaluation.

Methods for transformation of mature citrus material, including sweet orange, were
developed in Spain by Pefia and colleagues (Cervera et al., 1998; Cervera, 2005). Using this
approach, which relies on supervirulent Agrobacterium strains and careful selection of starting
material, the juvenile stage was bypassed, effectively reducing the time to fruit-set to 14 months.
Pefia and colleagues have transferred this material and the procedure to Sao Paulo State, Brazil,
where they have produced mature transgenic citrus trees expressing antibacterial peptides, which
now are under evaluation. A critical factor in mature citrus transformation is collection of
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starting explants from vigorous, optimized citrus trees having a very low population of
contaminating bacteria and fungi.

A coordinated and focused effort to develop mature citrus transformation systems is
underway in Florida in several institutions or laboratories. Emphasis is put on citrus plant pre-
conditioning and parameters affecting transformation and regeneration. Also, to gain time, the
transformation technology for mature citrus tissues, which has been developed in Spain, will be
transferred to Florida, where new laboratory and greenhouse facilities are being established.

Because mature tissue transformation is not yet available in Florida and juvenile citrus
transformation is more efficient and less cultivar specific than mature citrus transformation, a
project on accelerating the production and commercialization of transformed juvenile citrus is
also being developed. Several approaches have been taken to minimize or eliminate the problem
of juvenility. These include use of high-quality sweet orange clones selected for reduced
juvenility and development of a universal transgenic rootstock that promotes flowering by
expression and transport into the scion of a flowering-inducing protein. Another strategy for
curtailing the maturation period of juvenile citrus is transformation with genes that accelerate
flowering, such as the Arabidopsis LEAFY or APETALA (Pena et al., 2001).

Attention is being given to another approach to introducing resistance to CLas into varietal
scions: genetic transformation of citrus rootstock. If expression of the transgene results in the
production of a resistance-mediating molecule that can be secreted in the rootstock and
effectively mobilized across the graft union, the rootstock could be used to confer resistance or
tolerance to a variety of non-transgenic, fruit-producing citrus scions. Use of mature scions
would avoid the long juvenility phase.

TRANSGENES FOR RESISTANCE TO CLAS

In order for GE of citrus to contribute to HLB mitigation, transgenes capable of conferring
resistance to CLas or ACP or tolerance to CLas must be identified and incorporated into
constructions suited for expression and proper targeting in citrus. Several research groups are
working on the isolation and testing of candidate genes.

Anti-bacterial Peptides

Anti-bacterial peptide (ABP) genes have received early attention because this class of
molecules represents one of the few known with members capable of acting against CLas and
other bacteria. ABP genes can be found in humans and animals (Myeloid antimicrobial peptides,
human beta-defensin-1, Polyphemusin-1, Tachyplesin, Protegrin-1, magainin, indolicidin, and
others), insects (cecropins, Sarcotoxin IA, pyrrhocoricin, and other), and plants (defensins, and
others). The underlined peptides are examples of those that have already been evaluated in citrus
against the liberibacters.

In 2009, field trials for transgenic citrus were established in Florida. Currently under
evaluation for resistance to citrus canker and HLB are (i) a Carrizo citrange that carries a gene
that encodes for a plant-based anti-microbial peptide, being tested by Southern Gardens Nursery
LLC and Texas A&M University; and (i1) Carrizo citrange and grapefruit that carry a proprietary
gene called ‘Disease Block™(i.e. a phage-based protein that disrupts the outer membrane of Gram
negative bacteria but does not lyse the cells), being tested by Southern Gardens and Integrated
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Plant Genetics. No field resistance data have been generated as of December 2009 but
preliminary laboratory data for the transgenic citrus indicate efficacy against citrus greening (M.
Irey, United States Sugar Corporation, Clewiston, FL, personal communication).

Genes Involved in Systemic Acquired Resistance (SAR)

SAR is an important defense mechanism in plants which, when activated by a specific
microorganism or chemical, can provide protection against a variety of challenging pathogens.
The Arabidopsis NPR1 gene is induced in SAR and in turn NPR1 induces the expression of a
battery of downstream pathogenesis-related (PR) genes. Over-expression of NPRI1 in
Arabidopsis, as well as in rice and tomato, induces broad spectrum disease resistance.
Constitutive expression or over-expression of NPR1 and other SAR genes in transgenic sweet
orange is now being evaluated for their ability to confer resistance to CLas and other bacteria,
with the possibility of producing broad-spectrum resistance. One concern about SAR proteins is
they may adversely affect yield. Since the SAR transgenes are of plant origin, should they be
found to be effective, there should be less regulatory concern than would be found for transgenes
from other organisms.

RNA Interference to Limit Psyllids

Recently, plant-mediated RNA interference (RNAi) has been shown to effectively control
plant insect pests, at least in the laboratory settings. Transgenic corn plants expressing corn
rootworm double-stranded RNAs (dsRNAs) exhibited a significant reduction in rootworm
damage, and they induced mortality of the insects (Baum et al., 2007). These dsRNAs, after
being ingested by the insect, were processed in the insect into small RNAs. The natural gene
silencing mechanism of the insect directs destruction of sequences corresponding to those in the
dsRNAs in the target gene, leading to death of the insect. Similarly, transgenic cotton plants
expressing the dsSRNA of a cotton bollworm p450 mono-oxygenase gene effectively inhibited
cotton bollworm. Therefore, there is a potential for using RNAi as a control measure for psyllids,
and projects taking this approach are in progress. Essential genes for psyllid development or
viability could be chosen for RNAI in citrus trees.

As the various anti-CLas or anti-ACP genes are created, there will be a need to test them in
transgenic citrus. Many of the programs that are investigating such genes do not have capabilities
for producing transgenic plants. There will be an increased need for the production of transgenic
material and the facilities presently available may not be able to meet those needs. The Core
Citrus Transformation Facility (CCTF) at University of Florida Citrus Research and Education
Center (UF-CREC) is a service laboratory open to qualified investigators. With additional
funding for employees and equipment, the CCTF could increase its production significantly to
meet the needs for transgenic citrus.
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TRANSGENIC, VIRAL, AND BACTERIAL DNA VECTORS FOR MEDIATING GENE
EXPRESSION IN CITRUS

There is a general consensus that the most viable long-term approach to HLB mitigation is to
deploy trees that are resistant to CLas, or ACP, or both . Intensive research efforts in Florida are
devoted to this long-term objective, which will likely require years of effort. Resistant plants can
be produced by (i) classical genetics and plant breeding, (ii) genetic transformation to produce
transgenic plants, and (iii) introduction of a bacteria- or virus-derived DNA vector bearing a
gene of interest. In an example of the latter case, Agrobacterium tumefaciens Ti plasmids are
commonly used in plant research to express genes in pressure-infiltrated leaves, for example,
without the need for time-consuming genetic transformation. Plant viruses are another source of
DNA vectors for tests of gene expression without transformation.

