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Abstract
Emerging, re-emerging and endemic plant pathogens continue to chal-
lege our ability to safeguard plant health worldwide. Further, global-
ization, climate change, increased human mobility, and pathogen and
vector evolution have combined to increase the spread of invasive plant
pathogens. Early and accurate diagnoses and pathogen surveillance on
local, regional, and global scales are necessary to predict outbreaks and
allow time for development and application of mitigation strategies.
Plant disease diagnostic networks have developed worldwide to address
the problems of efficient and effective disease diagnosis and pathogen
detection, engendering cooperation of institutions and experts within
countries and across national borders. Networking maximizes impact in
the face of shrinking government investments in agriculture and dimin-
ishing human resource capacity in diagnostics and applied pathology.
New technologies promise to improve the speed and accuracy of disease
diagnostics and pathogen detection. Widespread adoption of standard
operating procedures and diagnostic laboratory accreditation serve to
build trust and confidence among institutions. Case studies of national,
regional, and international diagnostic networks are presented.
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Pathogen detection:
the identification of
microorganisms or
their products, e.g.,
toxins, in any number
of substrates including
plant tissues, soil, and
water

Invasive species:
exotic, nonnative
organisms that
negatively affect the
habitats they colonize

Network: a large and
distributed group of
individuals or
organizations that
exchange information
and work toward a
common goal

INTRODUCTION

Why Diagnostics Matter

It is well recognized that threats by inva-
sive pathogens to plants, whether crops, hor-
ticultural commodities, or members of natu-
ral communities such as forests and grasslands,
are increasing as a result of globalization, in-
creased human mobility, climate change, and
pathogen and vector evolution (2, 32, 66, 87,
104). Taken in total with damage caused by
emerging, re-emerging (e.g., new races, patho-
types, forms resistant to pesticides or antibi-
otics), and chronic/endemic pathogens, the po-
tential for economic loss is significant in plant
systems (94). Although considerations of the
economic, social, and environmental conse-
quences of plant diseases have taken a back seat
to concerns of infectious diseases of humans
and animals, an appreciation of the potential
destructiveness of plant diseases is beginning to
be realized outside the plant pathology com-
munity (13, 49, 53). Food security is threatened
in resource-poor countries during disease epi-
demics in staple crops and income generation
from opportunities to exploit new and emerg-
ing markets is curtailed (26). In addition, crop
failures contribute directly to malnutrition and
indirectly to the spread of human infectious
diseases and environmental damage as a result
of displacement of the rural poor from farms
that are no longer productive to crowded ur-
ban areas, forests, or marginal lands (2). Further
direct effects on human and livestock health
are caused by mycotoxins produced by plant
pathogenic fungi such as Aspergillus and Fusar-
ium species, which may contaminate food and
feed, consumption of which results in a spec-
trum of diseases and disorders (28, 35, 46, 67).

Disease diagnosis and pathogen detection
are central to our ability to protect crops and
natural plant systems, and are the crucial pre-
lude to undertaking prevention and manage-
ment measures. The concept of integrated pest
management (IPM) is predicated on the ability
to detect and diagnose diseases and pests, which
then informs management decisions. Failures in
pathogen detection and disease diagnosis lead

directly to inadequate disease control and re-
ductions in crop production and quality, and
hence trade. Trade is further negatively im-
pacted by noncompliance with sanitary and
phytosanitary (SPS) requirements of importing
countries (20, 27, 57, 98, 102).

It is the responsibility of governments to
protect agricultural and natural plant systems in
their countries from invasive pathogens, while
at the same time putting in place measures to
prevent their own endemic pathogens from
becoming invasive species in others. Although
the private sector also has a responsibility to
produce clean plant products, safeguarding of
agricultural and natural plant systems from
introduced pathogens is usually considered
a public good, and therefore a role of the
government (85). Because plant safeguarding
may entail interception and mitigation of pest
risk associated with the commodity, accurate
and timely diagnosis is critical. There is also
demand from producers—farmers, foresters,
greenhouse managers, gardeners, etc.—for
rapid and accurate diagnoses of pathogens to
guide disease management decision making
and issue of phytosanitary certificates (59, 61).
As a result of the acknowledged shortage of
trained field and clinical pathologists (72, 87,
91) and other necessary resources, a general
reduction worldwide in government support of
agriculture (85), and the inability or unwilling-
ness of the private sector to pay the full cost, it
has become necessary to find innovative ways to
maximize the delivery of diagnostic services to
agriculture. A capable disease diagnostic system
or network should be viewed as a fundamental
pillar to the development or maintenance
of a plant health care service. Diagnoses
must be combined with sustained surveillance
that includes standardized and quantitative
estimates of actual and potential impacts of
disease in order to prioritize those requiring
urgent attention. Targeted studies are required
to determine epidemiological parameters and
mechanisms of pathogenicity and virulence
to enable the development of control inter-
ventions and to determine their efficacy both
temporally and spatially (44, 94). Development
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of coordinated, robust diagnostic networks that
share expertise and technical capacity toward
a common goal offers a solution to resource
limitations and an opportunity to improve the
quality and quantity of these services. In 1995,
van Halteren (99) called for development of a
diagnostic network that would serve national
plant protection services in Europe. The net-
work, comprised of interdisciplinary working
groups, would develop standardized diagnostic
procedures, share expertise, and expedite the
adoption or adaptation of new diagnostic
techniques. Similar calls for formalization of
such networks in other, primarily developed,
countries were made early in the beginning
of this century, in large part a response to
concerns for agricultural biosecurity (6, 29, 64,
66). Furthermore, increased emphasis on agri-
cultural trade as a means of poverty reduction
in developing countries has drawn attention
to the need for international capacity building
and better coordination of diagnostic services
(87). Since those initial calls, progress has been
made toward the development of regional,
national, and international plant diagnostic
networks that address phytosanitary and/or
disease management needs (38, 65, 72, 85, 90,
92, 100, 108). The goal of this review is to
provide a perspective on the current status and
future prospects of networks for plant disease
diagnostics and pathogen detection worldwide.
Although the critical importance of diagnostic
services for all crop pests is acknowledged, an
analysis of insect pest and weed diagnostics
is beyond the scope of this review; however,
it can be assumed that many of the issues
considered here are relevant to all plant pest
diagnostics.

DIAGNOSTICS FOR PLANT
SAFEGUARDING AND DISEASE
MANAGEMENT

Plant disease diagnosis is the determination
of the cause of a disease or syndrome in a
plant or plant population, whereas detection
refers to the identification of microorganisms
or their products, e.g., toxins, in any number of

Phytosanitary:
referring to plant
health, particularly
freedom from diseases
and pests

Plant disease
diagnosis:
determination of the
cause of a disease or
syndrome in a plant or
plant population

NPPO: national plant
protection
organization

Pathogen
surveillance: the
monitoring of plant
systems for pathogens
and/or diseases

EPPO: European and
Mediterranean Plant
Protection
Organization

IPPC: International
Plant Protection
Convention

substrates including plant tissues, soil, and wa-
ter. Surveillance generally refers to the mon-
itoring of plant systems for pathogens and/or
diseases. As aptly stated by Stack & Fletcher
(91), “. . .surveillance is the process of searching,
detection is the process of finding, and diagno-
sis is the process of determining and/or verify-
ing what is found.” Detection, surveillance, and
diagnosis are all necessary components of pro-
grams designed to (a) safeguard plant systems
from invasive pathogens and (b) identify causal
agents of plant diseases as the first step toward
disease management.

