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Curriculum Vitae for Tracie K.
Matsumoto
EDUCATION
1999 Ph.D. Horticulture, Purdue University, West Lafayette, IN (advisor Paul M. Hasegawa)
1994 M.S. Horticulture, University of Hawaii, Honolulu, HI (advisor Adelheid R. Kuehnle)
1991 B.S. Agriculture, University of Hawaii, Hilo, HI
1989 Plant Tissue Culture, University of California, Riverside, CA (Toshio Murashige)
EMPLOYMENT
2015 to present
2002-2015
2001- 2002
1999-2001
1995-1999
1987-1989
1986-1987
1985-1986

Research Leader, USDA ARS DKI PBARC, Hilo, HI
Research Horticulturist, USDA ARS DKI PBARC, Hilo, HI
Post-Doctoral Research Associate, Dept. Bio Sci, Purdue University
Post-Doctoral Research Associate, Center for Plant Environmental Stress
Physiology Purdue University
Graduate Research Assistant, Purdue University
Laboratory Technician / Production Assistant
ManagerTropculture Laboratories Ltd. Hilo, HI
Laboratory Technician, Hiromi's Nursery Hilo, HI
Laboratory Technician, Matsumoto Nursery Inc.
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United States Department of Agriculture
Research, Education and Economics
Agricultural Research Service

Lance S. Sakaino
Hawaii Department of Agriculture
Plant Quarantine Branch
1849 Auiki Street
Honolulu, Hawaii 96819-3100
Phone: (808) 832-0566
Fax: (808) 832-0584
Email: Lance.S.Sakaino@hawaii.gov

February 9, 2021

Dear Lance,
The Hawaii coffee industry, conservatively valued at $100M per year, is facing their toughest challenge
with an invasive new pathogen, Hemileia vastatrix, the causal agent of coffee leaf rust (CLR). CLR, the
most devastating pathogen of coffee worldwide, was recently discovered on Maui and in Kona on Hawaii
Island in late 2020. Since then it has rapidly spread throughout the coffee farms in Kona and has most
recently been found on Lanai and Oahu. Farms left un-managed or ill-managed will suffer crop loss and
ultimately tree death since cultivars currently grown in Hawaii are highly susceptible to CLR. A critical
component of a CLR IPM strategy is the use of resistant coffee varieties and since very few are available
in Hawaii, these need to be propagated, multiplied, and provided to the growers as quickly and as safely
as possible.
Propagating coffee in tissue culture should pose no additional risk of introducing new plant diseases to
Hawaii. Tissue culture plants are grown in a sterile environment with media such as salt, vitamins, and
sugars so any fungi or bacteria on this material will become evident in the culture within a few weeks
which can be immediately devitalized. Tissue culture media lacks contaminant suppressants, so if a latent
contaminant is detected the plants are devitalized by autoclaving. The media and plant material are also
routinely tested to detect any latent infection. As an additional precaution, the tissue culture plantlets are
screened for pathogens before moving to the greenhouse. For these reasons, I fully support Dr. Tracie
Matsumoto’s request to allow propagation of coffee while under quarantine and believe it is a critical
step necessary for the success of a CLR mitigation and management program.
Thank you very much for your time.
Sincerely,
Lisa Keith, Ph.D.

Research Plant Pathologist

Pacific West Area
Pacific Basin Agricultural Research Center
Tropical Plant Genetic Resource and Disease Research Unit
64 Nowelo St., Hilo, HI 96720
Voice: 808-959-4357 Fax: 808-959-5470 E-mail: lisa.keith@usda.gov

Agricultural Research - Investing in Your Future

APPENDIX 5
used for diagnosis. Part of the CoRSV genome has been se
quenced and primers have been designed for its detection by
reverse transcription polymerase chain reaction (RT PCR).

Disease Cycle and Epidemiology

Coffee ringspot has been demonstrated to be transm1ss1
ble by the false spider mite Brevipalpus phoenicis (Geijskes)
(Acari: Tenuipalpidae), which is a polyphagous species com
plex with hundreds of host plants. Also, a mite species complex
has been reported. Under experimental conditions, transmis
sion efficiency was about 24% using female adult mites that had
access to infected leaves. Viruslike particles were observed in
viruliferous Brevipa/pus mites. So far, no transovarial passage
of CoRSV has been observed. Mechanical inoculation using in
oculum from coffee tissues with ringspots caused local lesions
on Beta vulgaris L., Che11opodi11111 amaranticolor, Chenopo
dium quinoa, and A/temanthera tenella Colla. Chenopodium
quinoa and Chenopodium amarantico/or plants mechanically
inoculated with CoRSV develop local chlorotic lesions, and if
kept at 28-30°C, systemic infection may result. A survey of
the coffee germplasm bank of the Centro AP TA Cafe, Insti

tuto Agronomico de Campinas, Sao Paulo, Brazil, revealed that
many species and hybrids of the genus Coffea (e.g., C. kapa
kata (A. Chev.) Bridson, C. deivevrei De Wild. & T. Durand
cv. Excelsa, C. canephora Pierre ex A. Froehner cv. Robusta,
and hybrids C. arabica L. x C. racemosa Lour., C. arabica x
C. dewevrei, and 'Timor Hybrid' [a natural hybrid between
C. arabica and C. canephora]), as well as noncoffee Rubiaceae
species, such as Psi/anthus ebracteo/atus Hiern, are susceptible
to CoRSV. No seed transmission of CoRSV has been reported.

Management

Strategies to manage the disease may be applied at several
levels. To succeed with the management strategies, it is nec
essary to consider the variables that are affecting the virus
host vector relationships. To avoid introducing CoRSV into a
new plantation, growers must use only virus free plants from
the nursery and take measures to avoid introducing virulifer
ous mites (e.g., establish windbreaks with plants immune to
CoRSV; control weeds that may be alternate hosts to the virus
and vector; and control people, tools, boxes, vehicles, etc., com
ing into coffee orchard sites). These measures are particularly
critical now that there is evidence that CoRSV multiplies in
the mite vector. Chemical spraying to reduce the vector mite
population is also a common practice based upon an empiri
cal sampling process and threshold levels. In the states of Sao
Paulo and Minas Gerais, Brazil, products such as acrinathrin,
azocyclotin, bifenthrin, cyhexatin, dicofol, hexythiazox, fenbu
tatin oxide, propargite, and quinomethionate are being used.
Because resistance of the mites to most of these miticides de
velops after repeated applications, rotation of different active
ingredients is important. In infected orchards, besides constant
chemical treatment, pruning affected branches is also recom
mended. Biological control using predaceous mites or entomo
pathogenic fungi is being studied. There is no information on
plant resistance variability to CoRSV in coffee.
Selected References

Fig. 3. Bacilliform particles in endoplasmic reticulum arranged
in a "spoke wheel" configuration from coffee leaf tissue infected
with Coffee ringspot virus Sao Paulo type (Co RSV SP). (Courtesy
C. M. Chagas)

Fig. 4. Nuclear viroplasm (nv) and short bacilliform particles (ar
rows). (Courtesy C. M. Chagas)
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Gammaproteobacteria, order Pseudomonadales, and family
Pseudomonadaceae. There are various pathovars of P. syrin
gae. P. syringae pv. garcae is gram negative, oxidase negative,
and levan positive, and it liquefies gelatin and produces yel
low fluorescent pigments in King's medium B. In artificial in
oculations, it is pathogenic to Phaseolus vulgaris L. 'Moruna'
and causes typical symptoms of bacterial halo blight. Forty
eight pathovars of P. syringae and eight related species were
studied through the DNA-DNA hybridization method (S1
nuclease method) and ribotyping. Nine genome species were
identified, one of which included pathovars that correspond to
P. coronafaciens (Elliott) F. L. Stevens, P. syringae pv. porri
Samson, Poutier & Rat, P. syringae pv. garcae, P. syringae
pv. striafaciens (Elliott) Young, Dye & Wilkie, P. syringae
pv. atropurpurea (Reddy & Godkin) Young, Dye & Wilkie,
P. syringae pv. oryzae (ex Kuwata) Young, Bradbury, Davis,
Dickey, Ercolani, Hayward & Vidaver, and P. syringae pv.
zizaniae (ex Bowden & Percich) Young, Bradbury, Davis,
Dickey, Ercolani, Hayward & Vidaver.
Differences were found in biochemical and pathogenic char
acteristics among isolates of P. syringae pv. garcae from Kenya
and Brazil, demonstrating that this bacterium has at least two
strains, a Kenyan isolate and a Brazilian isolate, and leaving
open the possibility that other strains may be found.