Usually, use of bacterium- or virus-mediated gene expression is termed “transient
expression” because the longer term, multi-generational gene expression characteristic of genetic
engineering is not observed. It is the good fortune of citrus research, and possibly the citrus
industry, that W.O. Dawson of UF-CREC has developed CTV, itself a significant disease agent
under specific circumstances in Florida, into a viral gene expression vector. This CTV vector
was found, very surprisingly, to maintain gene expression for years.

Citrus Tristeza Virus-Mediated Systemic Expression of Foreign Genes in Citrus

The CTV vector is likely to find application because of the urgent need to have HLB
mitigation measures in place in less time than the 10—15 years, after a functional anti-CLas gene
has been identified. The latter would be required even for the most facile transformation of
mature citrus tissue. The CTV-based vector is now being developed as an interim measure to
protect citrus trees against HLB without the (as yet unavailable) long-term transformation
procedures. That is, it appears that CTV vectors may be used not only to test transgene
constructions for later genetic transformation into citrus but also possibly for “transient”
expression of transgene constructions over a period of several seasons in the orchard.

The CTV vector is applied without transformation, without regeneration, and without the use
of a selectable marker or reporter gene. The CTV-based vector allows insertion of one, two or
three genes into the viral genome, and these inserted genes are expressed together with virus
genes as the virus vector replicates in the host plant. The vector can express high levels of the
products from the inserted genes, systemically in both shoots and roots. Most interestingly, after
having been amplified within an initial citrus tree, the CTV vector can be transmitted by graft-
inoculation to other citrus trees of any size or variety.

The longevity of CTV-mediated gene expression is truly surprising. So far, the vector has
continually expressed foreign genes in citrus for six years. Twenty-seven of 30 citrus trees,
which have been infected with the vector for 4-6 years, still contain the intact foreign gene.
Based on this observation, it is very likely that a high percentage of the trees will retain the
foreign peptide gene for ten years or more.

CTV is endemic in many countries of Asia, Africa, America, Australia, as well as in some
Mediterranean countries, as well as Florida, and citrus trees grown in these regions are tolerant to
the virus. Problems arise from CTV primarily where citrus is grown on sour orange rootstock,
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which rootstock is now avoided in Florida citrus orchards. Thus, using a CTV-based gene vector
to infect citrus trees should not harm the trees. In summary, the advantages of the CTV-vector
approach, in comparison to the transformation procedures for the production of transgenic trees
from juvenile or mature tissues, are:

A CTV-vector would allow CLas-resistant trees to be available in much less time
than would be required for production of transgenic trees from juvenile or mature
citrus tissues.

If one or a few trees that are supporting the vector containing the beneficial gene
for HLB control become available, the vector construction can be transferred to
other citrus trees using vector-infected budwood or rootstock in the nursery or
orchard.

The problems associated with transformation of juvenile tissue are avoided
because juvenile trees infected with the vector can be a source of budwood to
transfer the vector to mature trees.

Similarly, budwood from a CTV-vector-infected tree can be transferred to almost
any citrus variety, whereas with genetic transformation the time-consuming and
expensive transformation protocol would need to be repeated with each new citrus
variety.

The CTV vector bearing an anti-CLas construction might be sufficiently potent to
be applied not only to healthy trees as a prophylactic but also therapeutically to
already infected trees by graft inoculation.

The CTV vector allows expression of more than one gene, so a properly designed
construction could be effective against more than one disease agent.

Vector constructions that are compatible have been developed, which should
allow re-inoculation of the same tree should a first construction fail or become
obsolete.

The CTV-vector infected trees are not transgenic, so there is virtually no
possibility of transgene transfer through pollen. However, CTV is aphid-
transmitted, so aphids could spread the genes inserted into CTV if virus particles
are formed. It should be possible to construct CTV vectors that will not result in
gene transfer by aphids.

CTV is phloem-limited as is Clas and thus, anti-bacterial peptides or other genes
would be expressed in the tissue where the pathogen is located.

Screening of Anti-Bacterial Peptides using CTV-based Vectors

The CTV-vector system is suited to the testing of candidate genes intended to act against any
citrus-infecting disease agent (Dawson et al., 2005), but it is particularly well-suited to screen for
the effectiveness of anti-CLas gene products. No long-term culture of CLas has been
demonstrated, so conventional in vitro antimicrobial screening methods are not applicable. The
CTV vector and CLas occupy the same site in the host plant, the phloem sieve tubes, and thus the
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CTV-vector-encoded anti-bacterial product is produced in, and targeted at, the site inhabited by
CLas where the liberibacters live and multiply. In practice, a citrus budwood line expressing an
anti-bacterial peptide from the infecting CTV vector is propagated in various citrus cultivars
including sweet orange. Infection by the CTV vector is confirmed by an enzyme linked
immunosorbent assay or ELISA. The plants are then graft-inoculated with a citrus source of
CLas and subsequently observed for symptom development and tested for CLas accumulation. In
this way, over 100 genes for ABPs are being screened. Promising candidate peptides already
have been identified by the CTV work.

CITRUS CULTURAL PRACTICES MODIFIED TO ACCOMMODATE ENDEMIC
HUANGLONGBING

Advanced Citrus Production System

The Advanced Citrus Production System (ACPS) is now being evaluated in Florida citrus
groves for potential in maintaining sustainable and profitable citrus production in the presence of
HLB and citrus canker. The aim of the ACPS is to shorten and enhance the citrus production
cycle. Economic fruit production is expected to occur in as little as 3 years from planting, thus
achieving an early return on investment. The intended early high yields are anticipated based
primarily on high density planting (conventional grove: 116 trees/acre; high density grove: 363
trees/acre) and optimum nutrition-water relations using intensively managed computerized daily
fertigation (fertilizer included in irrigation water), commonly referred to as “Open Hydroponics
System” (OHS). The OHS will have to be adapted for Florida summer rainy season and sandy
soil conditions. Several field experiments using newly planted and mature trees are in progress to
evaluate the ACPS for field plot layouts, spacing, automated fertigation system design,
equipment selection, irrigation scheduling, monitoring, remote control, fertilizer formulations,
root density distribution, and girdling to enhance cropping and control tree vigor. Because ACPS
involves higher tree densities, automated irrigation, and intensive nutrient management, annual
cultural costs will increase. Estimates are available of the changes in these costs, as well as a
determination of the required yield increase that a grove with an ACPS must achieve to be
profitable.