Plant Safeguarding and Biosecurity

The responsibility for safeguarding plants
against invasive pathogens is held officially
by national plant protection organizations
(NPPOs). In addition to their regulatory func-
tions, NPPOs conduct pathogen surveillance
and pest risk analyses, inspect, treat, and certify
export products, inspect and, if necessary, mit-
igate risks on imports and share information
on pathogens and regulations. In the United
States, for example, this responsibility is shared
by the Department of Agriculture (USDA) and
the Department of Homeland Security (DHS),
in collaboration with individual state depart-
ments of agriculture. Regional organizations
such as the North American Plant Protection
Organization (NAPPO) and the European and
Mediterranean Plant Protection Organization
(EPPO) serve a coordinating function among
member NPPOs. Official international actions
to limit the introduction and spread of plant
pathogens are facilitated by the International
Plant Protection Convention (IPPC), through
the Food and Agriculture Organization (FAO)
of the United Nations. Currently 170 countries
are signatories to the IPPC (http://www.fao.
org/Legal/TREATIES/004s-e.htm), form-
ing a de facto network under the umbrella of the
IPPC Secretariat and operating under inter-
national standards for phytosanitary measures
(ISPM). Contracting parties provide informa-
tion regarding pest status to trading partners
(84), using a Web portal for information
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NDR: new disease
report

LGU: land grant
university

exchange (https://www.ippc.int/IPP/En/
default.jsp). Surveillance of regulated
pathogens is a critical component of plant
safeguarding/biosecurity programs (53, 91,
104) and is regularly conducted in countries
with sufficient resources (70, 74, 80, 91,
93). Some pathogens considered of high
consequence because of their potential use as
bioterrorism agents may not be on quarantine
lists but should also be monitored (31). The
cost of pathogen surveillance can be very high
(70), and therefore many developing countries
have a poor record of acquiring and updating
accurate lists for pests within their borders,
limiting their prospects for trade (87, 105).

This is particularly important in Africa,
where the number of new disease reports
(NDRs) has decreased over the past century
in comparison to Europe, where they have
dramatically increased (106). Furthermore, an
analysis of the introduction of pest taxa and
crops affected during the twentieth century was
found to be broadly similar for the two conti-
nents, whereas the capacity to detect and iden-
tify pests was disparate (105). The consequence
of this is that many diseases in sub-Saharan
Africa simply spread without being recognized
or controlled, leading to habitual losses in crop
yield and quality. Although there are many
national programs in Africa responsibly filing
NDRs, in general there is a reliance on inter-
national agricultural research centers such as
International Institute for Tropical Agriculture
(IITA), in collaboration with international part-
ners, including the Global Plant Clinic head-
quartered in the United Kingdom, to publish
these reports. Although this process is almost
universally perceived as a helpful intervention,
it can occasionally lead to controversy, such as
was the case for the diagnosis of banana xan-
thomonas wilt (BXW), caused by Xanthomonas
vasicola pv. musacearum in Burundi. BXW is
a new invasive disease in East Africa and can
be misdiagnosed as Panama disease based on
symptoms in the field. In this instance, poor in-
country expertise prevented effective follow-up
on the initial identification, which subsequently
led to uncertainty as to the status of the disease

and its continued presence in the country.
This reinforces the need for active cooperation
among governments and their pathologists
within and between regions, and with advanced
research institutes across the world.

Disease Management
Decision Making

Disease diagnosis and surveillance of nonregu-
lated pathogens to inform disease management
decision making, particularly pesticide ap-
plication, is generally outside the purview of
NPPOs and is conducted by the private sector
and/or public research or extension programs
(53). It ranges in complexity from field scouting
(12, 48, 51, 71) to large-scale, coordinated
monitoring efforts (25, 56, 58, 90). In areas
where computers and internet access are readily
available and crop production systems are tech-
nically advanced, scouting is often combined
with weather-based disease predictive systems.
The success of such systems requires accurate
disease diagnosis and/or pathogen detection,
and can result in significant economic benefits,
usually accrued from a reduction in pesticide
misuse or increased yield and quality resulting
from properly timed interventions (12, 48, 71).
Portable diagnostic products—such as sero-
logically based lateral flow devices (LFDs) (11,
23, 50, 52, 81, 82)—can facilitate on-the-spot
diagnostics during field scouting, or samples
may be sent to a public or private laboratory
for diagnosis. Digital images can be sent to
experts for diagnosis through specific networks
or directly to extension personnel and other
professionals via email (41, 90, 107). In the
United States, most land grant university
(LGU) plant diagnostic clinics have formal or
informal mechanisms to receive and diagnose
digital images of diseased plants.

Diagnostic networks are crucial in conduct-
ing large-scale monitoring programs; surveil-
lance may be done by established networks or
by networks organized for monitoring a spe-
cific pathogen and disbanded after completion
of the program. The example of soybean rust
illustrates the role of diagnostic networks in
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Figure 1
Soybean rust (Phakopsora pachyrhizi) sentinel plot in Citra, Florida, with disease foci. Photo by C. Lapaire Harmon.

pathogen detection, diagnosis, and surveillance.
Phakopsora pachyrhizi, causal agent of soybean
rust, was initially listed as a select agent (indica-
tive of a potential bioterrorist threat) before its
recent entry into the United States. It is an eco-
nomically devastating disease in Brazil, causing
more than $1 billion in direct yield losses and
added costs of fungicides in 2003 alone (109).
Soybean rust development is heavily influenced
by environmental conditions, plant age, and
host species, and the disease has yet to cause
significant losses in the United States soybean
belt. However, the risk of catastrophic loss led
to an almost unprecedented mobilization of
the public and private sectors to develop a co-
ordinated approach to meet this challenge (25,

PCR: polymerase
chain reaction

58). Diagnostic tests including a real-time PCR
assay (30), an immunofluorescence spore assay
(5), and a field-usable lateral flow immunoassay
(9) were developed and tested. Surveillance
and monitoring were accomplished utilizing
a network of sentinel plots (Figure 1) and
spore traps (Figure 2), tied into Web-based
reporting and communications. Thousands
of farmers and agronomic professionals were
trained as first detectors (76). Although a
soybean rust epidemic has failed to materialize
in the United States to date, the soybean
industry has been spared millions of dollars in
fungicide costs as a result of the availability of
accurate disease forecasting based on pathogen
surveillance and environmental data (78).
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a b

Figure 2
Immunofluorescence assay for urediniospores of the soybean rust pathogen Phakopsora pachyrhizi captured
on a glass slide in an air sampler. (a) Bright field microscopy; (b) epifluorescence microscopy. Photographs by
F. Baysal-Gurel, The Ohio State University.