Disease Cycle and Epidemiology

P. syringae pv. garcae survives as an epiphyte on cof
fee leaves. During the winter, cold winds and humidity pre
dispose the leaves to infection by the pathogen and favor the
development of bacterial halo blight. In nurseries, beyond the
mentioned factors that favor its proliferation, the bacterium is
rapidly disseminated by mechanical transmission during nurs
ery operations. In the field, the presence of inoculum generated
in coffee leaves during the winter, the flushing of new leaves,
flowers, and fruits in the spring (September to December in
the Southern Hemisphere), and intense rainfall promote rapid
development of the disease. P. syringae pv. garcae has the ca
pability to penetrate these juvenile structures and other soft tis
sues of the coffee plant through natural openings or through
mechanical injuries caused by the abrasive action of windblown
soil particles or by friction among plant tissues.
In several municipalities of the state of Parana, Brazil, the
disease occurs in 2- to 4-year-old coffee plants during the win
ter (July 21 to September 22), when temperatures vary between
13 and 26 °C and the relative humidity is 58-67%, with a mean
monthly precipitation of 133.5 mm, an average of 7.6 days of
rain, and a mean wind speed of 4.6 mis. The disease reaches the
highest incidence on coffee plantations during the spring (Sep
tember 23 to December 21), mainly in October when tempera
tures are 13-32 °C and the average relative humidity is between
57 and 73%, with a mean monthly precipitation of 111.3 mm, an
average of 9.1 days of rain, and a mean wind speed of 3.4 mis.
The disease progression slows during the summer months (De
cember to March), when the temperatures increase coincident
with reductions of the relative humidity, number of days of
rainfall, and wind speed.

Management

The main control measures are preventive and aimed at
avoiding or reducing damages caused by the pathogen. In the
winter and beginning of spring, nurseries must be protected
from the wind and plants must be under strict monitoring and
careful manipulation to avoid the development of disease foci
and the proliferation of the bacteria. Patches of the disease in
nurseries are controlled by eliminating infected plants and
chemical spraying the remaining plant material with copper
hydroxide-based fungicides. In Kenya, use of captafol has
been found to exacerbate the disease. Plantations located at
high elevations are more frequently exposed to cold winds and
should be protected with temporary or permanent windbreaks.
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Disinfected instruments can be used to prune affected plant
parts when the disease incidence is low or during the initial
stages of infection in the field. In cases of an epidemic, the use
of mixtures of streptomycin sulfate and copper oxychloride
formulations is recommended. Biological control has not yet
been investigated.
A vast germplasm of commercial varieties, Coffea spp., ac
cessions of C. arabica from Ethiopia, and lineages and prog
enies of C. arabica resistant to Hemileia vastatrix Berk. &
Broome have been tested in Brazil since 1978. Several geno
types showed resistance to isolates of this bacterium and, si
multaneously, resistance to races of coffee leaf rust, caused by
H. vastatrix. This behavior was not observed when materials
with different H. vastatrix-resistant genotypes were inoculated
with an isolate of P. syringae pv. garcae from Kenya. Because
commercial varieties with H. vastatrix resistance showed lower
susceptibility to Brazilian isolates of the bacterium, screening is
underway to obtain progenies with resistance to both diseases.
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Causal Organism

Initial reports in East and Central Africa associated all forms
of the disease with Fusarium /ateritium Nees var. /011g11111
Wollenw. The cause of the disease reported in Madagascar
was suspected to be a strain of the F. lateriti11111 group that was
different from the one causing the disease in East and Central
Africa. Two strains of the fungus, A.I (also called F. stilboides
Wollenw.) and A.2, cause Storey's bark disease, but only A.I
causes scaly bark disease. Both strains are described as mu
tants of the fungus F. stilboides and its perfect stage Gibberella
sti/boides W. L. Gordon ex C. Booth. The sexual stage has not
been observed in the field and ils role in epidemiology is un
known. All three main forms of the disease are caused by the
same fungus. F. stilboides is very common on coffee trees, even
in regions where the disease is not observed, and this raises the
question of variation in pathogenicity. The fungus has a deep
pinkish red pigment (carmine red) in culture that may vary on
different common laboratory media. Cultures of F. stilboides
on potato sucrose agar have a white or pink floccose mycelium
that becomes reddish brown with age. Sporulation is initially
on aerial mycelium, giving rise to colonies that are powdery
in appearance. Small, scattered sporodochia are later formed
on the agar surface. The fungus produces only macroconidia,
which are three to seven celled, thin walled, and straight or
slightly curved. It is suggested that there are different types of
the fungus associated with the disease in Kenya. More studies
need to be done to further characterize the different types of
the fungus in terms of pathogenicity and molecular traits.

Disease Cycle and Epidemiology

F. stilboides is commonly found on the coffee canopy and
was first isolated from coffee cherries in Kenya in 1940. The
reservoir for spores is infected bark, where large pink spores
can be observed under warm, wet weather conditions, espe
cially on poorly managed trees. Poor plant-growing conditions,
such as poor nutrition and unbalanced soil conditions, espe
cially pH, excessive weed growth, and overbearing, weaken
the plants, making them more susceptible to infection. Wounds
introduced by stem borers (which are also prevalent in warm
areas), mechanical damage (e.g., during mechanical weeding),
and pruning injuries provide the entry points for the fungus.
Pruning cuts and the presence of infected materials or soil on
the cut surfaces increase the risk of infection. Some practices,
such as rotating communal working groups from farm to farm
in the villages and sharing working tools, promote spread of
the disease.
Macrospores are borne in sporodochia that develop below
the cuticle before rupturing it. The spores are spread by rain
splash, insects, and men with working tools. The fungus is
rarely found in the soil, except where a plant has died of collar
rot, but it can remain viable in infected bark for up to I year.
The latency period depends on the weather and the form of the
disease. The latency period of Storey's bark disease varies from
I week to 11 months, and symptoms may take up to 4 months to
appear. In scaly bark disease, the first symptoms appear about
4 weeks after infection, but girdling and death of the stems can
take years. The first visible symptoms of collar rot appear up lo
15 weeks after infection.

Management

So far, there is no practical cure for the disease, and cultural
practices are the best management options. The disease devel
ops slowly and, consequently, farmers may delay taking action.
There are a number of recommended disease management
practices. Proper fertilization should be determined through
regular leaf and soil sampling. Integrated approaches should be
used for proper weed control. Pruning tools should be cleansed
with disinfectants (e.g., hypochlorite and spirit). Diseased trees
should be uprooted and burned, especially in cases of collar rot.
Trees with Storey's bark disease and scaly bark disease symp

toms high above the soil may be cut back way below the infec
tion point to allow new suckers to develop. The cut surfaces
are protected when painted with a fungicide (e.g., captan) in
agricultural/vegetable oil. Once an infected tree is uprooted,
the hole should be left open for at least 3 months or treated
with the soil fumigant dazomet at 150 g per hole. Wood-boring
insects should be controlled. Weed debris that is difficult to dry
should not be piled.
In infested felds, the cut surfaces after pruning can be pro
tected by painting them with copper fungicides in mineral oil.
An earlier recommendation of spraying young suckers weekly
with captan was found to be too expensive.
No biological control agents have been developed yet, but
this is an area of interest for research. Although many trials
have been done to assess the resistance of Coffea arabica L.
to the pathogen, no resistant varieties have been distinguished,
indicating the rarity of such resistance. An option that could be
explored is the use of robusta coffee root stock in areas where
the disease is prevalent.
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Black Rot Disease or Koleroga
Koleroga is considered an important disease affecting both
arabica and robusta coffee during the monsoon season. This
disease is common in all the coffee growing areas in India that
come under the inlluence of heavy southwest monsoon rains.
In severely affected areas, there have been recorded crop losses
of up to 10 20% on coffee-growing estates and of 70-80% in
affected individual plants. The disease has been detected spo
radically in the Americas (i.e., Costa Rica, Brazil, and Colom
bia) with no economic impact. Black rot disease was first fully
described by Cooke in 1876. Control measures combine cul
tural methods and a chemical spray of a 1% Bordeaux mixture.
This disease is generally noticed in higher elevations and in the
valley areas of plantations.