Induction of Systemic Acquired Resistance and Supply of Micronutrients

In Florida, imidacloprid and aldicarb are the only two available systemic insecticides which
provide effective control of psyllids on young non-bearing trees. Based on reports that
imidacloprid can induce systemic acquired resistance (SAR, described above) to citrus canker
and because of its intensive use for psyllid control in newly planted citrus trees, there is interest
to determine whether imidacloprid is able to induce SAR against HLB. Experiments are
currently underway to evaluate the effect of imidacloprid, as well as non-insecticide SAR
inducers, on HLB symptom expression and CLas titers in citrus tissues.

In other research, chemical inducers of SAR, such as isonicotinic acid (INA) and
acibenzolar-s-methyl (ASM, Actigard®), are being investigated for efficacy against HLB. Initial
experiments in which a SAR inducer was applied as a drench did not result in protection against
budwood-inoculated CLas. Further experiments are aimed at testing SAR inducers under the
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presumably less intense inoculation method that a citrus orchard would experience when exposed
to psyllids.

Curative levels of micronutrients have also been credited with eliminating mineral deficiency
symptoms associated with HLB. Commercial-scale, replicated experiments are underway to test
the effect of a combination of micronutrients and SAR inducers, with and without insecticidal
psyllid control, on the spread and impact of HLB. Growers hope that the putative effect of SAR
inducers and micronutrients will make removal of HLB-infected trees unnecessary. However,
even if there is such an effect, the trees will not be cured and may continue to serve as sources of
inoculum.

MODEL SYSTEMS AND CHEMICAL SCREENING

Two projects underway are using three model system approaches to understanding and
combating HLB. In the first approach, compounds capable of suppressing CLas accumulation
and their effects are being discovered by mass screening of plantlet cultures initiated from CLas-
infected citrus and periwinkle. The source of compounds is a chemical library similar to the type
used in the pharmaceutical industry for drug screening. Each plantlet is exposed to a different
compound and tested for reduction in CLas titer and possible phytotoxic affects. Two approaches
in another project rely on results from the model plant Arabidopsis. The Arabidopsis regulatory
protein MAP kinase kinase 7 (MKK?7) enhances basal resistance to pathogens and induces SAR
in Arabidopsis. Both the Arabidopsis MKK7 gene and the corresponding gene from citrus are
being over-expressed in citrus, which will be tested for resistance to CLas (and the canker
organism). In the second approach, citrus treated with a mutagen is to be screened for mutants
that show elevated activity of the oxidative pentose phosphate pathway (oxPPP), a condition
that, in Arabidopsis, results in enhanced disease resistance.

SUMMARIES OF EXPERIENCES WITH OTHER MAJOR PLANT DISEASES

There are many plant diseases which, like HLB, present a serious threat to, and could even
eliminate production of, a specific crop. Appendixes L and M summarize the disease and the
actions taken in attempting or accomplishing mitigation for two such examples.

AN OVERVIEW OF RESOURCES FOR CITRUS PEST MANAGEMENT PROJECTS

Research that is focused on Florida’s pest problems is performed by state-funded personnel using facilities
at Florida’s Land Grant University (University of Florida) and by staff of the US Department of Agriculture’s
(USDA) Agricultural Research Service (ARS), using in-house funding at its facilities located in
Florida. ARS’ in-house funds can be used to foster research partnerhips via specific cooperative
agreements with outside entities such as universities and industry (http://www.ars.usda.gov/is/np/
SpecCoopAgreements/ SpecCoopAgreementsintro.htm).

The Animal and Plant Health Inspection Service (APHIS), another unit of USDA, also provides funding
citrus research infrastructure and personnel. These include the Center for Plant Health Science and Technology
(CPHST) and the Citrus Health Response Program (CHRP). These resources provide the long-term
infrastructure necessary to deal with pest management problems. There are also citrus/citrus pest research
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programs in Parlier, California; Frederick and Beltsville, Maryland; and Weslaco and College Station, Texas and
these can have an impact on citrus in Florida (www.aphis.usda.gov).

Citrus pest management research is supported by several important national, regional, state and industrial
entities. As with many agricultural systems, citrus researchers have found support from USDA in its various
programs which include: Agriculture and Food Research Initiative (AFRI) competitive grants program, which
replaced the long standing National Research Initiative (NRI) program and the much shorter-lived Initiative for
Future Agriculture and Food Systems (IFAFS). These programs have provided major funding for citrus
research. AFRI funds programs that advance ‘“fundamental sciences in support of agriculture.”
(http://www.csrees.usda.gov/fo/agriculturalandfoodresearchinitiativeafri.cfm).

The Pest Management Alternatives Program provides support for and encourages “the development and
implementation of integrated pest management (IPM) practices, tactics, and systems for specific pest
problems....” (http://www.csrees.usda.gov/fo/pestmanagementalternativessrgp.cfim).

Integrated Pest Management funds projects that “develop and implement new ways to address complex
pest management issues’. (http:/www.csrees.usda.gov/integratedpestmanagement.cfim).

The Interregional Project Number 4 (IR-4) “provides expert assistance with product development and
registration for minor crops’ such as citrus (http:/www.csrees.usda.gov/fo/irdminorcroppestmanagement.cfim).

In addition to these longer-standing USDA programs, new programs have been more recently established,
including the large Specialty Crops Research Initiative (SCRI). SCRI was established to “‘solve critical industry
issues through research and extension activities and gives priority to projects that are multistate, multi-
institutional, or trans-disciplinary; and include explicit mechanisms to communicate results to producers and the
public”. (http://www.csrees.usda.gov/fo/specialtycropresearchinitiative.cfim).

In addition to these USDA programs that cover the broad landscape of agriculture, there were, in the past,
special research grants programs specific to citrus, such as the Citrus tristeza virus (CTV) research program
(http://www.csrees.usda.gov/fo/fundview.cfm?fonum=1079).

An important third level of funding for pest management research in Florida is that supplied by the Florida
citrus industry. For example, Souther Gardens Citrus has planted the first research field trials of potential canker
and greening disease-resistant citrus trees in its Hendry County citrus groves. The trees, noted to be resistant to
canker and greening in the laboratory, were planted in small plots to determine if the trees are disease resistant
under commercial grove conditions. (http:/www.growingproduce.com/news/flg/?storyid=2047).