NPDN: National
Plant Diagnostic
Network

DIAGNOSTIC CAPACITY

Human Resources

The quality of plant disease diagnostic services
depends on the availability and quality of
human capital, infrastructure, and technology.
Although all three are not necessary for many
routine diagnoses in which symptoms or signs
are obvious, at least one must be of high
quality to solve all but the simplest diagnostic
problems. For example, common and easily
recognized diseases are often diagnosed by
an astute individual, who may be a trained
diagnostician, experienced farmer, extension
educator, or consultant familiar with the crop
(53). However, unlike human and veteri-
nary medicine, trained practitioners in plant
pathology are a relatively rare commodity, and
clinicians with appropriate training and access
to necessary infrastructure and technology to
diagnose the broad range of pathogens afflict-
ing plants are particularly scarce. In a report
issued in 2002 (85), Plant Health Australia
assessed the status of human resources involved
in plant diagnostics, concluding that significant
gaps existed in the capacity to diagnose plant
diseases and that strategic planning for staff de-
velopment and succession was needed to ensure
sufficient capacity in the future. A significant
erosion in plant disease diagnostic capacity also

occurred in the United States in the last quarter
of the twentieth century as financial support
of applied research and extension programs in
LGUs dwindled and resources were diverted
to fundamental research. Heightened concern
for agriculture biosecurity in the United
States after the terrorist attacks of 2001 and
the anthrax scare was the motivating factor
for increased government support of plant
diagnostics. Increased investment in diagnostic
clinic staffing and infrastructure and the
development of the National Plant Diagnostic
Network (NPDN) was the result (90). In the
United Kingdom, until the late 1980s and
early 1990s, the British government funded
the Agricultural Development and Advisory
Service (ADAS) and CABI to serve diagnostic
needs of farmers in the United Kingdom and
Commonwealth, respectively (15, 39). Chang-
ing government policy since then resulted in
the demise of diagnostic services, reductions
in expert staff and taxonomic training, and
potential loss of valuable reference collections.
This critical gap in taxonomy capacity was
recognized recently as a serious constraint by
a report of the House of Lords Science and
Technology Committee (42).

Human resource development in plant di-
agnostics in the developing world has gener-
ally lagged behind that of developed countries,
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but it also appears to be declining (17, 87, 88,
105). Results of a Phytosanitary Capacity Eval-
uation administered from 2000–2003 in 36 de-
veloping countries showed that understaffing
and lack of regular training programs were
among the main limiting factors in implemen-
tation of the IPPC guidelines in these coun-
tries. Physical infrastructure and equipment
ranked as lower priorities for enhancement in
these surveys (17). However, diagnostic capac-
ity is beginning to increase in India as plant
health clinics are being established in the pri-
vate and public sectors throughout the coun-
try (3, 10, 79), although coordination and net-
working of the clinics remains a goal (60, 89).
Local and regional needs in taxonomic exper-
tise, in relation to plant pathogen diagnosis and
surveillance, can begin to be addressed by shar-
ing resources and building capacity. BioNET-
INTERNATIONAL (BioNET) is a global net-
work launched in 1993 and comprised of locally
organized and operated partnerships (LOOPs)
networked regionally in the developing world.
Capacity building programs within the LOOPs
include developing information and commu-
nication services, taxonomic training, develop-
ing and maintaining culture collections, and
developing or adapting new technology for
identification (88).

Technology

Although capacity for traditional pathogen
identification is generally insufficient to meet
needs in both developed and developing coun-
tries, the creation of high-tech tools for plant
pathogen diagnostics has expanded at a rapid
rate (11, 83, 96, 103, 105). As mentioned above,
field-ready serological tests such as lateral flow
devices (LFDs) are commonly used as diag-
nostic tools to aid disease management deci-
sion making, to back up diagnoses based on
symptoms, and as a triage tool to prescreen
plants for specified target diseases (23, 45, 68,
87). LFDs and laboratory enzyme-linked im-
munosorbent assay (ELISA) kits are convenient
and easy to use, and have been adopted widely in
developed countries. For example, an LFD for

LFD: lateral flow
device

ELISA: enzyme-
linked immunosorbent
assay

qPCR: quantitative
(or real-time) PCR;
sometimes referred to
as RT-PCR

Phytophthora spp. detection has proven to be of
significant value in the United Kingdom for
prescreening woody plants for the absence of
P. ramorum/P. kernoviae at the time of inspec-
tion (50, 52). Samples testing positive are sent
to a laboratory for follow-up testing with more
specific lab tests such as PCR and pathogen cul-
ture. Tools developed commercially for use in
developed countries are generally too expensive
for the same crops in poorer countries. Serodi-
agnostics are being used in limited situations for
specific applications, such as brown rot (Ralsto-
nia solanacearum) testing of seed potatoes (75).
Adoption of ELISA kits, LFDs, and potentially
other assays may expand when they are pro-
duced locally or regionally and can therefore be
affordably priced. For example, ELISA kits are
being developed by India’s Ministry of Science
and Technology for virus disease diagnosis in
high-value crops including ornamentals, fruits,
and spices (33).

DNA-based assays, particularly PCR and
real-time/quantitative PCR (qPCR), are be-
ing adopted in diagnostic laboratories; ordinary
PCR testing for many pathogens is now routine
and affordable (11, 24, 83, 96, 103) in the devel-
oped world. Quantitative PCR is more expen-
sive than PCR as a result of high start-up costs
and expensive materials, but it has been adopted
for high-consequence pathogens, especially in
regulatory circumstances, because of their high
sensitivity and specificity (30, 55). Both types of
assay, however, are out of reach of all but elite
biotechnology laboratories in the developing
world. Tests utilizing isothermal amplification
techniques (reviewed in 11, 103) may prove to
be less costly and thus more appropriate than
current DNA-based methods in these coun-
tries in the future. It is encouraging that within
the field of human health greater strides have
been made to recognize the need for a strategy
for high-impact diagnostics in the developing
world (97). Urdea et al. (97) identified as cru-
cial the need to develop diagnostic tests that can
be performed at low-infrastructure sites that
serve most of the global population, with sup-
port from more advanced labs, in order to iden-
tify where treatment is and is not required.
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PCR assays, as with serological tests, are lim-
ited in the number of pathogens that can be
tested at once, and thus a preliminary differ-
ential diagnosis must be done to narrow down
the possible causes and reduce costs due to
unnecessary testing. Considerable emphasis is
now being placed on generic platforms such as
DNA microarrays and sequencing (DNA bar-
coding), which will facilitate diagnosis of un-
knowns. Combinations of serological and nano-
and nucleic acid detection technologies almost
unimaginable a decade or two ago are under
development for human diagnostics and may
eventually make their way to plant disease di-
agnostic applications (18, 24).