Symptoms

The pathogen Cortici11111 koleroga infects leaves, develop
ing berries, and young shoots. The most striking symptoms
are blackening and rotting of the infected leaves, developing
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fr uit maturation period when coffee berries create physiological
sinks, drawing on a large portion of the assimilates produced
by the plant. Even for sexually propagating species, root lesion
nematode populations can develop very quickly and cause plant
mortality over very short periods on plantations.
Knowledge of the life cycle of most of these species is still
limited. P. coffeae is a bisexual species (as many males as fe
males) with obligatory amphimictic reproduction (sexual repro
duction). P. goodeyi, P. vu/nus, P. /oosi, and P. panamaensis
(syn. P. gutierrezi) are also bisexual species. On the contrary,
P. brachyurus and P. zeae are monosexual species (males ab
sent or very rare) with mitotic parthenogenetic reproduction
(asexual reproduction). Eggs are laid in the roots and hatch to
produce second stage juveniles. After three molts, these free
juveniles transform into adults. For P. coffeae, studies showed
that eggs hatch in 6 8 days at 28 30°C, while adults emerge
about 2 weeks after hatching at 25-30°C. Little information is
available on the optimal temperatures for these different root
lesion nematode species. P. coffeae and other species, such as
P. vu/nus and P. brachyums, seem to have a temperature op
timum just below or around 30 °C. Above these temperatures,
reproductive capacity of these root lesion nematodes decreases
with each degree increase in temperature. In contrast, P. /oosi
seems to have a optimal temperature for development around
18 20°C.

Management

Laboratory diagnosis based on nematode extraction from
roots is necessary to confirm the presence of root lesion
nematodes, but population levels should not be the primary
information when making control decisions. It is not possible
to establish standard thresholds because of the extreme vari
ability of agronomic and ecological conditions found on cof
fee plantations (e.g., varietal tolerance levels, plant age, soil
fertility, temperature and water conditions, and sun exposure)
that can influence the amount of damage caused. Moreover,
population levels depend on the sampling date. Studies show
drastic changes in population levels over short periods. Popula
tion level estimation also depends on root sampling methodolo
gies. Nematode distribution, in general, is highly aggregated
(heterogeneous) and root lesion nematode populations can be
low on the most affected plants because their root systems are
already seriously damaged. Finally, population estimation de
pends on the efficiency of the extraction methodologies used hy
the diagnostic laboratory.
Root lesion nematode species parasitizing coffee can present
different degrees of pathogenicity, and in regions where more
than one species is present, diagnostic laboratories are not al
ways able to identify the nematodes to the species level. The
simple presence of pathogenic nematodes on the plantation or
in the region should be enough to recommend control measures
that emphasize preventive measures.
The most important method of nematode distribution is
human activities, i.e., the transport of infested nursery seed
lings or infested soil. Therefore, special precautionary mea
sures should be taken at this stage of the crop. The potting
substrate used in nursery bags should be disinfested to produce
nematode-free nursery plants.
On established coffee plantations, the efficiency of chemical
control, mainly provided by granular nematicides, is limited.
An efficient and durable chemical control of nematodes would
require doses and frequencies that are unsustainable on eco
nomical and ecological bases.
On the contrary, genetic control via grafting C. arabica cul
tivars on resistant C. canephora rootstocks provides effective
control of root lesion nematode populations. This practice has
been implemented since 1965 in Guatemala with very good
results, and it has also been recommended for controlling
P. coffeae in Indonesia. In Indonesia, a wide range of resis
tance levels to P. coffeae among C. canephora clones has been
40

observed. Grafting offers an advantage when C. canephora
rootstock cultivars have also been developed for resistance
to Meloidogyne spp., as in Central America ('Nemaya') or in
Brazil ('Apoata'). A wide range of semiwild lines of C. arab
ica from Ethiopia and Yemen have also been tested, but no
source of resistance has been found among this germplasm.
Because various nematode genera and species complexes are
frequently present on coffee plantations, the ability to control
all communities of pathogenic nematodes is necessary to avoid
an imbalance that could result in an epidemic of a particular
population.
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Coffee Corky-Root Syndrome
Root knot nematodes of the genus Me/oidogyne are fre
quently and abundantly found on arabica coffee plantations in
Latin America. In certain areas, the prevailing nematodes are
highly destructive, leading to coffee tree death. In 1982, a syn
drome, locally called corchosis, was detected on coffee for the
first time at the Hacienda Juan Vinas in the Cartago Province of
Costa Rica. The syndrome was attributed to a root knot nema
tode, Me/oidogyne arabicida. Later, the interaction between
Fusarium oxysporum and Meloidogyne incognita (Kofoid &
White) Chitwood was demonstrated to be responsible for the
corchosis symptoms on coffee in Puerto Rico. In Mexico in
1993, Meloidogyne, Praty/enchus, Fusarium, and Trichoderma
spp. were isolated from coffee trees displaying corky roots,
suggesting a disease complex as in Puerto Rico. Finally, it was
concluded that the corky-root syndrome discovered in the Ha-

APPENDIX 5

Disease Caused by Phytomonas spp.
Phloem Necrosis
Phytomonas spp. have been ascribed as plant pathogens only
in a handful of cases. In coffee, they have been reported attack
ing mainly Coffea liberica W. Bull ex Hiern in Surinam, Guy
ana, and northern Brazil, but they can also attack C. excelsa
A. Chev. and C. arabica L. In Surinam, the disease is known
as phloem necrosis of coffee. The last report of this disease was
in 1977 in Trinidad, and it was still present in Surinam in the
1960s.

Symptoms

Phloem necrosis was first described as causing a reduction
in the starch reserves of the plant. A more detailed examina
tion showed a deposit of callose in the sieve tubes and the con
sequent necroses that give the disease its name. The evidence
shows that the disease moves between neighboring trees. The
disease seems to only attack trees that are more than 3 years
old, since younger plants are not infected.
Phloem necrosis has an acute form and a chronic form,
but the latter is more common. In the chronic form, the ini
tial stage of infection turns the older leaves yellowish and they
fall prematurely. The affected coffee trees produce fewer and
smaller leaves that rapidly become pale yellow and then fall
prematurely, leaving bare branches. Diseased trees die in 3-12
months. Given the genetic variability of C. liberica, symptoms
and severity differ between varieties. In the acute form, only

some of the older leaves fall prematurely. Young leaves turn
yellow slowly, but eventually they too turn brown, necrotic, and
fall within 2-3 weeks. In the chronic and acute forms, roots
become brown and die. Microscopic examination of tissues
shows hyperplasia of the phloem and sieve tubes that are much
smaller than normal, become necrotic, and exhibit a deposit of
callose.

Causal Organisms

Phloem necrosis of coffee is caused by intraphloemic flag
ellate protozoa, similar to those found in plants of the family
Euphorbiaceae. The unique attributes of Phytomonas spp. that
attack coffee are that they are smaller and their kinetoplast
does not have the same shape. The vector of the disease is not
known, although some scale insects, such as Rhizoecus coffeae
Laing and some heteropteran insects of the family Pentatomi
dae, are considered candidates as vectors. Eradication of dis
eased trees is recommended.
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Disease Caused by an Alga
Algal Red Leaf Spot
Parasitic algae are only found in the class Chlorophyta. The
disease known as algal red leaf spot has been reported in a
large number of angiosperms, including apple, gardenia, cit
rus, banana, and raspberry. Parasitic algae have been detected
mainly in tropical and subtropical countries. There are reports
of algal red leaf spot presence in most coffee growing countries
since the beginning of the nineteenth century, although it has
not caused important economic losses on coffee plantations.
The initial attribution of this disease to fungi led to the un
fortunate name "red rust". Tea is the plant most seriously af
fected by this pathogen, and in many provinces of India and
Indonesia, red rust is considered the most important disease of
the crop.

Symptoms

Leaf spots develop as pale green or pale red, rough, super
ficial, netlikc, circular spots with wavy or feathered margins.
Occasionally, the alga may infect twigs and branches, causing
girdling lesions. Algal infections of twigs often cause superfi
cial cell layers to become slightly swollen and cracked. This
cracking causes the twigs to be more susceptible to fungal
infection. When algal spore structures, or sporangia, are pro
duced, the lesions become reddish. When sporangia are not
produced, the spots remain light green. Small, necrotic, brown
spots of irregular shape, 1-5 mm in diameter, develop on the
upper leaf surface. On the lower leaf surface, spots are similar

but have a velvet aspect and a pale color. The alga grows super
ficially on the leaf cells.