Florida, California and Arizona also have also funded research. Prior to the detection of HLB in Florida,
funding from citrus producing states was directed towards research that pertained to their own industry’s needs.
With HLB now present in Florida and with the possibility of HLB reaching other citrus-producing states,
industry representatives from Florida and California have begun to discuss combining their financial and
laboratory resources in order to arrive at HLB management strategies as soon as possible. In 2008,
representatives from Florida traveled to California to learn how the California research funding programs are
structured. Most recently, industry representatives met in Dallas, Texas in December 2009 to identify citrus
research needs on a national level and to discuss how federal funding could be best allocated. In addition, growers
in both Florida and California will vote on the potential establishment of a national citrus research program. All
citrus growers will be assessed on a per box of harvested fruit basis to fund this program. Management of this
program will be by a board composed of representatives from all citrus-producing states. This vote is planned to
take place in 2010.

Over $4 million of the California Citrus Research Board (CRB) annual budget is directed towards HLB and
ACP. Approximately $2 million is allocated to research and an additional $2 million funds an operational
program that monitors and traps ACP in production citrus groves and supports a high-throughput diagnostic
laboratory.
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It is important to note that these USDA funding agencies do not have a long-term strategic plan for pest
management specific to citrus in Florida. Furthermore, it appears that there are no coordinated long-term plans
across agencies for citrus research and extension.

RECENT HISTORY OF INDUSTRY FUNDING IN FLORIDA

The Florida Citrus Production Research and Advisory Council (FCPRAC) has operated since
1991 under the Florida Citrus Production Research Marketing Order (FCPRMO). The order
allows growers to tax themselves up to 1 cent per box of citrus and direct those funds to research
through a competitive grants program with the Board of FCPRAC making the funding decisions.
Historically, this tax raised about $1.5 million annually and, in 2007/08, nearly all of these funds
were spent on HLB and canker. In 2007/08, the state provided a grant of $3.5 million and this
was combined with $1.5 million from FCPRAC and $2 million from the Florida Department of
Citrus (FDOC), the latter being a state agency that is funded by an excise tax placed on each box
of citrus that moves through commercial channels. The $7 million of funding in 2007/08 funded
100 projects that were reviewed by FCPRAC, with about 50 percent of the projects going to
IFAS and 40 percent to ARS.

In the fall of 2007, industry started an effort to convince the Florida Citrus Commission
(FCC), a 12-member board appointed by the governor to oversee the FDOC, that a significant
research investment (e.g. $20 million) from the Citrus Advertising Trust Fund (CATF) and other
sources was needed to deal with HLB. On January 16, 2008, the FCC passed a resolution that °...
expresses willingness to provide support ... with expectation of accountability and participation’
and on January 28, the Florida Citrus Industry Research Coordinating Council’s (FCIRCC)
Greening Research Task Force formed the Greening Research Oversight Committee to start
development of a comprehensive Research Management Plan.

In early January 2008, representatives of the Florida citrus industry formed an ad-hoc
committee to determine a strategic research plan for dealing with HLB in Florida. They
examined the Pierce’s Disease Program in California to determine how it operated for the
coordination and management of a large strategic research and extension program. The group
then hired Tom Turpen from the Technology Innovation Group, Inc. (TIG), a consulting group
that “promotes the diffusion of innovation through commercialization”. In February 2009, they
met with the National Research Council (NRC) to suggest forming an expert panel that will
develop a list of HLB research priorities and with ARS to form a SWAT-Team for the future of
the Florida Citrus Industry. These meetings and interactions resulted in creation of a Greening
and Canker Research Management Organization. The conceptual model and the various
members and their relationships are diagrammed in Figure 3-1

The Greening and Canker Program was focused on:

1) Urgently finding solutions to production problems, with an emphasis on Greening and
Canker but with the realization that other problems will arise in the future.

2) Providing accountability and responsibility for projects and maintaining grower control of
the program.

3) Communicating and coordinating activities to stakeholders.
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FIGURE 3-1 Conceptual model of agency relationships.
Diagram courtesy of R. Norberg, Florida Department of Citrus, Lakeland, Florida.

FLORIDA CITRUS ADVANCED TECHNOLOGY PROGRAM

A major jump in funding citrus research for Florida was achieved when FCPRAC launched
the Florida Citrus Technology Program (FCATP) in 2008, which was the core of what was
envisioned in the diagram above. The stated objective of the program is “to apply new
technologies to improve the profitability of the Florida citrus industry”. The NRC was
commissioned to handle the review of the proposals that were submitted to the FCATP Grants
Program in 2008. A total of 205 proposals were received by the FCATP and an initial 83 projects
were selected for funding. The total amount of funding awarded was $16,298,243. The target for
research funding in 2009 is $34,700,000.

A key element to the FCATP Grants Program should be accountability. In the 2008 RFP, the
reporting requirements include a 1-page quarterly report with a more complete annual report
stating “progress towards stated milestones...and next steps toward field application”. These are
considered to be minimal reporting requirements, intended to cut down on paperwork and PI
time use. Consideration also should be given to more direct interactions between researchers and
growers or grower representatives. One method of doing this is described in the set of
recommendations below.
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RESEARCH COMMUNICATION AND INFORMATION EXCHANGE

The greater the number and size of research projects that are supported in the effort to control
HLB, the more complex becomes the task of sharing results between investigators and fully
monitoring advances. An effective HLB control strategy may arise out of the combination of
results from two or more otherwise unconnected projects, whether the combination is synergistic
or merely additive. Presumably the probability of finding such a happy combination should
increase with the number and size of research projects, as should the number of new ideas on
control strategies, providing the merits of the new combination can be recognized.

Appendix M presents a case study on the benefits of improving communications between
researchers working on various aspects of the same general problem. The great benefit of co-
location of researchers, as well as good communications with a wide array of researchers at other
sites, may be seen from the experience with the investigation of maize stunting disease in the
southern edges of the corn belt. As reported in Chapter 2, citrus research in Florida includes
efforts at two major centers, the University of Florida’s Citrus Research and Education Center
(CREC) at Lake Alfred and the USDA-ARS US Horticultural Research Laboratory (USHRL) at
Forrt Pierce, as well as efforts of smaller numbers of researchers at several other locations. The
recent, marked expansion of support for research on HLB resulted in the involvement of more
laboratories, on a national scale. That is, the scale of the effort that HLB is receiving and should
receive is greatly in excess of possible co-location of researchers.