Electronic technology is also finding its way
into disease diagnostic and pathogen surveil-
lance systems. In addition to digital systems
widely available for distance diagnosis, several
free forms of software can be used to map
and share the presence of diseases. One such
example is Google Earth, a GIS system that can
be employed by registered users to update pest
distribution. An application called RustMapper
is being tested to map the distribution of wheat
stem rust race UG99 across the world, coordi-
nated by the International Maize and Wheat
Improvement Center (CYMMIT) (19). Regis-
tered users of plant disease diagnostic network
databases such as the University of Florida’s
Digital Diagnostic and Identification System
(DDIS) also use Google Earth to map the
distribution of diseases from samples received
in network laboratories. In situations where
internet access is lacking a novel alternative is
to exploit the worldwide adoption of mobile
phones to facilitate information exchange (34).
The Grameen Foundation has established
information services that include basic mobile
phones for text messaging and more advanced
technologies for increasingly detailed data
exchange (4). Systems have been developed
for information transfer to facilitate the pro-
vision of microfinance schemes and measures
to enhance human and animal health. The
application Farmer’s Friend aims to provide
advice on treating common pests and diseases
and can include fertilizer recommendations

and information on input suppliers, e.g., for
resistant planting material or pesticides. A pilot
study in collaboration with IITA is underway
in Uganda to train rural community members
in the use of mobile phones to collect and
disseminate information on disease outbreaks
and methods for their control. Community
members will be distributed in a strategic way
to form a geographical network that covers key
agroecological zones and potential hot spots
for the introduction of a crop disease. This
network will be linked to centralized research
communities allowing for bidirectional and
dynamic flows of information that can be
compiled in a SMS database accessible by
phone users. The potential to exploit mobile
phones to enhance field surveillance of disease
outbreaks and the efficacy of recommended
control options is massive and will help
to bridge the current gap between science
and practice. Furthermore, enhanced field
surveillance through interventions such as
this will permit NPPOs to recognize risks
due to disease earlier and to deploy control
measures to prevent catastrophic disease
epidemics. Information communication
technologies are already being deployed for
human disease outbreaks (http://instedd.
org/mcp), humanitarian crises (http://
ushahidi.com/), and drought warning systems
for livestock (http://cnrit.tamu.edu/lews/
description.html). Moreover, GIS disease
distribution maps could be overlaid with other
data such as demographics, crop distribu-
tion, growing conditions, farming practices,
calorific dependency on certain crops, and
other biophysical characteristics and trade
data. This would facilitate the possibility of
predictive sensing of disease spread and risk at
various geographic scales and could be used,
for example, to determine the likely impact of
climate change.

Infrastructure

Visual examination, microscopy, culturing,
a few simple biochemical tests, and ELISA
are the mainstays for most routine diagnoses
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in many laboratories. When coupled with
diagnostic references such as disease com-
pendia, pathogen-specific manuals, and image
databases, these techniques in the hands of
trained diagnosticians or specialists are suffi-
cient to provide answers in a reasonable amount
of time at a manageable cost. One of the critical
components of a modern, highly functioning
diagnostic laboratory is access to high-speed
internet. Web-enabled microscopes permit
laboratories to network with each other and
with experts worldwide in real time to identify
pathogens and other microorganisms morpho-
logically (90). Many diagnostic networks build
and maintain expertise databases within their
communications systems to facilitate knowl-
edge sharing. For example, EPPO supports a
searchable database on its Web site containing
a list of laboratories by country and an expertise
list by pathogen (72). Experts can be contacted
via email by network members upon entry of
an access code. Access to up-to-date reference
materials has been facilitated by open internet
search engines such as Google (http://www.
google.com), Google Scholar (http://www.
scholar.google.com), and Google Book
Search (http://www.books.google.com).
This is particularly useful for giving advice
following the diagnosis, as most extension fact
sheets, newsletters, and similar materials are
now freely available on the internet. Many
scientific journals now provide free inter-
net access to articles immediately or within
several months to a year after initial release.
Subscription databases such as AGRICOLA
and BIOSIS can be readily accessed through
institutional libraries, and institutions in many
developing countries can download articles
from hundreds of scientific journals free or
at very low cost through AGORA, HINARI,
TEEAL, and PERI electronic libraries.

Standardization and communication of lab-
oratory practices and protocols is increasingly
important as international commerce requires
mechanisms to define and ensure safe and
pathogen-free trade. Valid and internation-
ally supported diagnostic methods must be
employed to encourage trust in test results.

QA: quality assurance

Motivation for development and implemen-
tation of a laboratory quality assurance (QA)
system may be client-driven or as a result of leg-
islative action or other rule-making authority.
Development of standard operating procedures
(SOPs) is one step in a process to ensure reli-
able diagnosis; accreditation of laboratories is a
process of assuring quality management within
the laboratories. A laboratory must be able to
document that procedures are applied in appro-
priate facilities and infrastructure, using appro-
priate and properly calibrated instrumentation,
and by trained personnel (101). Plant Health
Australia (64) noted their strategic plan to es-
tablish a diagnostic laboratory network must
include a QA framework. Several models for
QA exist; one being adopted internationally
is ISO 17025 accreditation. Documentation,
proficiency demonstration, and calibration and
maintenance of instrumentation to the level re-
quired by ISO 17025 are time consuming and
require resources to dedicate personnel to ac-
complish the documentation. Most plant diag-
nostic laboratories lack sufficient funding to ac-
complish the full accreditation to ISO 17025,
but components of the system are applicable to
even the most basic laboratories. The applica-
tion of a flexible scope may be more appropri-
ate than strict adherence to full IOS 17025 for
laboratories that must respond to new and/or
changing samples or procedures such as those in
plant diagnostic laboratories (16). The Danish
Plant Directorate described several advantages
of the accreditation of plant laboratories, citing
improved capability of personnel and increased
quality of diagnostic work (95). New Zealand’s
Plant Health and Environment Laboratory
processes the highest level of diagnostic samples
and attained ISO 17025 accreditation in 2007
(1). All activities of the laboratory were covered
by the QA system, but test types were defined
broadly and were accredited just a few at a time.
Additional resources were required to achieve
even limited accreditation if the laboratory was
to remain in service to its clientele. Given the
client-based nature of extension plant diagnos-
tic laboratories in the United States, and the
large number of laboratories to be accredited,
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USDA APHIS:
United States
Department of
Agriculture Animal
and Plant Health
Inspection Service

a tiered system is being developed, with regu-
latory accreditation as the highest tier. Labora-
tories that attain that level will be approved to
process samples of a regulatory nature to assist
the USDA Animal and Plant Health Inspection
Service (USDA APHIS) during periods of sam-
ple surge and regional triage. USDA APHIS’s
federal diagnostics and confirmation laborato-
ries will follow ISO 17025 accreditation to com-
ply with international regulatory QA. Labora-
tory personnel in the United States Southern
Plant Diagnostic Network (SPDN), a regional
member of NPDN, acknowledged the value of
a minimum standard for laboratory infrastruc-
ture with the development of a checklist in 2006
(14). The SPDN list of minimum standards
for laboratory infrastructure, EPPO guidelines,
and ISO 17025 accreditation standards are all
being incorporated into the national System for
True and Reliable Diagnostics (STAR-D), a sys-
tem of tiered accreditation of plant laboratories
in the United States in development by NPDN,
APHIS, and Cooperative State Research, Edu-
cation, and Extension Service (CSREES).