Causal Organism

The green alga Cephaleuros virescens Kunze is the causal
organism of algal red leaf spot. Algal red leaf spot has been
confused with a fungal disease, but detailed microscope ex
amination of leaf lesions has shown the presence of the alga,
usually readily recognized by the presence of stalked gemmae,
the vegetative dispersal stage of the alga.

Disease Cycle and Epidemiology

Frequent rains favor disease spread in coffee. The disease
is very common in old leaves during wet weather, when water
droplets or wind driven rain spreads spores to leaves or twigs,
which are then colonized by the alga. C. virescens survives
adverse conditions in spots on leaves and branches. It is more
common in shaded coffee crops located in hollow valleys and
under conditions of high relative humidity and low levels of
sunlight. Weakened plants are the most susceptible to attack.
The interference of the growing alga on leaf photosynthesis
might cause losses in production.

Management

When a severe attack is detected, algal red leaf spot can be
controlled by the one of the following strategies. Overhang
ing trees can be pruned around diseased plants to help lower
humidity levels and speed the drying of leaf surfaces. Soil
drainage can be improved if this is diagnosed as a problem. A
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Bordeaux mixture (8 tablespoons per gallon) can be applied as
a protective spray on heavily spotted plants.
Selected References
Cadena G., G. 1982. Sintomatologfa de la mancha algacea de! cafeto
Cephaleuros virescens Kunze. Cenicafe 33:67 73.
Chapman, R. L. 1976. Ultrastructure of Ceplwleuros virescens (Chro
olepidaceae; Chlorophyta). I. Scanning electron microscopy of zoo
sporangia. Am. J. Bot. 63:1060 1070.

44

Holcomb, G. E. 1986. Hosts of the parasitic alga Cephaleuros vires
cens in Louisiana and new host records for the Continental United
States. Plant Dis. 70:1080-1083.
Joubert, J. J., and Rijkenberg, F. H. J. 1971. Parasitic green algae.
Annu. Rev. Phytopathol. 9:45-64.
Wellman, F. L. 1965. Pathogenicity of Cephaleuros virescens in the
Neotropics. (Abstr.) Phytopathology 55:1082.

(Prepared by M.A. Cristancho)

APPENDIX 6
Screening for detection of covert and endophytic bacteria
Adapted from P. Thomas. 2004. A three-step screening procedure for detection of covert and
endophytic bacteria in plant tissue cultures. Current Sci. 87:67-72.
Media

Nutrient Broth
Per L
Peptone
5g
Beef Extract 3 g
Water to
1L
pH 6.8
dispense to tubes and autoclave
523 Medium (Phytotechnology Lab – B129)
Per L
Sucrose
10 g
Casein hydrolysate
8g
Yeast Extract
4g
KH2PO4
2g
MgSO4 7H20
0.15 g
Water to
1L
pH 6.9
dispense to tubes and autoclave

Procedure
1. During transfer under laminar flow or Biological Safety Cabinet, cut a 2-5 cm piece of stem
from the plant.
2. Place stem into media 1 tube with Nutrient broth and 1 tube with 523 medium.
3. Also using sterile forceps or scapel, take plant growth media where plant was growing and
place into 1 tube with Nutrient broth and 1 tube with 523 medium.
4. Place on shaker incubator at 30 C for 3 days to 1 week.
5. Note any cloudy growth and trace back to corresponding plant line and report to
supervisor.
6. Dispose of line by autoclaving and keep temperature logs for records.
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ABSTRACT
Harper, S. J., Ward, L. I., and Clover, G. R. G. 2010. Development of
LAMP and real-time PCR methods for the rapid detection of Xylella
fastidiosa for quarantine and field applications. Phytopathology
100:1282-1288.
Xylella fastidiosa is a regulated plant pathogen in many parts of the
world. To increase diagnostic capability of X. fastidiosa in the field, a
loop-mediated isothermal amplification (LAMP) and real-time polymerase chain reaction (PCR) assay were developed to the rimM gene of
X. fastidiosa and evaluated for specificity and sensitivity. Both assays
were more robust than existing published assays for detection of X.
fastidiosa when screened against 20 isolates representing the four major
subgroups of the bacterium from a range of host species. No crossreaction was observed with DNA from healthy hosts or other bacterial

Xylella fastidiosa (39) is a bacterial plant pathogen that causes
several economically important diseases, including Pierce’s
disease of grapevine, citrus veinal chlorosis, almond leaf scorch,
phony peach, and leaf scorch on a range of ornamental plants and
shade trees (10–12). X. fastidiosa is a regulated organism in many
parts of the world. Leafhoppers of the subfamily Cicadellinae
(Hemiptera: Cicadellidae) and spittle bugs or frog hoppers of the
family Cercopidae (Hemiptera) are the most common known
vectors (27). The distribution of X. fastidiosa is generally limited
to the Americas (27), with two exceptions, in Vitis vinifera in
Kosovo (1) and pear in Taiwan (18). It is thought that X.
fastidiosa is sensitive to low temperatures, which has restricted its
movement into regions with temperate climates and, in particular,
cold winters (27). However, many colder parts of the world do
possess one or more vector species, such as the spittlebug
(Philaenus spumarius); therefore, the potential does exist for X.
fastidiosa to spread into such areas should cold-tolerant strains,
such as almond leaf scorch, become established (27). From a
quarantine perspective, rapid detection and diagnosis is the key
feature of any exclusion strategy.
Current assays for X. fastidiosa diagnosis include bacterial cell
culture, conventional polymerase chain reaction (PCR) (12,13,
20,26,28), and real-time PCR (7,29). Although many of these
methods have been used routinely in the laboratory, most of these
methods are not easily transferable to the field. In addition, the
PCR assay of Minsavage et al. (20) was developed over 15 years
ago when there was little DNA sequence of X. fastidiosa available. This assay is commonly used for quarantine screening and,
therefore, it is particularly important to verify that it detects all
Corresponding author: L. I. Ward; E-mail address: lisa.ward@maf.govt nz
doi:10.1094 / PHYTO-06-10-0168
© 2010 The American Phytopathological Society
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species. The LAMP and real-time assays could detect 250 and 10 copies
of the rimM gene, respectively, and real-time sensitivity was comparable
with an existing published real-time PCR assay. Hydroxynapthol blue
was evaluated as an endpoint detection method for LAMP. When at least
500 copies of target template were present, there was a noticeable color
change indicating the presence of the bacterium. Techniques suitable for
DNA extraction from plant tissue in situ were compared with a standard
silica-column-based laboratory extraction method. A portable PickPen
and magnetic bead system could be used to successfully extract DNA
from infected tissue and could be used in conjunction with LAMP in the
field.
Additional keywords: diagnostics.