The experience with research projects on Pierce’s disease of grapevine, and associated
organizations providing various services, may be informative here. The introduction and
establishment of a new insect vector, the glassy winged sharpshooter (GWSS), into southern
California vineyards resulted during the 1990s in a greatly increased spread of the Pierce’s
disease causative agent, the Gram-negative bacterium Xylella fastidiosa. The resulting losses of
vines and entire vineyards in southern California, and the specter of GWSS invasion of the more
valuable and extensive vineyards of northern California, stimulated the initiation of several
competitive research grant programs. Two of these remain, the wine-grower check-off-supported
Pierce’s Disease Control Program of the California Department of Food and Agriculture (CDFA)
and the USDA-University of California (UC) Pierce’s Disease Research Grants Program. The
grant review process for these two programs is entirely integrated, with the CDFA managing the
solicitation and collection of ad hoc reviews, the USDA-UC program managing the panel
reviews, and a joint meeting of the advisory committees for the respective groups making the
final recommendations for new and continued funding of projects by the two programs. Ad hoc
and panel reviewers are recruited on a national basis, as is the solicitation of proposals.

A valuable activity of the CDFA and USDA-UC grant programs is the Pierce’s Disease
Symposium (http://www.cdfa.ca.gov/pdcp/Research Symposium_Index.html), held in early
December or late November each year. Participation by the Principal Investigator (PI), and
preferably other research group members as well, in the Symposium is a condition of grant
support from the programs. Verbal presentations are solicited, or accepted on a volunteer basis,
from a subset of the PIs. The Symposium also attracts researchers who are not supported by
either of the grants programs, as well as grower members of the Pierce’s Disease Control Board
and members of the CDFA’s Pierce’s Disease Research Scientific Advisory Panel. All
Symposium participants are encouraged to make one or more poster presentations. Panel
discussions bring together PIs who are taking similar research directions so that status of related
approaches may be compared directly. Roundtable discussions are structured to encourage
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“brainstorming” of new approaches. Discussions at the Symposium have resulted in Pls taking
new directions in their research.

Research and development communication on Pierce’s disease research is also greatly
facilitated through a contract from the CDFA with the University of California’s Public
Intellectual Property Resource for Agriculture (PIPRA). Two of the important services provided
by PIPRA take the form of databases (http://www.piercesdisease.org). One of these is a nearly
constantly updated repository of all references to research and other publications on Pierce’s
disease. The other is a compendium of progress reports submitted by research grant-supported
Pierce’s disease projects. The California Pierce’s Disease Control Board has taken the
responsibility of public education about Pierce’s disease and has employed a public relations
firm to prepare announcements and other documents for growers and the general public. An
example is “Pierce’s Disease. A Decade of Progress,” which is available at http://www.cdfa.ca.gov/pdcp/.
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4

Recommendations on Organizational Changes, Technology
Development, and Systems Approaches for Minimizing the Impacts
of Huanglongbing and Other Diseases and Pests in Florida Citrus

Given the damage that citrus greening or huanglongbing (HLB) already has inflicted on the
Florida citrus industry and the threat that HLB presents to the industry’s future, along with
possibilities for invasions by new pests and diseases and for other challenges, a broad range of
actions is recommended. The most critical needs are for immediate protection of citrus orchards
against the advance of HLB, and our recommendations speak to this need. We also list other
changes, which may be initiated in the near-term but are longer term in their execution, because
they should result in improved disease control and crop productivity in the future.

In the context of this report, a near-term project is defined as having the potential to generate
proof-of-principle or to demonstrate HLB mitigation in a period of 2 years or less. Intermediate-
term and long-term projects are those with the potential to provide significant results in a time
frame of 2-5 years and of more than 5 years, respectively. Our recommendations fall into the
following four categories:

o Organizational changes, designated O-1 through O-5 (Table 4-1)
o Informational initiatives, designated In-1 through In-3 (Table 4-2)

J Research and technology projects with near-term and near-to-intermediate-term
potential, designated NI-1 through NI-11 (Table 4-3)

o Research and technology projects with intermediate- and long-term potential,
designated L-1 through L-4 (Table 4-4)

Recommendations within each of the above categories are presented in an approximate
priority order. In making these recommendations, we are aware that some of them may
correspond to actions that have already been initiated. We retain those recommendations for the
sake of completeness, balance, and to indicate our support for such changes.

In the sections of the chapter that follow, the recommendations are described individually, by
category, but because many recommendations are interrelated (within and across categories),
some are discussed in relation to others and are cross-referenced in the text. Some activities are
broadly enabling, and success in one area of research or effort can support the effectiveness of
another activity. This reflects the nature of the overall strategy to try to achieve progress on
multiple fronts and take advantage of synergies when possible.
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RECOMMENDATIONS FOR ORGANIZATIONAL CHANGES

The concepts and technology of modern biology and related sciences will almost certainly be
able to deliver sustainable methods for HLB mitigation not available and perhaps not even
conceived at present. However, citrus production and quality must be maintained until new
technologies can be put in place, or there will be no economic base to support implementing
those technologies. Achieving an organized response to HLB will be a key to success in
addressing the current, urgent needs of the citrus industry and developing the technology to
sustain the industry in the future. Accordingly, recommendations for organizational changes are
discussed first. However, the success of organizational changes is interdependent with
informational initiatives and key research activities.

Recommendations O-1, In-1, In-2 and NI-1 have a high priority because of their potential for
sustaining production until the to-be-developed approaches can be implemented. The committee
recommends the creation of “Citrus Health Management Areas” (Recommendation O-1) to
facilitate and coordinate control of ACP and the removal of affected trees, both in commercial
orchards (Recommendation In-1) and in residential areas (Recommendation In-2).
Recommendation NI-1 is intended to empower the Citrus Health Management Areas. This
recommendation advocates for improved insecticide-based ACP control efforts, integrated with
cultural practices, which are expected to improve management and minimize the effects on the
environment and human health. Success under Recommendations NI-2 and NI-3, both concerned
with achieving the detection of infected but asymptomatic trees, also has the potential to greatly
improve the effectiveness of the efforts described in Recommendation O-1.

TABLE 4-1 Recommended Changes in Organizations Connected to Citrus Production

O-1. Create “Citrus Health Management Areas” in Florida.

0-2. Identify one organization and empower it to have oversight responsibility over HLB
research and development efforts.

0-3. Create a centralized HLB website and data bank that is accessible to researchers and the
public.

0-4. Commission an analysis of the economics of the citrus industry’s responses to HLB.

O-5. Organize an enhanced annual international symposium on all aspects of HLB.

