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Figure 1. Typical Symptoms of Black Spot Disease on Citrus Fruit and Leaves. (L. C. Knorr,
1969.



Validation study

Description

A validation study ofSuignardia citricarpaa pathogen of citruszas
conductedvith observations frordouth Africa and Australiasing
the NAPPFAST modeling systeredictions from an infection
model were compared to observations of disease prevalence in
citrus districts. Projections of likely disease prevalerizased on the
infection modehlre mae for the United States and Europe were t
pathogen iknown not to occur

CBS is primarily a disease of fruik¢tzé, 2000) although leave:
and stems are also infectgdABI, 2002. All commercially grown
Citrus spp. are susceptible to CBS, with the exception of sour or
(C. aurantiumL.) and its hybrids. LemonsCitrus limon are
particularly susceptible to CBX¢tzé, 198). Symptomatic citrus
fruit may display four types of symptoms: hard spot, melanosg
freckle spot, and virulent spoKiely, 1948; Kotze, 1963, 2000
The type of symptoms that develop is a result of the temperatur
stage of fruit maturity Kotzé, 1963 Hard spot lesions typicall
develop preharvest, and are characterized bycwiar depresse
lesions. Pycnidia are usually present in these lesions, but not a
(Kiely, 1948; Kotzé, 2000 Melanose spot lesions typically devel
on green fruit and do not contain pycnididoze, 1963, 2000
Freckle spot lesions are typicallound, light brown to red (orangt
and depressed lesions. Pycnidia may be found within these le
(Kotzé, 1963, 2000 Virulent spot lesions develop on either fri
reaching maturity or fully mature fruit and are typically irregulai
shape. Virulat spot lesions may contain numerous pycni
dependant on environmental conditiok@ely, 1948; Kotzé, 1963
2000)

Hosts of CBS are exclusively in the gerlius (Baayen et al.,
2002. Leaves are susceptible up to 10 months of agdr et al.,
2007), while fruit are susceptible for four to five months after peti
fall fruit, independent of rainfall, temperature, or inoculum levels
(Kotzé, 1963, 2000 Younger trees appear to be less susceptible
CBS diseaseKiely, 1948; in trees up to 10 yesof age the
susceptible period is limited to 3 months, and CBS disease is m
easily controlledKiely, 1969. Typically the infection in leaves
remains latent, with no symptom development until after the lea
die, although leaf spots occasionallgcur on older leaves still
attached to the tre&iely, 1948; Whiteside, 1965 In fruit, the
infection remains in the quiescent stage until the fruit matures.
Ascospores are produced in infected leaf debris from pseudothe
that develop 44180 days a#r infection CABI, 2002.
Approximately 12 to 15 months separates the initiation of the
primary infection (ascospore development in leaves) and the
development of pycnidiospores for secondary infectiGaly,



Life History:

1948,

The epidemiology of black spot of citrus is influenced by

presence of inoculum, optimum climatic conditions for infecti
growth cycle of the tree, and age of the fruit in relation
susceptibility to infection and development of symptorkslf,

1950). The causal organism of citrus black spot has two stag
sexual stage represented by the ascospor€s oitricarpa and an
asexual stage represented by the pycnidiosporePhgflosticta
citricarpa. Ascospores are produced in infected leaf defooim

pseudothecia that develop-480 days after infectiorGQABI, 2002.

Alternate rainy and dry periods aid in disease development. We
and drying of leaves is essential for ascocarp developniasity
1948; Kotzé, 1981 Rainfall is positively comlated with diseas
development during susceptible periods and disease developn
negatively correlated with rainfall after petal fall when infect
occurs Kiely, 1950. Rainfall (or overhead irrigation) triggers tl
release of mature ascosporé&otgze, 1963, but too much rainfal
will disrupt ascospore discharg&dtze, 198) and lead to the
decomposition of the dead leaves eradicating the CBS casual
(Lee and Huang, 1973 In addition, excess rain prever
pseudotheciaformation as the leaves become colonized

competing saprobe€ABI, 2002.

During rainfall mature ascospores are forcibly ejected up -
centimeter high Kiely, 1948; Kotzeé, 1963).Ascospores art
subsequently spread by wind and wat€ely, 1948; Kokzé, 1963.
Wind can spread ascospores over short distaWbggside, 196b
Upon depositing on attached leaves or fruit in a susceptible ¢
ascospores germinate to form an appressorium. An infectior
then penetrates the cuticle, expanding insonall mass of myceliun
in between the cuticle and epidermal wall to form a quies
infection Kotzé, 2000.