isolates of the bacterium reliably. In view of these factors, alternative methods of detection were considered.
One method that has been recently adopted for plant pathogen
diagnostics is loop-mediated isothermal amplification (LAMP).
Because the LAMP reaction is isothermal, it can be performed in
a heat block or water bath, thereby removing the need for
specialized equipment. In addition, positive amplification can be
observed by colorimetric or fluorescent dyes (9,33), removing the
need to run gels. Both of these factors contribute to transferability
to the field.
Here, we present the development and evaluation of a LAMP
assay for X. fastidiosa to improve diagnostic capability by
enabling surveillance activities, improving response times during
incursions, and allowing testing of imported commodities at the
border. During the development of the LAMP assay, the potential
arose to develop an alternative real-time TaqMan (Applied Biosystems, Foster City, CA) PCR based on detection of the same
region used for the LAMP primer design. The new TaqMan
(Applied Biosystems) real-time assay was also evaluated alongside the LAMP method.
MATERIALS AND METHODS
Samples. X. fastidiosa cultures were obtained from commercial
(DSMZ, Mannheim, Germany) and academic (Landcare Research, Auckland, New Zealand) sources. Freeze-dried X. fastidiosa-infected samples of V. vinifera, V. rotundifolia, and Quercus
rubra leaves and infected blue-green sharpshooters (Graphocephala atropunctata) were obtained from Dr. R. Almeida
(University of California, Berkley) and C. Chang (University of
Georgia, Griffin). DNA samples of X. fastidiosa, extracted from a
range of host species, were obtained either on FTA cards (Whatman Inc., Florham Park, NJ) or lyophilized, from Dr. L. Nunney
(University of California, Riverside), Dr. C. Su (Taiwan Agricul-
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tural Chemicals Toxic Substances Research Institute, Taichung,
Taiwan), and Dr. H. Coletta Filho, (Centro de Citricultura,
Cordieropolis, Brazil). Spiroplasma citri DNA was obtained from
Dr. R. Yokomi (United States Department of Agriculture, Parlier,
CA). Finally, DNA extracts of healthy host-plant species and
nontarget bacterial species were obtained from the MAF
Biosecurity New Zealand nucleic acid collection.
Sample DNA extraction. Plant samples (200 mg of leaf midrib
and petiole) and whole insects were ground to a fine powder in
liquid nitrogen prior to extraction using the DNeasy Plant Mini
Kit (Qiagen, Valencia, CA) as per published protocols (13).
Samples on FTA cards (Whatman Inc.) were eluted using the
Sigma Extract-N-Amp Kit (Sigma-Aldrich, St. Louis) using the
manufacturer’s protocol. Lyophilized cell cultures were disrupted
with a Roche MagNA Lyser instrument (Roche Applied Science,
Auckland, New Zealand), then extracted using DNeasy Plant
Mini Kit (Qiagen) as above.
Testing alternative DNA extraction methods for field use.
Two alternative DNA extraction methods that could potentially be
used in the field with minimal specialized equipment were tested:
the Extract-N-Amp Kit (Sigma-Aldrich) using the manufacturer’s
protocol and the Bio-Nobile 8-M PickPen (Bio-Nobile, Turku,
Finland) using Invimag Plant DNA KFmL Mini Kit reagents
(Invitek, Berlin, Germany). Samples (200 mg) of infected lyophilized petiole and leaf midrib tissue were homogenized in 2 ml
of lysis buffer P (Invitek) in sample extraction bags (BioReba,
Basel, Switzerland) using a hand-roller. DNA extraction was then
performed in a Nunc 96 DeepWell plate (Thermo-Fisher Scientific, Waltham, MA) using the PickPen to manipulate the magnetic beads. Briefly, 420 µl of homogenized plant sap was added
to the first well with 20 µl of magnetic beads and 200 µl of
binding buffer and mixed using the PickPen (Bio-Nobile) for
3 min. Beads were collected and transferred into 800 µl of wash
buffer 1 for 2 min, followed by two washes of 2 min with 800 µl
of wash buffer 2. DNA was eluted for 3 min in 100 µl of nucleasefree H2O. DNA was stored at –80°C prior to use.
Gene target selection and primer design. Using the work of
Doddapaneni et al. (5) as a starting point, potential gene targets
within the X. fastidiosa genome were assessed on the basis of
sequence conservation between isolates with an arbitrary threshold
of >98% nucleotide identity, and significant sequence difference
from related species in the family Xanthomonadaceae. In total,
four candidate genes were selected for primer design from the
data of Doddapaneni et al. (5) and an alignment of the extant
genomes 9a5C, Temecula, M12, and M23 (National Center for
Biotechnology Information GenBank accession numbers
NC_002488, NC_004556, NC_010513, and NC_010577,
respectively). These genes were annotated as per the genome of
the 9a5c isolate: disulfide isomerase (XF_1834), the 16S rRNA
processing protein rimM (XF_0108), a HicB-related protein
(XF_1668), and a cell division protein (XF_0095). Two additional

regions, citrate synthase gltA (XF_1535) (2) and a hypothetical
protein (7) used in published assays for X. fastidiosa detection
and diagnosis, were also selected.
All potential target regions were examined for primer design
using the alignment of the X. fastidiosa genomes described above
and the online PrimerExplorer V4 software (Eiken Chemical Co.,
Tokyo) with default program parameters. Viable primer sets were
generated for three targets—disulfide isomerase, rimM, and
gltA—initial testing of which (data not shown) led to the adoption
of the rimM primer set (Table 1) for further development and
testing. The two inner primers designed, XF-FIP and XF-BIP,
were modified with a TTTT linker sequence between the sense
and antisense sequences to ensure loop formation, and two
complimentary loop primers, XF-LF and XF-LB, were designed
to accelerate strand displacement and amplification (23).
Following the selection of the LAMP primers, a set of real-time
PCR primers and the associated 6′-carboxyfluorescein/Black Hole
Quencher-1-labeled (6′FAM/BHQ) TaqMan (Applied Biosystems) probe (Table 1) were also designed to the rimM open reading frame (ORF) using the online RealTimeDesign software
(BioSearch Technologies, Novato, CA) with the default
parameters.
Optimization of the rimM LAMP assay. The LAMP protocol
was developed from the method described by Varga and James
(37). To optimize the LAMP reaction, the concentrations of core
reagents were tested as follows: MgSO4 at 4 to 8 mM and betaine
at 0.6 to 1 M. Trehalose was examined as an alternative to betaine
(30) at a concentration of 0.2 to 1 M. Reaction temperatures of 62
to 65°C were tested, as were optimal reaction times of 45 to
90 min. The optimized rimM LAMP reaction was performed in a
25 µl reaction volume containing 1× ThermoPol buffer (20 mM
Tris-HCl, 10 mM (NH4)2SO4, 10 mM KCl, 2 mM MgSO4, and
0.1% Triton X-100, pH 8.8) (New England Biolabs, Beverly, MA)
with additional MgSO4 to a total final concentration of 8 mM,
0.8 M Betaine, 1.4 mM each dNTP, 0.2 µM outer (XF-F3/XF-B3)
primers, 0.8 µM loop (XF-LF/XF-LB) primers, and 1.6 µM inner
primers (XF-FIP/XF-BIP), with eight units of Bst DNA polymerase (New England Biolabs) and 2 µl of total DNA extract (of
100 to 300 ng of total DNA, depending on sample type). The
reaction was incubated at 65°C for 60 min, followed by a 2 min
enzyme inactivation step at 80°C in an ABI 9700 thermocycler
(Applied Biosystems). Successful amplification of X. fastidiosa
DNA was confirmed by agarose gel electrophoresis of a 15 µl
aliquot of the LAMP reaction. Target specificity of the LAMP
assay was confirmed by sequencing of the major amplification
product using the XF-LF and XF-LB primers using the Sanger
method; sequencing was performed by Ecogene (Auckland, New
Zealand).
Evaluation of hydroxynapthol blue. The addition of hydroxynapthol blue (HNB) (Sigma-Aldrich) as a colorimetric means of
indicating positive reactions (9) was assessed. HNB was added at

TABLE 1. Primers designed for the amplification of the partial rimM open reading frame of Xylella fastidiosa by loop-mediated isothermal amplification (LAMP)a
and real-time polymerase chain reactionb
Assay, primer
qRT-PCR
XF-F
XF-R
XF-P
LAMP
XF-F3
XF-B3
XF-FIP
XF-BIP
XF-LF
XF-LB
a
b

Sequence (5′–3′)

Binding site

CACGGCTGGTAACGGAAGA
GGGTTGCGTGGTGAAATCAAG
TCGCATCCCGTGGCTCAGTCC

106,620–106,602
106,550–106,570
106,601–106,584

CCGTTGGAAAACAGATGGGA
GAGACTGGCAAGCGTTTGA
ACCCCGACGAGTATTACTGGGTTTTTCGCTACCGAGAACCACAC
GCGCTGCGTGGCACATAGATTTTTGCAACCTTTCCTGGCATCAA
TGCAAGTACACACCCTTGAAG
TTCCGTACCACAGATCGCT

106,884–106,865
106,676–106,694
106,788–106,862
106,773–106,695
106,824–106,844
106,753–106,735