Recommendation O-1 Create “Citrus Health Management Areas” in Florida to facilitate
mitigation of HLB and other threats to citrus production.

Citrus production should be preserved against the immediate threat of HLB if efforts to
achieve long-term and sustainable management are to have any value. We recommend the
creation of Citrus Health Management Areas to coordinate management efforts in the near term.
To operate effectively, a Citrus Health Management Area should have a relatively uniform
incidence of HLB, i.e. disease pressure should be relatively constant across the area. The size
should be 10,000-50,000 acres. A larger area favors more effective HLB mitigation but may
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also require more intensive management if more growers are involved. Such areas would allow a
small set of management strategies to be performed in an effective and timely fashion and their
results to be evaluated. In addition, management strategies can be evaluated and compared
among Citrus Health Management Areas with similar or different HLB incidences. Citrus Health
Management Areas would be organized and operated by local growers and grower organizations
with advice from an oversight organization (see Recommendation O-2). Funding for mitigation
practices (i.e. insecticide applications and infected tree identification and removal) could come
through grower taxes or possibly from government sources and be administered by the Florida
Citrus Production Research Advisory Council (FCPRAC), the Florida Department of Citrus
(FDOC) or the Citrus Research and Development Foundation (CRDF). The management areas
would be charged with facilitating HLB mitigation and dealing with other threats to citrus
production and quality within the area. The manager of a Citrus Health Management Areas
should be empowered to enforce best management practices within the area, including cleaning-
up abandoned or poorly maintained HLB-infected orchards, designing and implementing
compensation plans, coordinating area-wide psyllid sprays, and reducing risk from infected
urban citrus.

In some areas where incidence is low, aggressive tree removal and psyllid control will be the
practice of choice. However, in areas where incidence is very high and tree removal is not
feasible, only badly declining trees or blocks would be removed and those blocks with enough
healthy trees to be profitable would be maintained for a few years. Such blocks would still need
aggressive psyllid control to minimize spread to healthy trees or to less affected areas. In other
areas, it may be necessary to remove as much citrus as possible so that new plantings can be
made without the danger of being surrounded by abundant sources of inoculum. Removal of
badly affected groves can result in loss of the agricultural tax exemption. Groves would need to
be converted to pasture or planted with forest trees to maintain that exemption. Changes in tax
law could be helpful in eliminating this impediment to removal of affected groves.

Area-wide insect control strategies should utilize “window” strategies where only certain
classes of insecticides are permitted during specific periods to minimize the development of
resistance (see Recommendation NI-1). Programs designed to train, and incentives to retain,
personnel should be developed to ensure continuity of personnel familiar with needs of that
region.

Research has shown that low volume aerial applications are the most convenient way to
achieve Asian citrus psyllid (ACP) control in the thousands of acres of a Citrus Health
Management Area. However, while aerial application for other arthropods requiring management
within the area (e.g. mites) may be combined with ACP insecticides, possible effects on non-
target natural enemies and other pest species must be taken into account. Care and knowledge are
needed to determine which insecticides can be effectively used in low volume aerial applicators.

Control of ACP in organic orchards is challenging since there are no systemic products
approved by the Organic Materials Review Institute (OMRI). This leaves products such as JMS
Stylet oils and products based on neem and chrysanthemum as the only choices, and these are
not likely to result in the effective long-lasting control needed to mitigate HLB. Any failure to
control ACP and HLB in an orchard has direct negative impacts on surrounding orchards.
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Recommendation O-2. Identify one organization, preferably an existing organization, and
empower that organization to have oversight responsibility for research and development
efforts intended to improve management of HLB and to plan for the future of citrus
production in Florida.

It is not possible (because of diverse funding sources), and likely not desirable, to bring every
funded HLB research project under the same roof. A competitive grants program should be
maintained as the primary tool for enabling individual investigators to take up new approaches to
HLB mitigation. However, greater coordination of projects and project funding will be
beneficial, particularly as projects advance to the phase of field testing and intellectual property
issues arise. Among the objectives of the proposed empowered organization would be the
following: (a) Identify pre-competitive and non-competitive research goals and manage industry-
sponsored research to advance those goals; this would include terminating specific projects
before their ending date if appropriate; encouraging and coordinating collaborative research
efforts related to these research goals at the national and international levels, including
incorporating Citrus Health Response Program (CHRP) efforts into research planning; (b)
Oversee the testing and comparison of new disease mitigation technologies (see
Recommendations NI-2 and NI-3) and provide advice in the development of Citrus Health
Management Areas; (c) Manage regulatory and intellectual property, and submissions to and
negotiations with regulatory agencies, related to citrus cultivars and disease control technology;
(d) Provide for public education on citrus issues; (¢) Assist in guiding lobbying objectives of
Florida Citrus Mutual and other citrus grower organizations, and (f) Develop 5-year, 10-year,
and 15-year plans for the future advancement of the industry.

The science management responsibilities of the proposed organization require expert input
with a minimum of bias. It is critical that a scientific advisory board (SAB) be appointed. The
majority of the SAB membership should consist of scientists who are not active citrus
researchers. Among the responsibilities of the SAB should be to recommend research priorities,
to review and prioritize research grant proposals, participate in an annual HLB international
symposium, and to analyze research progress biyearly, including consideration of requests from
PIs to change the direction or emphasis of the project. Through its review of research proposals
and progress reports and its participation in the annual research symposium, the SAB will be in
an ideal position to notice new developments that could contribute to synergistic interactions
between research projects. The SAB should be charged with being alert to such possibilities.The
SAB would make recommendations for continuation or re-direction of the project, or, in those
rare instances when there seems to be little or no hope of further benefit, for termination of the
project.

Recommendation O-3. Create a centralized HLB website and data bank with geographical
HLB-incidence and other data, accessible to researchers and the public.

HLB is now present in several southern-tier U.S. states, Mexico, and Caribbean countries;
other U.S. states have reported ACP findings, although not the HLB-associated pathogen,
Candidatus Liberibacter asiaticus (CLas). The proposed website should include a database of the
occurrence and distribution of the ACP and HLB in the United States and a bulletin board, which
would serve as a source for information on scouting and sampling techniques, management
recommendations, pesticide application technologies, summaries of recent research results, and
other relevant content. The website should be accessible to researchers and the public and be
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linked to the CHRP and the University of Florida’s Institute of Food and Agricultural Sciences
(UF-IFAS) websites. The website could be modelled after other sites with similar audiences,
such as the US Department of Agriculture Integrated Pest Management (IPM) Soybean Rust
PIPE (Pest Information Platform for Extension and Education) at http://sbr.ipmpipe.org.