In many plant clinics in developing coun-
tries, accreditation is a long-term goal at best, as
minimum standards are often met in name only,
with physical infrastructure and equipment of-
ten in need of repair, computers and reference
materials outdated, internet access slow and in-
consistent, and basic materials and supplies dif-
ficult to come by. Our limited surveys of plant
pathologists (n = 41) in East and West Africa
conducted in 2006 and 2007 as part of a capacity
analysis for the International Plant Diagnostic
Network (IPDN; see below) demonstrated sig-
nificant gaps in infrastructure throughout these
regions. Half or more of the respondents con-
sidered core infrastructure components inade-
quate in their laboratories with the exception
of laboratory space, electrical supply, and mi-
croscopes (West Africa). Addressing these core
gaps, as well as inadequacies in human resources
and access to technology in African and other
developing countries, is complex but necessary
to alleviate deficiencies that indirectly affect the
livelihoods of millions of people. This should
include enhanced training and networking

to maximize capacity, which may include de-
velopment of centers of excellence, according
to national and regional needs and priorities
(43, 77).

IITA Ibadan and the Biosciences eastern
and central Africa (BecA) hub are examples
of how more technically advanced equipment
and staff can be pooled to provide a common
bioscience research platform for a region. Re-
search hubs such as Ibadan and BecA serve
as providers, feeding a network of regional
nodes and other laboratories. BecA is ideally
suited to this role as it is the first of NEPAD’s
(New Partnership for Africa’s Development;
http://www.nepad.org/) continent-wide sci-
entific centers of excellence. Its aim is to facili-
tate the use of cutting-edge science and technol-
ogy in Africa by the continent’s researchers to
develop solutions tailored to African problems.
The hub and nodes are suited to providing dif-
fering levels of diagnostic capacity: genomics,
proteomics, immunology, bioinformatics, gene
technology, and databases. The capacity for safe
handling and storage of microorganisms would
be ideal for the diagnostic network. Such fa-
cilities would provide a platform for capacity
building to disseminate technologies developed
to train scientists from both public and private
sectors. The aim is for these advanced facilities
to promote scientific excellence through links
with the international scientific community in
a cost-efficient manner that avoids unnecessary
duplication of equipment, staff, and materials.

The Kenya Plant Health Inspectorate Ser-
vices (KEPHIS) has been recognized among
the NPPOs in eastern and southern Africa to
serve as a center of excellence with the support
of the African Union (AU), Inter-African Phy-
tosanitary Council (IAPSC) and various donors
(69). The Center for Phytosanitary Excellence
(COPE) is funded by the World Trade Organi-
zation’s Standards and Trade Development Fa-
cility (STDF), KEPHIS, and others, and aims
to provide technical outreach through national
and international collaboration with countries
in eastern and southern Africa. Its goals are
to strengthen the management of phytosani-
tary issues to improve plant resource protection
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and market access for African plant products. At
the time of this writing, COPE has just com-
pleted the definition of a course curriculum and
is in the process of becoming fully operational,
but offers great potential for enhanced capacity
building within the region. Furthermore, it of-
fers the opportunity to develop active commu-
nication networks between national representa-
tives toward a sustained system of phytosanitary
capacity and regulation.

PLANT DISEASE DIAGNOSTIC
NETWORKS

Although it is not possible to describe all of the
networks of plant disease diagnostic laborato-
ries and diagnosticians and other experts op-
erating worldwide, several examples have been
selected as case studies to demonstrate the ben-
efits of networks in improving capacity, effi-
ciency, and effectiveness in diagnostics. These
networks share the goal of maximizing the abil-
ity of countries and multinational regions to im-
prove their ability to prepare for and respond
to threats to agricultural productivity and food
security posed by plant pathogens, as well as to
assist clientele in disease management decision
making.

The United States National Plant
Diagnostic Network

The USDA Cooperative State Research, Ed-
ucation, and Extension Service (CSREES) re-
sponded to homeland security risk assessments
in 2001 by developing in 2002 the United States
National Plant Diagnostic Network [NPDN
(http://www.npdn.org)], a consortium of land
grant university (and some state departments
of agriculture) laboratories in the United States
and its territories. The network functions and
goals include increasing capacity in all labs to
a minimum standard, training diagnostic per-
sonnel, standardizing diagnostic protocols, in-
creasing communication between partners such
as the CSREES, APHIS, university and state
department of agriculture personnel, and train-
ing field personnel as first detectors (90). The
NPDN is a hub and spoke system, with five

regional centers each supporting a radius of
state laboratories. Funding, training, admin-
istration, and sample surge support are di-
rected from the regional center, and triage
diagnosis, diagnostic data, and first detector
training occur in the individual states. Di-
agnostic data are collected centrally in the
NPDN National Repository at Purdue Uni-
versity, populating a secure and confidential
database that will be investigated for epidemi-
ological research and anomaly detection. The
NPDN is standardizing diagnostics at all labs
through the development of SOPs for high-
risk and select agent pathogens in conjunction
with regulatory partners. Nine SOPs for se-
lect agents are available on the NPDN Web
site and seven more SOPs for select agents
and other high-impact pests and pathogens
are in development. In addition, diagnosticians
are populating an online diagnostic cookbook
at http://wiki.bugwood.org/Diagnosticians
cookbook; this resource is publicly accessible,
but only approved personnel may write to the
files, allowing for quality control and review.
NPDN labs are involved in the development
and testing of new diagnostic methods (47) and
work with researchers and the national refer-
ence laboratory personnel to improve protocols
for regulatory pests. Diagnosticians are trained
to process suspect select agents by the USDA
APHIS Center for Plant Health Science Tech-
nology (CPHST) method development labo-
ratory personnel, increasing NPDN laboratory
capability and further standardizing select agent
processing. Additional training sessions held
each year increase diagnostic personnel capa-
bility in techniques (PCR, virus detection, etc.)
and specific pathogens and pests (Fusarium spp.,
stramenopiles, etc.). Technical training sessions
occur in a traditional laboratory environment
and through technological aids such as video-
conferencing via AdobeConnect and stream-
ing videos available on the NPDN websites.
Further communication of protocols and di-
agnostic advice occurs between diagnosticians
via email listservers, digital diagnostic services
such as DDIS (www.ddis.ifas.ufl.edu) and
PDIS (www.pdis.org), NPDN and American
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Phytopathological Society (APS) committee
work, and networking during regional and na-
tional meetings. The NPDN has developed a
system of continuous improvement through the
promotion of training and standardization op-
portunities; this system aids in the professional
development of both experienced and newly
hired diagnosticians and increases the capacity
of plant laboratories in the United States.

Mediterranean and European Plant
Protection Organization

Since its inception in 1951, the Mediterranean
and European Plant Protection Organization
(EPPO) has expanded from 15 to 50 mem-
ber countries. EPPO is an intergovernmen-
tal organization responsible for cooperation in
plant protection in the European and Mediter-
ranean region. The aim of EPPO is to develop
a strategy against the introduction of pests that
damage cultivated and wild plants through the
harmonization and promotion of appropriate
methods for pest control. The need for a stan-
dardized scheme for detection and diagnosis of
organisms that were harmful to plants was rec-
ognized as a priority by EPPO to improve trans-
parency and comparability of data. Further-
more, standardized diagnostic protocols could
be used as the basis for training exercises and
to resolve trade disputes. By the turn of the
last century, diagnostic protocols were devel-
oped for 18 quarantine pests (40). Efforts have
since intensified with the result that diagnos-
tic protocols have now been produced for 80
regulated pests (73).