LAMP primer binding sites are given for the genome of isolate 9a5C (GenBank accession no. NC_002488).
Quantitative reverse-transcription polymerase chain reaction.
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a concentration of 150 µM as described by Goto et al. (9) in a
final reaction volume of 25 µl. The rate of color change from
purple to blue was assessed from 45 to 75 min at 15-min intervals
at 65°C using a dilution series of X. fastidiosa DNA extracted
from lyophilized cultured cells (DSMZ), of 1,000, 500, 250, 125,
and 10 copies per reaction diluted in clean (uninfected) V. vinifera
total DNA extract; concentration was calculated using an estimated genome size of 2.5 MB with the formula copies per
microliter = (concentration in nanograms × 6.023 × 1023)/
(genome length × 1 × 109 × 650).
Real-time PCR optimization. The X. fastidiosa rimM realtime PCR assay designed in this study was optimized for primer
and TaqMan (Applied Biosystems) probe concentration, Mg2+ and
thermocycling conditions using Invitrogen quantitative (q)PCR
Supermix-UDG (Invitrogen, Carlsbad CA), and a Bio-Rad CFX96 gradient real-time thermocycler (Bio-Rad Laboratories,
Hercules, CA). Final optimized reaction conditions were as follows: real-time PCR reactions were done in 20-µl reaction volumes
containing 10 µl of 2× qPCR Supermix-UDG (Invitrogen) with a
final concentration of 4 mM MgCl2, 300 nM X. fastidiosa sense
(XF-F) and antisense (XF-R) primers, 100 nM 6′FAM/BHQ-1labeled XF-P probe, bovine serum albumin (BSA) at 300 ng/µl
(Sigma-Aldrich), and 2 µl of total DNA template. Optimal thermocycling conditions were as follows: 50°C for 2 min and 94°C for
2 min, then 40 cycles of 94°C for 10 s and 62°C for 40 s. All
samples were amplified in triplicate. Threshold values were
applied automatically by the CFX Manager V1.6 software (BioRad Laboratories). Reaction efficiency was calculated using the
dilution series described above for HNB evaluation, with the
formula E = 10(–1/slope).
Comparison to extant methods. The sensitivity, specificity,
and reliability of the rimM LAMP and real-time PCR assays were
compared with published X. fastidiosa conventional PCR (20) and
real-time PCR (7) assays. DNA from 20 isolates representing the
four major subgroups of X. fastidiosa and the phylogenetically
distinct pear leaf scorch isolate was tested with all assays, and
positive amplification was determined by either the presence of a
band of the expected size for LAMP and conventional PCR or a
crossing threshold (Ct) value of <38 cycles for the real-time PCR
assays. In addition, infected blue-green sharpshooters were also
tested to determine whether the designed assays would amplify X.
fastidiosa from the vector; healthy sharpshooters could not be
sourced. Finally, DNA was extracted from cultures and plant and
insect tissue as described above. DNA from nontarget bacterial
species and healthy plant hosts were tested to check for crossreactivity (Table 2). The sensitivity of each assay was determined
using the dilution series described earlier. Confirmation of the
copy numbers of the dilution series and an estimation of target
concentration in the X. fastidiosa-positive sample extracts were
obtained by absolute real-time PCR using the assay of Francis et
al. (7) against a cloned DNA standard. Real-time PCR and LAMP
assays were performed in triplicate, while conventional PCR was
performed in duplicate.
Conventional PCR reactions were done in 20-µl reaction
volumes containing 50 mM KCl, 10 mM Tris-HCl, 1.5 mM
MgCl2, 250 nM forward and reverse primers, 200 nM dNTPs,
1 unit of Platinum Taq DNA polymerase (Invitrogen), and 2 µl of
DNA template in an ABI 9700 thermocycler (Applied Biosystems). Cycling conditions consisted of 3 min at 94°C; followed by 40 cycles of 94°C for 30 s, 55°C for 30 s, and 68°C for
30 s; with a final extension step of 5 min at 68°C. PCR products
were visualized on a 1.5% agarose gel using a 15-µl aliquot of
PCR reaction.
The real-time PCR assay of Francis et al. (7) was performed
with a Bio-Rad CFX-96 thermocycler (Bio-Rad Laboratories),
using a reaction volume of 20 µl containing 2× qPCR SupermixUDG (Invitrogen) with a final concentration of 4.5 mM MgCl2,
300 nM X. fastidiosa sense and antisense primers, 100 nM
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6′FAM-labeled probe, BSA at 300 ng/µl, and 2 µl of DNA template. Thermocycling conditions were 50°C for 2 min and 94°C
for 2 min, then 40 cycles of 94°C for 10 s and 60°C for 45 s. The
optimized rimM-specific LAMP and real-time PCR assays were
performed as described above.
RESULTS
Primer design. A conserved region of the rimM gene was
selected for primer design to ensure consistent and reproducible
amplification of X. fastidiosa. The other genes considered had
unacceptable homology to non-target organisms in silico or were
unable to support LAMP primer design. During the initial primer
screening, LAMP primer sets for the disulfide isomerase and gltA
failed to amplify DNA from many of the X. fastidiosa isolates
tested and were therefore discarded (data not shown).
Optimization of the rimM LAMP assay. Optimization of the
rimM LAMP assay indicated that high-performance liquid chromatography (HPLC) purification of the two large inner primers
was necessary for reaction efficacy and sensitivity, as previously
observed by Varga and James (37). The remaining outer and loop
primers functioned with standard desalted purification. Trehalose
was examined as an alternative to betaine in the reaction; however, it proved unable to support LAMP amplification and,
therefore, was discarded (data not shown). Optimized reaction
conditions are given in the Methods section.
Using a serial dilution of X. fastidiosa DNA (diluted in V.
vinifera DNA extract) and varying the incubation time from 45 to
90 min, an incubation time of 60 min at 65°C was found to be
sufficient to amplify all isolates tested and consistently amplify a
dilution of 500 copies of template per reaction. Inconsistent
amplification was sometimes observed with a starting dilution of
250 copies; however, increasing incubation to 75 min improved
the reliability of DNA amplification (Table 3). Extending the
incubation time past 75 min gave no further increase in sensitivity. Agarose gel electrophoresis of the rimM LAMP products
produced a ladder pattern with a high-titer band of the major
amplification product (180 bp) and several faint, larger products
(Fig. 1). This banding pattern is typical when using HPLCpurified primers; use of non-HPLC-purified primers results in a
lower titer of the main amplification product and more nonspecific laddering (data not shown). Direct sequencing of the
major amplification product using the loop primers indicated that
the primers were specific to bases 106,752 to 106,862 of the X.
fastidiosa isolate 9a5C genome (NC_002488), within the rimM
gene as designed.
Evaluation of hydroxynapthol blue. A color change caused
by successful amplification of X. fastidiosa in the presence of
HNB dye was readily distinguishable, with a clear shift from
purple to a light blue (Fig. 2). PCR products from the HNB
reaction were also run out on a gel for comparison (data not
shown). There was no noticeable inhibition caused by the presence of the dye for samples >500 copies of template per reaction,
with a color shift being observed within 60 min. Lower
concentrations of template, although producing the typical ladder
pattern of successful amplification when examined by gel electrophoresis, did not trigger an identifiable color shift. The results
showed that a minimum amount of template (250 to 500 copies)
was required to trigger the color change.
Real-time PCR optimization. The real-time PCR assay targeting the rimM ORF was found to be robust over a range of
annealing temperatures of 58 to 66°C, although the highest reaction efficiency (94.7%, r2 = 0.993) was obtained with an annealing or extension stage of 62°C. The addition of BSA was
necessary to reduce inhibition from grapevine leaf samples (data
not shown). The detection limit was observed to be ≈10 copies/
reaction but there was considerable variation (standard deviation
> 1 cycle) between replicate Ct values for samples at this concen-
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tration. A concentration of 125 copies per reaction was the minimum titer needed for consistent amplification (standard deviation
< 0.5 cycle), with an average Ct value of 31.67 ± 0.39 cycles. The
X. fastidiosa rimM real-time assay was comparable with the assay
of Francis et al. (7) with regard to copy number detection but
there was a decrease in Ct of 0.4 to 5.54 cycles for the rimM assay
for many samples, suggesting that this target region amplifies
more readily or that it is less susceptible to inhibitors present in
extracts. The rimM assay also amplified two samples (Table 2)
not detected by the assay of Francis et al. (7).
Comparison to extant methods. The specificity and sensitivity of the rimM LAMP and real-time assays compared
favorably with the existing conventional (20) and real-time PCR
(7) assays. Both the LAMP and rimM real-time assay amplified
DNA from all 20 X. fastidiosa isolates tested. The pear leaf scorch
isolate was not amplified by either assay. In comparison, the
conventional PCR and Francis et al. (7) real-time assay amplified
only 12 and 18 of the 20 X. fastidiosa isolates, respectively (Table
2). The pear leaf scorch isolate was amplified by the conventional

PCR but not by the Francis et al. (7) real-time PCR. X. fastidiosa
was successfully detected from infected insect vectors by all
assays (Table 2). No amplification was detected from nontarget
bacterial species or healthy host species by either the LAMP or
real-time PCR assays developed in this study.
For the LAMP and rimM real-time assay, amplification of X.
fastidiosa DNA was successfully achieved from total DNA
extracted from a range of infected plant hosts, from infected
insect vectors, and from cultured bacterial cells. Although there
was no identifiable inhibition from host tissue, the target titer in
these samples was well above the limit of detection, with between
4 × 103 and 2.4 × 105 copies/µl as determined by real-time PCR.
For the LAMP assay (in the absence of the HNB dye), the limit of
detection was ≈250 copies of template per reaction, compared
with 10 copies for both real-time PCR assays and 500 copies for
conventional PCR (Table 3); the conventional PCR results
indicated a sensitivity to inhibitors present in V. vinifera extracts
in particular, because it successfully amplified similar isolates
from culture extracts but not from grape.