Recommendation O-4. Commission an analysis of the economics of the citrus industry’s
responses to HLB, including cost-benefit analysis and the potential of new technological
developments.

Examples of the types of analyses that will be of value are: (a) cost-benefit analysis for
different areas of Florida for current practices of HLB orchard inspection and tree removal; (b)
anticipated research costs and potential impacts of new technological approaches to HLB
mitigation and new methods for orchard inspection; and (c) relative cost analysis for alternative
policies and orchard practices intended to minimize the impact of declining citrus quality and
declining, or even collapsed, citrus production due to endemic HLB. The field of health care
economics has developed sophisticated, but practical and both prospective and comparative,
technology assessment models and simulations. These analytical tools could complement
currently used agricultural methods and, in concert, may help guide HLB management strategies
and investments.

Recommendation O-5. Organize an enhanced annual international symposium on all
aspects of HL.B.

There are about one hundred HLB-related active research projects in the United States.
Methods, results, and concepts developed in one project will in many instances be unknown to
researchers in other projects whose efforts could benefit if they did know of them. In many
instances, collaborations between groups could have synergistic effects. Information transfer and
the realization of the possibilities for collaboration are two of the obvious benefits of bringing
researchers from different HLB projects together at an annual international research symposium.
Experience shows that sometimes such contacts result in ideas for new and productive research
directions not obvious to members of the separate projects. However, the benefits of gathering
project researchers together can be leveraged and enhanced by also inviting prominent experts,
particularly those whose accomplishments include the translation of research results into
products and services. These experts, typically in fields directly or tangentially related to citrus
research, would hear reports, interact with project researchers, and provide comments and
suggestions. The SAB (described in Recommendation O-2) should be requested to prepare a
report of the main advances presented at the symposium and actions that should be considered
because of reported results, with the goal of accelerating the translation of research results into
HLB-mitigation practices. This meeting should also be attended by the heads of the major
funding agencies from Florida, Brazil, and other citrus-producing countries with major research
programs on HLB. These representatives should meet and closely examine the projects funded
by each to enable coordination of research efforts, avoid duplication, and enhance cooperation
among investigators.
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INFORMATIONAL INITIATIVES: COMMUNICATING TO THE PUBLIC AND
PUBLIC OFFICIALS THE SERIOUSNESS OF HUANGLONGBING AND OTHER
THREATS TO FLORIDA CITRUS PRODUCTION AND THE COUNTERMEASURES
THAT MAY BE NEEDED

Most public officials who are involved in agriculture or the funding of agricultural research
projects are well aware of, and reasonably knowledgeable about, the status of HLB and its
implications for the citrus industry and the broader economy of Florida. However, there are
individuals and groups whose actions and decisions could have an impact on HLB management
but who do not have sufficient understanding of the potential long-term effects that the HLB
problem could have on the economy. The need for prompt detection and removal of infected
trees, and the rigor required to mount an effective HLB management program, are still not
appreciated by many growers. Some homeowners are aware of the HLB problem, but do not
recognize that HLB-affected trees in their landscape plantings may be contributing to the
situation and that the removal of those trees could be helpful. Officials, especially at the county
and city level, are often not aware of the seriousness of the problem and its implications for the
economy of their area. Table 4-2 lists initiatives for communicating information about HLB to
different audiences.

TABLE 4-2 Recommended Informational Initiatives

In-1. Expand extension efforts emphasizing the importance to HLB management of removing
infected trees from groves.

In-2. Encourage homeowners to remove and properly dispose of backyard citrus trees,
particularly HLB-affected trees.

In-3. Communicate information on HLB and its potential economic impact to government
officials at the federal, state, county, and city level.

Recommendation In-1. Expand extension efforts emphasizing the importance to HLB
management of removing infected trees from groves.

To the extent possible, recommendations for HLB mitigation, through inoculum removal and
ACP management, should be agreed upon among researchers and extension agents and
implemented uniformly in the Citrus Health Management Areas (Recommendation O-1). Current
differences of opinion among extension agents have been detrimental to HLB management,
causing confusion among growers. Programs for management of psyllids are advancing and
improving rapidly, but there is a general lack of appreciation of the importance of rapid detection
and removal of affected trees for mitigation of HLB. The extended latent period between
infection and symptom development in citrus means that incidence may continue to rise for 2 to
3 years after a program is initiated, even if the program followed is rigorous. The early rise in
incidence gives the incorrect impression that removal of infected trees is ineffective and makes it
difficult to justify the several hundred dollars per acre annual cost of continuing the program.

In addition, the application of micronutrients and materials that induce systemic resistance
has been promoted by some growers and extension personnel. However, there is no firm
evidence that these measures do more than temporarily improve tree appearance, and it is likely
that they are counter-productive because they leave sources of inoculum, in the form of
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symptomatic trees, in place in the grove. The use of micronutrients and systemic resistance
agents should be discouraged by extension agents unless substantial evidence of the efficacy of
these agents is derived from research projects with appropriate controls. Training programs by
the Extension Service for HLB scouts in the detection of HLB and scouting methods would be
useful in the effort to reduce CLas inoculum.

Recommendation In-2. Encourage homeowners to remove backyard citrus trees,
particularly HLB-affected trees.

CLas-infected citrus in residential areas contributes significantly to the inoculum available
for spread of the disease in commercial citrus. Homeowners, in general, are unaware of HLB,
that their infected tree soon will be useless, or the importance to the citrus industry of removing
infected trees promptly. In general, the suburban setting is not well suited to the implementation
of the intensive disease control practices needed for long-term citrus culture, and homeowners
should be encouraged to replace citrus with other species to reduce potential reservoirs of
disease. The Extension Service should use the news media and Internet to help inform
homeowners about HLB, encourage removal of affected citrus and related ornamental species
such as Murraya, and provide information on citrus substitutes to help discourage planting of
citrus in the home landscape. Information on the availability of citrus substitutes should be
publicized by the Extension Service. At some point in the future, resistant varieties of citrus may
be available and allow re-establishment of citrus in the home landscape.

Recommendation In-3. Communicate information on HLB and its potential economic
impact to government officials at the federal, state, county, and city level.

Citrus industry leaders and the Extension Service need to do more to inform local officials
about the threat posed by HLB. The citrus industry has faced serious challenges in the past that
have been publicized, but the industry has always been able to deal with them. In this case, even
under the best scenario, HLB is likely to change the industry permanently. Public officials will
have to deal with the consequences of those impacts in terms of the local economy, employment
possibilities, and reduced tax receipts.