Ascospores develop in infected leaf debris. Typically the infectic
leaves remains latent, with no symptom development until afte
leavesdie, although leaf spots occasionally occur on older lei
still attached to the tre&iely, 1948; Whiteside, 1965 Dead leave:
may produce ascospores for several months, even when the
are in an advanced stage of decompositiGaly, 1948. In fruit, the
infection remains in the quiescent stage until the fruit matt
Upon fruit maturation the infection grows into the skin, produc
leaf spots and pycnidia (the asexual phase of the fungus). |
favorable environmental conditions, pycnidiose production is
continuous Kiely, 1948. Ascospores have never been observe
develop on fruit attached to the treKigly, 1948; Kotzé, 1963



Methods
Notes on Selection
of Citrus districts

Prediction model

1989).

Adequate rainfall, temperatures, and inoculum must be present
simultaneously for infection to occ@ifuang and Chang, 1972;
Kotzé, 1981; Lee and Huang, 1973)emperature affects several
aspects of CBS epidemiology. Lesion development on fruit is
correlated with temperature; as temperatures increase, lesion
development also increasé&fze, 198). However, four to five
months after petal fall fruit become resistant, independent of rair
temperature, or inoculum levelKdtzé, 1963, 2000

The most important factors promoting epidemics are summer
and proximity of lemon orchards. Citrusabk spot occurs in sul
tropical regions with summer rainfall. Countries with Mediterran
climates such as Spain and Portugal are thought to be unfaw
for the pathogen. The epidemic development during the gro
season primarily depends upon su#fit moisture and favorabl
temperature conditions for infection, sporulation and dispersal.

A validation study ofSuignardia citricarpawas conductedsing
observations fronsouth Africa and Australia. We focused on
specific citrus districts in order to calibrate the modéhough all
locations can be seemthe map productsThese districts are show
in Fig. 1. In Australia, Mildura was included as an example of a
semiarid production district. In South Africaydividual citrus
districts are designated by the nearest big city location. For
example Addo, Patensie, and Kirkwood South Africa are
incorporated into the Port Elizabeth location. In Europe, we
selected cius districts with more than 10,000 ha of citrus
plantations. This did not include Pontecagnago which was inclu
in the EF\ report(EFSA, 2009) Messinaltaly is included in the
Sicilia observations. Projections of likely disease prevalence ar¢
madefor California and Florida in the United Statekere the
pathogen iknown not to occur

The prediction model was created using the NGSRHIS Plant
Pest Forecast System (NAPPFAST). NAPPFAST is a tool used
weatherbased mapping of exotic plant pefi#agarey et al. 2007)
and includes a generic infection model. The NAPPFAST global
databasevas derived from NCEP gridded data (Kalhay et al. 199
and resampledt32km. Station data from the ISHS network was
used to supplement the grid dafithe combination of both grid anc
station data sources improves the quality of predictions in aréas
sparse or lower quality weather networks. The database include
both native variables (e.g. air temperature) and derived variable
(leaf wetnessMagarey et al. 20Q7



Susceptible period

Results

Discussion

The NAPPFAST infection model uses a temperature resp
function to estimate dailinfection risk(Magarey et al. 2005)The
inputs tothe model are daily average temperature and leaf wet
hours per day. The models parameters are the cardinal tempel
and minimum wetness hours to achieve infectibne parameters
for theinfection modelwere obtained fronthe EFSA repor{EFSA
2008), a comprehensivetudy of pathogen epidemiologyModels
were created for both pycnidiospores and ascospores.

In Florida, the months of April, May and Jeinepresent the first
three months after fruit set and the period of greatest fruit
susceptibility (Mosser and Aerts, 2007; Kotze, 1980 chose to
use a more extensive 5 month window of susceptibility.
Consequently, in the United States the perioAmil to August was
used as the susceptible perioth Europe, ffuit set in the
Mediterranean occurs around the beginning of May (Agusti, 20C
However the maturation of pseudothecia and ascospores in the
litter (Kiely, 1948; Kotzé, 1981; Lee amdluang, 1973) may be
delayed by cool winter temperatures potentially causing asynchi
between the pathogen and the host. Fruit set in South Africa is
around the beginning of October (Villiers and Joubert, 2006). B.
on these data, the susceptible pgrcas assumed to be October
through February in South Africa amdAustralia andJune through
October in Europe.