TABLE 2. Detection of Xylella fastidiosa from infected and healthy host plants, infected insects, and non-target bacterial species using the loop-mediated
isothermal amplification (LAMP) and real-time and conventional polymerase chain reaction (PCR)
Bacterial species
Xylella fastidiosa
subsp. fastidiosa

Host plant or insect species

Vitis vinifera
V. vinifera
V. vinifera
V. vinifera
V. vinifera
Prunus dulcis
P. dulcis
P. dulcis
V. rotundifolia
Graphocephala atropunctata
subsp. multiplex P. salicina
P. dulcis
P. dulcis
Quercus laevis
Q. rubra
Q. rubra
Liquidambar styraciflua
subsp. sandyi
Nerium oleander
N. oleander
N. oleander
subsp. pauca
Citrus sp.
Unspecified subsp. Pyrus sp.
Xanthomonas
axonopodis pv.
aurantifolii
…
X. campestris
pv. citri
…
…
X. arboricola
pv. fragariae
…
Pseudomonas
syringae
pv. persicae
…
Pantoea
agglomerans
…
Agrobacterium
tumefaciens
…
Spiroplasma citri …
Healthy host
species
V. vinifera
V. rotundifolia
P. persica
Citrus latifolia

Country
of origin

Isolate

Sourcea

rimM b
LAMP PCRc

rimM
PCRd

Real-time
PCRe

United States
United States
United States
United States
United States
United States
United States
United States
United States
United States
United States
United States
United States
United States
United States
United States
United States
United States
United States
United States
Brazil
Taiwan

DSMZ-10026 DSMZ, Germany
PD0001
L. Nunney, UC Riverside
PD0004
L. Nunney, UC Riverside
R. Almeida, UC Berkley
R. Almeida, UC Berkley
ALS0005
L. Nunney, UC Riverside
ALS0095
L. Nunney, UC Riverside
ALS0096
L. Nunney, UC Riverside
C. Chang, UG
R. Almeida, UC Berkley
ICMP-8375 ICMP, Auckland, New Zealand
ICMP-6575 ICMP, Auckland, New Zealand
ALS0003
L. Nunney, UC Riverside
OAK0023
L. Nunney, UC Riverside
OAK0024
L. Nunney, UC Riverside
C. Chang, UG
LIQ0063
L. Nunney, UC Riverside
OLS002
L. Nunney, UC Riverside
OLS008
L. Nunney, UC Riverside
OLS009
L. Nunney, UC Riverside
9a5C
H. Coletta Filho, CDC Brazil
C. Su, TACTRI, Taiwan

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
–

+
–
+
–
–
+
+
+
+
+
+
+
–
–
–
–
+
+
+
+
+

14.50 ± 0.05
24.05 ± 0.05
26.95 ± 0.21
19.84 ± 0.05
20.86 ± 0.01
26.20 ± 0.03
22.32 ± 0.08
23.26 ± 0.01
24.54 ± 0.18
30.52 ± 0.23
17.34 ± 0.14
14.92 ± 0.17
25.51 ± 0.75
25.92 ± 0.23
29.57 ± 0.11
17.82 ± 0.29
29.45 ± 0.06
19.35 ± 0.04
21.45 ± 0.02
27.17 ± 0.22
15.86 ± 0.19
…

15.03 ± 0.07
25.76 ± 0.22
25.76 ± 0.15
19.25 ± 0.05
20.46 ± 0.18
28.69 ± 0.05
25.54 ± 0.57
25.39 ± 0.00
26.29 ± 0.67
28.38 ± 0.10
13.46 ± 0.25
14.98 ± 0.19
27.71 ± 0.06
30.18 ± 0.27
…
20.49 ± 0.00
…
22.63 ± 0.27
25.21 ± 0.63
33.01 ± 0.40
16.04 ± 0.07
…

Brazil

ICMP 14285

ICMP, Auckland, New Zealand

–

–

…

…

United States
New Zealand

ICMP 10012
ICMP 24

ICMP, Auckland, New Zealand
ICMP, Auckland, New Zealand

–
–

–
–

…
…

…
…

Italy

ICMP 17064

ICMP, Auckland, New Zealand

–

–

…

…

New Zealand

ICMP 7090

ICMP, Auckland, New Zealand

–

–

…

…

New Zealand

…

MAF Collection, New Zealand

–

–

…

…

New Zealand
United States

…
…

M. Pearson, Univ. Auckland
R. Yokomi, USDA-ARS

–
–

–
–

…
…

…
…

New Zealand
United States
New Zealand
New Zealand

…
…
…
…

MAF Collection, New Zealand
C. Chang, UG
MAF Collection, New Zealand
MAF Collection

–
–
–
–

–
–
–
–

…
…
…
…

…
…
…
…

a

UC = University of California, UG = University of Georgia, USDA-ARS = United States Department of Agriculture–Agricultural Research Service.
LAMP detection: + = positive and – = negative.
Minsavage et al. (20). Conventional PCR: + = positive and – = negative.
d rimM real-time PCR. Real-time PCR results with a crossing threshold value of >38 cycles were considered negative.
e Francis et al. (7) real-time PCR. Real-time PCR results with a crossing threshold value of >38 cycles were considered negative.
b
c
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Testing alternative DNA extraction methods for field use.
Two alternative DNA extraction methods for plant tissue were
compared with the standard DNeasy (Qiagen) column-based
method to establish whether extractions could be done in the
field. DNA extracted from infected lyophilized tissue of V.
vinifera, V. rotundifolia, and Q. rubra was tested using the LAMP
and the rimM real-time PCR assays developed in this study. PCR
competency was checked using a real-time internal control assay
for the plant cytochrome oxidase (COX) gene (38); results are
presented in Table 4. Neither the COX internal control or X.
fastidiosa were amplified from DNA extracted using the ExtractN-Amp method (Sigma-Aldrich), whereas the PickPen/Invimag
(Bio-Nobile/Invitek) protocol worked effectively. Samples amplified an average of 0.40 cycles earlier for COX and 6.45 cycles
earlier for X. fastidiosa using the DNeasy (Qiagen) compared
with the PickPen (Bio-Nobile) method, suggesting that, although
field extraction by PickPen is possible, it may not be as effective
as the column-based technique for recovering low titers of X.
fastidiosa DNA.

The conventional PCR (20) is still used routinely for quarantine
purposes in several countries. However, the assay does not detect
all isolates of X. fastidiosa and the sequences that have been
published since its development should be incorporated into the
design of new primers (5,36).
The LAMP assay is highly specific and shows greater sensitivity than conventional PCR. However, it is not as sensitive as
real-time PCR, which is consistent among LAMP assays designed
for plant bacterial and viral pathogens (8,16,25,33,37). The level
of sensitivity (≈500 copies of template per reaction) obtained by
LAMP is acceptable for first-instance screening, although with
the caveat that samples of marginal titer or of poor DNA quality
may be missed. Application of an internal control such as COX
would reduce the likelihood of false-negative results caused by
the latter. It was noted during assay development using X. fastidiosa DNA diluted in water versus dilution in healthy grapevine
DNA that the LAMP assay was less sensitive to inhibition than
conventional and real-time PCR (S. J. Harper, unpublished).
Both the LAMP and real-time PCR assays are rapid, being able
to detect X. fastidiosa extracted from infected tissue using a
simple magnetic-bead based method in ≈1 h, similar to that
described previously for real-time PCR (29,32). The assays
diverge considerably in equipment requirements. LAMP can be
conducted in a water-bath or heat-block; although real-time PCR
can be used in the field (34), this method requires an expensive
specialized portable thermocycler. The LAMP method may be
assessed using a range of endpoint detection methods, including
magnesium pyrophosphate accumulation (22), colorimetric
hydroxynapthol blue dye (9), fluorescent intercalating dyes such
as SYBR Green (Molecular Probes, Inc., Eugene, OR) or PicoGreen (Molecular Probes, Inc.) (32), precipitation with cationic