RECOMMENDATIONS FOR RESEARCH AND TECHNOLOGY WITH THE
POTENTIAL TO ADVANCE HUANGLONGBING MITIGATION IN THE NEAR-
TERM OR NEAR-TO-INTERMEDIATE-TERM

The near-term efforts in HLB mitigation are focused on (a) clean-stock programs; (b) ACP
suppression; and (c) reducing sources of inoculum. The use of protected environments, such as
screen houses, for citrus budwood production is now accepted practice in the industry and legally
mandated, so we do not comment on clean stock programs here. Table 4-3 lists recommendations
for research and development that are likely to generate significant results in 2 to 5 years. Some
of these, particularly NI-1 (and its subcomponents), NI-2, and NI-3 will be important to
implement in synchrony with organizational changes and informational initiatives. They are
aimed at improving the effectiveness of ACP suppression and inoculum reduction in the short-
term. Recommendation NI-7 is also focused on ACP suppression, but will be scientifically
challenging to achieve. Recommendations NI-4, NI-5, NI-6, and NI-8 through NI-11 are
directed at making the investments that may generate useful novel concepts for HLB mitigation.
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TABLE 4-3 Near- and Near-to-Intermediate-Term Recommendations

NI-1. Improve insecticide-based management of ACP.

NI-2. Support searches for biomarkers that may be exploited to detect CLas-infected citrus.

NI-3. Establish citrus orchard test plots for evaluation of new scouting and therapeutic methods.

NI-4. Accelerate the sequencing, assembly, annotation and exploitation of a sweet orange
genome to provide a powerful tool for all future citrus improvement research.

NI-5. Support development of HLB model systems.

NI-6. Exploit the CLas genome sequence for new strategies of HLB mitigation.

NI-7. Support research aimed at developing alternative ACP management strategies.

NI-8. Support small-scale studies on the feasibility of alternative horticultural systems suited to
endemic HLB.

NI-9. Support demonstration of RNA interference (RNA1) effects for possible suppression of
ACP.

NI-10. Develop in vitro culture techniques for CLas to facilitate experimental manipulation of
the bacterium for insights into gene function.

NI-11. Sequence, assemble and annotate the ACP genome to provide a basis for new approaches
to ACP management.

Recommendation NI-1. Improve insecticide-based management of ACP.

Approaches recommended here, applied in concert, will support Recommendation O-1,
which advocates creation of Citrus Health Management Areas in Florida to facilitate mitigation
of HLB and other threats to citrus production. The suppression of ACP populations by
insecticide application will be a necessary part of HLB mitigation for the foreseeable future; e.g.,
until sources of inoculum can be drastically reduced (Recommendations NI-2 and NI-3) or CLas-
resistant citrus (see Recommendation L-1) becomes available for planting. We strongly support
the idea that present management strategies can be improved by gaining better understanding of
ACP and CLas, their ecology and epidemiology, and the presently available (or soon to be
available) tools that can aid in their management. Recommendation NI-1 is concerned with
improving conventional insecticide suppression of ACP by integrating four types of research and
development activities:

Recommendation NI-1a. Develop new methods to fine-tune field surveillance of ACP via
more efficient and consistently applied trapping or other methods, to improve timing and
targeting of insecticide applications.

At the moment ACP populations are monitored differently in different regions. Additional
effort should be invested in developing more effective traps that will provide an accurate
assessment of the ACP population so sprays can be more effectively timed. Sampling methods
also should be refined within and between areas to help describe actual population trends and
help in area-wide management strategies. Monitoring and analyzing ACP populations over the
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course of each year is also important for observing long-term trends and examing their
relationship to environmental factors. Surveillance should not be limited to active orchards.
Declining or abandoned orchards and citrus in urban landscapes should also be monitored to
identify local ACP populations for treatment before they disperse. Well-timed applications and
proper use of insecticides, based on surveillance for ACP and expected year round variations in
ACP populations, present an opportunity to maximize insecticide effectiveness while minimizing
risks.

Recommendation NI-1b. Evaluate new insecticides, adjuvants and application methods for
their effectiveness against ACP or HLB infection.

It is critical for near- and intermediate-term mitigation of HLB to identify effective new
insecticide active ingredients and adjuvants and to critically assess application techniques (soil,
trunk, and aerial; low-volume, airblast, and other advanced methods) for both adult and nymphal
stages of ACP. Of particular interest are insecticides with good safety profiles and with
chemistries distinct from those of insecticides currently in use on citrus. Many new adjuvants
have characteristics that enhance their penetration into the tree canopy and uptake in the leaves.
Criteria for evaluation of application methods should include enhancement of insecticide
effectiveness, ability to cover large areas quickly, compatibility with frequent HLB monitoring
and low application costs. The citrus industry should foster greater collaboration and
partnerships with the pesticide industry, and growers and researchers should continue to work
with the federal minor-use pesticides program (also known as IR-4) and take advantage of
legislation that will help evaluate the effectiveness of, and obtain needed registration data for,
insecticides critical to the citrus industry. The need to conserve beneficial organisms, with due
consideration to the economics of the production system, is already appreciated by pest control
personnel but needs to be emphasized.

As ACP populations increase, it is likely that some insecticide resistant ACP strains will
develop. There is anecdotal evidence that resistance to neonicotinoids may be starting to
develop. This is troubling because neonicotinoids are being used both as a systemic drench for
longer-term control on young trees and as foliar sprays. Insecticides, particularly those that have
proven to cause only minimal harm to the environment and human health, must be protected
from becoming obsolete because of resistance development, such as that caused by inappropriate
season-long application of neonicotinoids or their use as foliar sprays. One of the advantages of
the proposed Citrus Health Management Areas (Recommendation O-1) is that they can focus on
minimizing development of insecticide-resistant ACP.

Recommendation NI-1¢. Investigate the behavioral ecology and CLas transmission biology
of ACP to improve timing and other aspects of insecticide application.

Research and practice in other systems suggests that increased understanding of insect
behavioral ecology can facilitate insect management and mitigation of insect-transmitted
pathogens. Research on aphids revealed the timing of dispersal flights, including mass
migrations, and suggested strategies for successful monitoring of aphid populations. ACP is a
new pest in Florida, and our insufficient knowledge about its interactions with its new
environment limits the ability to manage ACP effectively. Near- and intermediate-term research
efforts should be able to gather data on the interactions of ACP (both adults and immature
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forms), with CLas, plants, and the env