Dissemination of information is a major out-
put of EPPO’s activities and includes a series of
databases, scientific papers, bulletins, reports,
and pest alert lists, which can all be accessed
via the internet (http://www.eppo.org). The
aim of EPPO to produce common standards
and detailed information on quarantine pests is
instrumental to the efficient and precise oper-
ation of NPPOs in Europe and the Mediter-
ranean. Furthermore, recognition has been
made of the crucial need to employ diagnosti-
cians into NPPOs in the current environment

of globalized trade and consumer—as opposed
to producer—driven politics (100). The devel-
opment of systems to harmonize the content
of diagnostic protocols supports the issue of
plant passports to facilitate trade in plants and
plant products while imposing measures against
correctly identified quarantine pests (110). To
complement EPPO’s initiative in compiling an
inventory of diagnostic expertise (72), and to
enhance cooperation and coordination between
NPPOs in Europe and the Mediterranean re-
gion, guiding principles have been developed
for the establishment of National Reference
Laboratories (NRLs) in the European Union
(65). The role of NRLs will be to ensure com-
pliance with regulations for plant phytosani-
tary issues and to fulfill diagnostic responsibil-
ities through more rapid adoption and transfer
of diagnostic methodologies. Development of
a system of NRLs would also provide a sus-
tainable basis for the maintenance of expertise
and reference material required for diagnosis.
Key responsibilities of each NRL would be to
act as national contact points, provide guidance
on collection and handling of samples, pro-
vide confirmatory diagnoses, develop and val-
idate diagnostic protocols, and provide train-
ing through collaboration with other NRLs.
The priority organisms for NRLs to diagnose
have been identified as those that are quarantine
pests with potentially devastating impacts on
plant health and trade, requiring regular test-
ing employing complex diagnostic tests (65).

Plant Pest Management Network:
Taiwan

Taiwan is a subtropical island nation with
varying terrain, intensive agriculture systems,
and an increasing number of agricultural
imports raising the risk of introduction of
exotic pathogens. Consequently, Taiwan has
developed a comprehensive network of univer-
sity and government diagnostic laboratories,
research institutes, and field stations that serve
the dual purpose of plant safeguarding and
provision of diagnostic services for farmers
(108). This vertically integrated network
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provides a stream of information from farmers
to research, extension, and regulatory person-
nel, with management advice and, if necessary,
eradication or other containment programs
flowing back to the farmers. The tiered
network is set up with the Bureau of Animal
and Plant Health Inspection and Quarantine
(BAPHIQ) at the apex, serving as a control cen-
ter and organizing monitoring and surveillance
programs, as well as cooperating with other
institutions in investigations of high-impact
pathogens (and other pests). There are eight
regional monitoring centers (seven district
agricultural improvement stations plus the
Taiwan Tea Experiment Station) responsible
for disease discovery, planning of management
strategies, and disease reporting. Pathogens are
identified by laboratories in four universities
and the Taiwan Agricultural Research Institute
(TARI). Diagnostic services are provided at 30
stations associated with universities, district
agricultural improvement stations, private
organizations, TARI, and the Taiwan Agricul-
tural Chemicals and Toxic Substances Research
Institute (TACTRI). TACTRI also serves as
an information management center for the
network. Finally, local governments distribute
plant disease information to farmers and work
with local farmers and farmer organizations in
the event of a potentially damaging disease out-
break. This system provides a means of passive
disease monitoring and early notification of
the presence of unusual or regulated pathogens
through its close interactions with farmers.

Global Plant Clinic

The Global Plant Clinic (GPC) is a consor-
tium of CABI Bioscience, Rothamsted Re-
search, and Central Science Laboratory, United
Kingdom. The GPC provides a cost-free diag-
nostic and advisory service for NPPOs in de-
veloping countries that provide diseased plant
samples. This service has resulted in the pub-
lications of 40 NDRs over the last 8 years. In
2001, the GPC initiated the establishment of
mobile plant health clinics in several developing
countries (7, 10). Plant health clinics fulfill an

advisory role in a cost-efficient and locally op-
erated manner. They occur in public places
such as markets on a regular basis where grow-
ers routinely arrive with diseased plant sam-
ples (Figure 3). The clinics offer reliable advice
on routine plant health problems affecting any
crop and differentiate symptoms due to abiotic
and biotic stresses. Many of the plant doctors
who manage them are agronomists or exten-
sion workers in existing grassroots organiza-
tions. Plant doctors are trained in symptom
recognition, provision of control recommen-
dations (prescriptions), clinic management, and
data collation by GPC and its network of part-
ners. Farmers benefit from the management ad-
vice at clinics and in turn provide the doctors
with surveillance on new and emerging diseases
and of the efficacy of prescriptions to control
disease. This direct advice averts losses by quick
action, often reducing pesticide use and losses
due to disease. Furthermore, new and emerg-
ing diseases are identified and can be diagnosed
through links to GPC in the United Kingdom.
By 2008, 71 plant health clinics were routinely
operating in nine developing countries world-
wide. In Nicaragua, the plant health clinics have
developed into a nationwide network in which
technical backup is provided by experts in uni-
versities, research centers, diagnostic labs, and
regulatory services (22).

The GPC increased awareness of new dis-
eases such as Napier grass stunt in East Africa
through the likes of Going Public exercises
and the production of fact sheets that clearly
demonstrate symptoms and control options (8).
A further example of publicity campaigns to
help recognize the symptoms of disease and
methods for their control was adopted for cas-
sava mosaic disease and banana bacterial wilt
in six East African countries in a project co-
ordinated by Catholic Relief Services (CRS)
and involving IITA. This project was par-
ticularly successful because it recognized the
need to develop a network through promo-
tion of collaboration between regional associa-
tions and agricultural institutes, country-level
agricultural research organizations, and local
implementing partners (21). There is a wealth
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Figure 3
Ugandan farmers wait to be seen by plant doctors at rural plant clinic in Katine market, Soroti. The clinic is staffed by personnel from
the NGO, Soroti Catholic Diocese Integrated Development Organization (SOCADIDO), and extension staff from the Ministry of
Agriculture. Photo by Rob Harling of the Global Plant Clinic.

of literature addressing how best to inform
farmers, and a range of participatory learning
processes have been tested including farmer
field schools (44). Although it is recognized that
one of the most urgent needs is, and perhaps
always has been (97), to remove the major bot-
tleneck between science and practice, it is not
within the scope of this review to do justice to
the complexity of this issue. Suffice to say that
examples such as use of SMS technology and
plant health clinics need to be further devel-
oped to provide an active interface between ex-
tension and farmers. Furthermore, it must be
recognized that extension will only be precise

and practically relevant if linked to current re-
search knowledge through a direct working re-
lationship with laboratories with the capacity to
diagnose new and emerging plant pathogens.