DISCUSSION
From a quarantine perspective, the ability to exclude important
regulated plant pathogens or undertake surveillance depends on
rapid and reliable methods of detection. These methods must be
easily transferable between laboratories and, if possible, be
suitable for use in the field. The objective of this work was to
develop such a diagnostic method for X. fastidiosa. LAMP (23,
24) seemed to be an appropriate method, because it has been used
to amplify and detect plant-pathogenic bacteria, fungi, viruses,
and nematodes (8,15,16,25,35,37) as well as human and animal
pathogens (6,14). The reaction can potentially be performed in the
field because minimal equipment is needed to run the reaction
and positive reactions can be identified visually using colorimetric dyes (9).
Assay design made use of the recent advances in X. fastidiosa
genomic information (4,5,36). The two assays developed, LAMP
and real-time PCR, both target the 16S rRNA processing protein
gene (rimM) that is conserved between all genomic sequences of
X. fastidiosa but is sufficiently distant from related xanthomonad
species. Many other regions targeted by extant PCR-based
detection methods are strain or subspecies specific (2–4,12). In
contrast to existing PCR assays, both the LAMP and the new realtime assay detected all 20 X. fastidiosa isolates tested, representing the four major subspecies. In addition, the assays were
able to detect the bacterium from infected insect vectors. The pear
leaf scorch isolate was not amplified by either real-time or LAMP
assays, which is unsurprising given the genetic divergence between this and other extant X. fastidiosa strains (19) but,
curiously, was amplified by the conventional PCR.

Fig. 1. Results of rimM loop-mediated isothermal amplification of serially
diluted Xylella fastidiosa DNA (copy numbers of 1,000 to 125, diluted in
healthy Vitis vinifera DNA extract) after 60 min of incubation at 65 C. Neg =
healthy V. vinifera DNA extract and L = Invitrogen 100-bp ladder.

TABLE 3. Comparison of the sensitivity of the Xylella fastidiosa rimM loop-mediated isothermal amplification (LAMP) and real-time polymerase chain reaction
(PCR) assays against published real-time and conventional PCR assays
rimM LAMPb
60 min

45 min

75 min

Copiesa

Gel

HNB

Gel

HNB

Gel

HNB

rimM PCRc

Real-time PCRd

PCRe

1,000
500
250
125
10
Negative

+––
–
–
–
–
–

++–
–
–
–
–
–

+++
+++
++–
–
–
–

+++
++–
?––
–
–
–

+++
+++
+++
+??
–
–

+++
+++
+++
+––
–
–

28.61 ± 0.09
29.64 ± 0.05
30.52 ± 0.19
31.67 ± 0.39
35.77 ± 1.62
–

29.82 ± 0.13
30.93 ± 0.07
31.84 ± 0.11
32.82 ± 0.14
37.84 ± 0.32
–

++
++
?–
–
–
–

a

Copies per reaction.
LAMP sensitivity: + = positive; – = negative; ? = weakly positive for hydroxynapthol blue (HNB).
rimM real-time PCR. Real-time PCR results with a crossing threshold value of >38 cycles were considered negative.
d Francis et al. (7) real-time PCR. Real-time PCR results with a crossing threshold value of >38 cycles were considered negative.
e Minsavage et al. (20). Conventional PCR: + = positive; – = negative; and ? = weakly positive by gel electrophoresis.
b
c

1286

PHYTOPATHOLOGY

APPENDIX 6
polymers (21), lateral flow devices with labeled primers (35), and
gel electrophoresis. Magnesium pyrophosphate detection can be
difficult to determine visually (14), while the latter four methods
require the tubes to be opened post amplification, yet opening the
tubes leads to a risk of aerosol contamination due to the high titer
of the LAMP amplicon (31). HNB allows visual detection and is
added prior to amplification, which allows the reaction to be
performed as a closed-tube system. During this study, HNB
required at least 500 copies of target template to trigger color
change within an hour; therefore, there is a risk that very low
titers of X. fastidiosa may not be detected. Increasing the reaction
time to 75 min did improve the likelihood of detecting lower
concentrations of target DNA; however, reaction times >75 min
did not improve the sensitivity of the assay.
A consideration for field-based detection with any assay is
DNA extraction. Standard laboratory-based methods are not
easily applied in the field due to the need for specialized equipment, and many of the field-based methods proposed are specific
to each host–pathogen system (17,34). Being xylem-limited, X.
fastidiosa presents a particular difficulty for field-based extraction
because physical disruption of the tissue or extraction of sap is
required (29). In this study, the Extract-N-Amp method which
relies on thermal and chemical degradation failed to extract viable
DNA, whereas homogenization with a hand-roller and DNA
extraction using magnetic beads with a hand-held device
(PickPen; Bio-Nobile) was sufficient to extract X. fastidiosa DNA
from lyophilized samples. Only lyophilized tissue was available
for this study; therefore, a comparison could not be made with the

sap extraction protocol of Schaad et al. (29). Using the PickPen
extraction, the titer of extracted X. fastidiosa DNA was, on
average, 100-fold lower than in samples extracted using the
Qiagen DNeasy system, as evidenced by lower Ct values for the
Qiagen DNeasy extracts, although Ct values for the COX internal
control were not markedly different between the extraction types.
Such a loss of sensitivity may cause false-negative results for
samples of marginal titer. Further extractions using fresh tissue
may give a better indication of the performance of the PickPen
method, and the use of additives to reduce the presence of
inhibitors should be investigated.
Finally, the cost of each of the assays tested may be considered.
The LAMP assay, with its requirement for specialized enzymes
and reagents (especially dNTP usage and the need for HPLCpurified inner primers) costs ≈$5.30 USD (at time of writing)
compared with ≈$1.00 USD for conventional and real-time PCR.
However, this does not include the cost of specialized equipment
such as real-time thermocyclers. The cost of LAMP may be a
limitation for large-scale surveys and, for such applications, realtime PCR may be more cost effective. Despite this, LAMP offers
a time-saving advantage if reactions are to be carried out in the
field, and using LAMP in situ may reduce the need to move
infected tissue across country for laboratory testing.
Both the LAMP and the rimM real-time PCR assays have a
high level of specificity for the detection and diagnosis of the
major subspecies of X. fastidiosa. Provided that care is taken to
avoid contamination by using LAMP as a closed-tube assay (31)
with colorimetric reporter dyes such as HNB, LAMP has the

Fig. 2. Successful rimM loop-mediated isothermal amplification visualized using hydroxynapthal blue dye showing the sky-blue color change (tubes 1 to 4)
observed with Xylella fastidiosa-positive samples. Negative samples in which no amplification occurred remain violet (tubes 5 to 8).

TABLE 4. Comparison of field-based extraction methods (BioNoble PickPen or Invimag DNA reagents and Sigma-Aldrich Extract-N-Amp) to the Qiagen
DNeasy method, assessed using Xylella fastidiosa rimM loop-mediated isothermal amplification (LAMP) (+ = positive and – = negative) and real-time polymerase
chain reaction (PCR) assays and a cytochrome oxidase (COX) internal control assay to show PCR competency
Test
Source of material
Vitis vinifera cv. Cabernet Sauvignon
V. rotundifolia
Quercus rubra

a

Extraction method
DNeasy
PickPen w/Invimag Kit
Sigma Extract n’ Amp
DNeasy
PickPen w/Invimag Kit
Sigma Extract n’ Amp
DNeasy
PickPen w/Invimag Kit
Sigma Extract n’ Amp

LAMP

Real-time PCRa

COXa

+
+
–
+
+
–
+
+
–

20.86 ± 0.01
28.45 ± 0.11
…
24.54 ± 0.18
30.19 ± 0.03
…
17.82 ± 0.29
22.39 ± 0.22
…

16.63 ± 0.16
20.00 ± 0.49
…
21.23 ± 0.22
20.83 ± 0.03
…
17.59 ± 0.03
16.17 ± 0.53
…

Real-time PCR results with a crossing threshold value of >38 cycles were considered negative.
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potential to be used in the field. Initial work comparing extraction
methods suggests that there is a suitable extraction method that
can be used alongside LAMP in situ. The method described here
should be readily transferable to other laboratories due to the fact
that expensive specialized equipment is not required. It is estimated that a reasonable number of samples (>50) could be
processed or screened within 2 h in the field.
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21.
22.
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Erratum
The probe sequence was corrected on page
1283, Table 1, to TCGCATCCCGTGGCTCAGTCC.
Changes to this article were made on May 16, 2013.