The International Plant
Diagnostic Network

The International Plant Diagnostic Network
[IPDN (http://www.intpdn.org)] was initiated
in 2005 with the goal of fostering development
of local capacity for diagnostics through es-
tablishment of communication and data shar-
ing networks, training in classical and modern
diagnostics and research into new diagnostic
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methods (62). The program is funded by
the United States Agency for International
Development (USAID) under the Integrated
Pest Management Collaborative Research and
Development Program (IPM CRSP). The
IPDN is modeled after the United States
NPDN, and as with that network, is comprised
of regional hub and local satellite diagnos-
tic laboratories. Three regional programs have
been established to date; in Central America
(hub lab in Guatemala coordinated by a pri-
vate company; Agroexpertos), East Africa (hub
lab in Kenya coordinated by Kenya Agricu-
lutural Research Institute), and West Africa
(hub lab in Benin coordinated by IITA). For
each regional program satellite laboratories in
three additional countries have been linked to
hub laboratories. Each hub and satellite lab-
oratory is linked to several national institu-
tions and laboratories, creating a regional net-
work and by default increased capacity. All
of the laboratories have access to the Clinic

Information Management System/Digital Dis-
tance Identification System (CIMS/DDIS) in-
ternet portal developed by the University of
Florida (107). This portal allows data entry,
storage and retrieval for samples received, shar-
ing of digital images within the system and with
outside experts, and storage and retrieval of
management recommendations. Sample infor-
mation remains confidential within a country,
or when indicated, between the submitter and
the diagnostician. An important objective of the
IPDN is training diagnosticians in basic and
advanced diagnostic methodologies. Working
groups within the regional programs are devel-
oping SOPs that will be appropriate for local ca-
pacity and validated within the region. Report-
ing new diseases through international outlets
is highly encouraged. For example, the West
Africa regional program recently reported for
the first time the occurrence of Ralstonia solanac-
eraum, the cause of a devastating wilt disease of
tomato, throughout Benin (86).

SUMMARY POINTS

1. Globalization of trade, human mobility, climate change, pathogen and vector evolu-
tion, and political instability combine to create a global environment that is increasingly
fraught with risks to food security and income generation. The social and economic
consequences of the failure to recognize, contain, and/or control threatening pathogens
require that every effort be made to engage in efficient and effective programs of surveil-
lance, diagnosis, and detection. The fact that threats are many and resources few points
to the increasing importance of diagnostic networks that can rapidly and precisely iden-
tify causal organisms of disease as a crucial first step towards the deployment of control
and/or mitigation strategies. This requires the networking of human and technical ca-
pacities from field to basic to advanced laboratories, rapid and secure communications,
and exchange of information with governments and policy makers. National and regional
plant diagnostic networks have materialized during the past 10–15 years, bolstered by the
communications revolution made possible by the internet. Although globalization and
free-trade agreements have made it easier for pathogens to cross borders, the internet
has opened global avenues for access to databases, communication, and cooperation not
thought possible decades ago. Without this innovation we would be unlikely to organize
effective networks to meet the challenge of invasive pathogens.

2. The diagnosis of plant diseases and detection of pathogens rely on a diverse range of
technologies from traditional taxonomy to advanced molecular methods. Laboratory
ELISAs are widely adopted, but these and other advanced diagnostic technologies are
often inaccessible to laboratories in the developing world because of their relatively high
cost. Field-portable serological assays such as LFDs continue to be adopted for diagnosis
of specified pathogens primarily in high value crops. Such devices can be used to confirm

Threatening
pathogen: invasive or
indigenous pathogen
able to cause
significant crop losses
in yield or quality,
resulting in negative
health, economic,
and/or social
consequences
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the identity of causal agents in disease outbreaks to guide rapid disease management de-
cision making. This technology continues to evolve with pull-through from human and
veterinary disease diagnostics, and it is hoped that more sensitive and specific devices
are developed for a range of pathogens that can be deployed in the field. Similarly, ad-
vanced generic high-throughput platforms for molecular technologies will continue to
develop and be more widely adopted as costs decrease and applicability to diagnosis of
unknowns increases. Although technology such as DNA barcoding is reliant on the use
of PCR, it is relatively simple and cheap, and unlike traditional molecular methods, can
be used to diagnose unknown samples to the species level and even enhance the discovery
of new species. It is somewhat ironic that as new advanced technologies such as DNA
barcoding evolve there is still reliance on more traditional methods such as morpho-
logical identification to validate taxonomy. However, this should not be overlooked, as
any technology used for diagnoses, irrespective of how technically advanced, will always
be dependent on morphological studies. The two disciplines should ideally operate in
cohort for any system of diagnostics to remain effective and of practical relevance. This
is particularly important bearing in mind that systematics will forever remain a dynamic
science, as it reflects the dynamism of natural ecological systems and pathosystems. Sys-
tematics is essential to the study and communication of plant pathology, diagnostics, and
disease control (63). Therefore, as diagnostic capability through networks is developed,
the pivotal role of morphological identification and systematics must not be ignored.

3. As a corollary to the above, it must be noted that capacity in traditional taxonomic meth-
ods, as well as in applied plant pathology, is diminishing worldwide. Although the NPDN
system in the United States is an excellent model where advice is provided to farmers
as a responsibility of academic institutions, such robust systems are in decline or even
lost in many developed nations and are yet to materialize in most developing countries
where national research programs operate without clear linkages to national extension
services. Without the presence of astute individuals in agricultural communities, the
ability to discover and document the presence and movement of pathogens is highly
compromised if not impossible. Effective diagnostic networks are vertically integrated,
from well-trained first responders such as farmers and extension personnel in the field
to diagnosticians and specialists capable of providing management advice. Secure and
trusted communication must travel in both directions. Internet-based communication
networks can facilitate sharing of information horizontally within and between networks
nationally, regionally, and globally. The increased capacity generated from this exchange
of information can be used to update new disease reports, optimize surveillance strate-
gies, and develop and modify pest risk analyses. This will alert plant quarantine officers
of potential new threats and to deploy preemptive control options under the auspices of
agreed intergovernmental policies.

4. It is imperative that the impacts of specific crop diseases are assessed and diseases prior-
itized per crop, country and region, and in relation to key trading partners. Assessment
of risk due to each existing and potential plant pathogen will help to develop appro-
priate contingency plans for sampling strategies in terms of technical requirements and
frequency of samples to be analyzed. Sampling must be performed in a cost-efficient
and representative manner. Sustained disease surveillance and diagnosis of prevalent
pathogens in any single cropping system, with information dissemination via networks,
is crucial to plant safeguarding globally.
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5. Trust is an essential component of the relationship between the sample submitter (farmer,
extension agent, inspector, etc.), the plant disease diagnostician, the government entities
with sovereign responsibility for plant safeguarding and government networks with re-
gional responsibility. The availability of and adherence to validated standard operating
procedures engender confidence in the validity of the diagnosis. Similarly the production
of NDR must be considered as a positive step towards national and regional responsibil-
ity in order to support international trade and to enable agriculture to become a driver
of development in resource-poor countries. Laboratory accreditation plays a key role,
although it is clear that accreditation should be flexible in that the degree to which labora-
tories should be held to specific standards should depend on their roles within the system.

6. The gap in capacity to deliver plant disease diagnostic services between developed and
developing countries is significant. Developing countries consistently lag behind devel-
oped ones in creation and adaptation of new technology and networks to enhance delivery
of disease diagnostic services. It is foremost the responsibility of governments to sup-
port diagnostic capacity within their sovereign borders and to nurture relationships with
other neighboring countries and elsewhere in the world, especially where similar crops
or diseases exist. Whether by using their own resources or the assistance of development
oriented donors, governments need to provide sufficient subsidies to support diagnostic
capability as a critical component of a plant health care system. Eventually the private
sector may contribute to disease diagnostics but not realistically in the short term, so the
responsibility remains primarily with governments to provide support for an impartial
diagnostic service. Such a service must provide increased capacity at field level to recog-
nize symptoms of common diseases and extension techniques that are client oriented and
adapted to demographic profiles. Where this is not possible because of new and emerging
diseases, a system of interconnected laboratories with a range of technologies will increase
the precision and speed of diagnosis. Effective delivery of plant disease diagnostic services
will not be achieved without substantial growth in human, technological, and infrastruc-
ture capacity, including improvements in the supply chain that allow timely access to
affordable laboratory materials and reagents. Local or regional production of such mate-
rials, including diagnostic assays, will substantially decrease costs and increase laboratory
output and reliability. A potential bright spot is the widespread adoption of mobile phones
and initiatives to utilize them as platforms for rapid and targeted information exchange
related to disease surveillance and management. The prospect of connecting farmers to
each other and to plant doctors, extension personnel, and researchers to diagnose plant
diseases and exchange advice on management, while also developing a network of eyes on
the ground to enhance discovery and monitoring of critically important plant diseases,
is truly exciting.

7. Although plant diagnostic services have traditionally been underfunded compared with
similar systems for animals and humans, concerns arising in this century for food security
have brought needed attention by governments to this arena. As a consequence, networks
have been established or strengthened in both developed and developing countries to
address phytosanitary, biosecurity, and disease management issues associated with the
diagnosis of diseases and detection and surveillance of pathogens. From a network of plant
health clinics operating in markets in Nicaragua to coordinated diagnostic laboratories
in Europe, Asia, and the United States, these systems share the goal of providing the
highest possible level of service to clientele.
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FUTURE ISSUES

1. The probability that a particular pathogen will be used as an agent of bioterrorism is
low, but the threat is nonetheless real (6). It is much more likely that pathogens capable
of causing severe economic and social problems will continue to be introduced inadver-
tently. NPPOs must make every effort to safeguard plants within their country’s borders,
but it is also crucial to prepare for these pathogens preemptively, so that they can be
managed effectively when they do arrive. An initiative such as “Predict and Prevent”
(36), currently directed toward human and animal diseases, would be timely and appro-
priate for plant systems as well. Such an initiative would involve a global effort in early
detection of emerging diseases (identifying hot spots), monitoring pathogen movement,
and preparing mitigating responses well in advance. Enhanced networking of diagnostic
and research laboratories and expert plant pathologists beyond their own borders and
sharing information on a global scale will be necessary to accomplish this goal. Commu-
nications tools made possible by the internet are available to enhance interactions among
the appropriate partners. The recent NATO project “Tools for Crop Biosecurity” was a
foray into cross networking, developing a broad multinational consortium representing
the United States, the European Union, and Israel in the Eastern Hemisphere Plant Di-
agnostic Network (38). Such consortiums have value in bringing like-minded scientists
together to promote dialogue and information exchange. It is hoped that such dialogue
will form the basis for, or at least encourage, interactions between NPPOs in order to
foster formation of official ties with other countries and regions.

2. In this age of shrinking support for agricultural programs worldwide, the issue of sustain-
ability of diagnostic systems and networks, in fact of plant health programs in general, is
of utmost concern. All too often, governments and funding agencies do not commit to
sustained support of a program, regardless of its success. It is likely that the private sector,
at least in the developed world, will need to play a larger role in support of diagnostic
networks. This may mean a greater willingness to pay more of the cost for diagnoses
and advice, although in the experience of most public diagnostic laboratories, when the
private sector is asked to pay more, the sample volume decreases. It is, however, encour-
aging that protection of plant-based agriculture from invasive pathogen threats has been
recognized and investments made in recent years. It will be necessary to continue to
stress the need for public support. Donors to programs in developing countries expect
that sponsored programs will become institutionalized under public funding or adopted
by the private sector. Both alternatives have merit, but the latter is unlikely in the near
term at least. Therefore, governments in these countries will need to recognize the im-
portance of both safeguarding natural and agricultural systems and assisting farmers in
developing disease management practices that maximize income generation, and prior-
itize these areas for support. Centers of excellence will provide a means of increasing
regional capacity for disease diagnosis and pathogen detection at reasonable cost. It is
important that these centers establish strong interconnecting linkages that ultimately tie
them directly to farmers. This approach will help to direct their efforts toward the most
important issues and thereby maximize their impact across the region.

3. Investments in human resource capacity are desperately needed in both developing and
developed countries. The shrinking supply not only of taxonomists but of diagnos-
ticians and plant disease management specialists who are linked directly to farmers erodes
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capacity to discover threatening pathogens and meet the challenges of managing them.
Graduate programs must continue to train students in applied plant pathology; however
their training must encompass not only traditional disease diagnosis and management
but provide a good foundation in molecular biology to prepare them to develop, adapt,
and/or adopt the new technologies that will become available to agricultural systems in
the future.

4. New and exciting diagnostic technology for plant pathogens will continue to develop, as
there is sufficient demand for diagnostics in the field of human and veterinary medicine
to drive innovation. The number of organizations developing diagnostic technology for
plant-based agriculture is small, but nonetheless, selective adaptation of medical technol-
ogy will take place—the driving factors being applicability and cost (including intellectual
property considerations). Many laboratories have adopted ELISA and ordinary PCR for
routine use, whereas the highest tier laboratories, including centers of excellence and
those responsible for identification of regulated pathogens, are currently using qPCR
on a routine basis, usually under appropriate SOPs. Inexpensive field tests such as LFDs
should be developed that can precisely diagnose new disease outbreaks to rapidly stim-
ulate decision-making processes for disease management. The next phase in technology
adoption is likely to be a move towards generic platform technology such as microarrays.
Microarray technology is currently too costly for wide utilization for plant pathogen
diagnosis, but as the price for development of diagnostic chips reduces and demand in-
creases, adoption rates will also increase. Local or regional development and manufacture
of diagnostic assays in poorer regions of the world will be necessary to keep costs low
enough for adoption of the technology. Supply chain improvements that increase the ease
of access to and cost of basic diagnostic supplies and reagents are critical to technology
adoption as well. The developing world is leading the way in adaptation of mobile phone
technology for information exchange, and innovations in this area to enhance disease
diagnosis, surveillance, and management may find their way into agricultural production
systems in developed countries. Whatever the platform, diagnostic technologies will con-
tinue to advance, and the extent of their applications will be driven by ease of use, cost,
and the implications of the results they produce. Tests that directly inform a decision,
whether it is the implementation of phytosanitary measures, change in cultural practices
or application of a particular fungicide, for example, are the most likely to be adopted.
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