Continental maps of infection level were created to assist in moc
validation (Fig. 2, 3). Therpdicted number of infection days for
citrus byGuignardia citricapiapycnidiospores and ascospores in
different citrus districts worldwides organized by rank score (Tabl
1) and by country (Table 2). For ascosporic infection, all district
where the diease was endemic hauiafectionscore above A (Fig.
4A), while those districts Wh ascore below 2 the disease was
absent.For pycnidiospadrc infection the results were similar with &
critical infectionscore ofl5 (Fig. 4B). Probability maps showy the
frequency of years werthese thresholdsere metor exceededvere
also createdor each continent (g. 3).

This report improves upon an earlier NAPPFAST refiddgarey
and Borchert, 2003)y including international validation data.
Unlike a previous studyhe NAPPFAST infection model did not
include wetness interruption (EFSA, 2009t this point in time
wetness interruptions are not available in the NAPPFAST infecti
model template Humight be included in future versions of
NAPPFAST. In addition, the 32 k grid data set is relativetarse
and may not perform as well in areas with mountainous topogra



Conclusions
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In addition, the model does not account for the influence of the
environment orthe host, for example citrus is not cultivated wide!
throughout Europe despite a favorable climate for the pathogen.

In the United States, we conclude tkafcitricarpais likely to be a
threat to citrus production in Florida and to a lesseent Gulf
Coast production. It is unlikely to be a concern in California. In
Europe,G. citricarpais not expected to have an impact in areas v
commercial citrus production.
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Table 1. Parameters foGuigardia citricarpainfection modebas& upon EFSA, 2008

Model Minimum Optimum Maximum  Minimu  Maximu  Minimum
Temperatur Temperatur Temperatur m m Precipitatio
e e e Wetness Wetness n
Tmin Topt Tmax Wmin Wmax

Ascospores  15°C 27°C 35°C 15h 38h 2mm

Pycnidiospore 10°C 25°C 35°C 12h 35h 2mm
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Table 2. Predictednfection of citrus byGuignardia citricapiain districtsworldwide organized
by Score

GC Period Period
Country District Presence Start End Score
Ascospores
Australia Darwin, NT Endemic 1-Oct  28-Feb 60
United States Southern Florida Unknown 1-Apr  31-Aug 60
South Africa Durban Endemic 1-Oct  28-Feb 37.5
South Africa Nelspruit Endemic 1-Oct  28-Feb 37.5
Australia SE Queensland Endemic 1-Oct  28-Feb 25
Australia Emerald, QId Endemic 1-Oct  28-Feb 25
South Africa Messina Low 1-Oct  28-Feb 25
Australia Patterson, NSW Endemic 1-Oct  28-Feb 125
South Africa Port Elizabeth Endemic 1-Oct  28-Feb 125
South Africa Upington Absent 1-Oct  28-Feb 10
Italy Sicilia Unknown 1-Jun 31-Oct 7.5
Italy Calabria Unknown 1-Jun 31-Oct 7.5
Malta Malta Unknown 1-Jun 31-Oct 7.5
Portugal Algarve Unknown 1-Jun 31-Oct 7.5
Greece Peloponese Unknown 1-Jun 31-Oct 5
Australia Mildura, Vic Absent? 1-Oct  28-Feb 2.5
South Africa Cape Town Absent 1-Oct  28-Feb 2.5
Spain Andalucia Unknown 1-Jun 31-Oct 2.5
Spain Valencia Unknown 1-Jun 31-Oct 2.5
Spain Murcia Unknown 1-Jun 31-Oct 2.5
United States Central Valley CA Unknown 1-Apr  31-Aug 2.5
Pycnidiospores
Australia Darwin, NT Endemic 1-Oct  28-Feb 60
United States Southern Florida Unknown 1-Apr  31-Aug 60
South Africa Durban Endemic 1-Oct  28-Feb 37.5
South Africa Nelspruit Endemic 1-Oct  28-Feb 37.5
Australia SE Queensland Endemic 1-Oct  28-Feb 25
Australia Emerald, QId Endemic 1-Oct  28-Feb 25
South Africa Messina Low 1-Oct  28-Feb 25
Australia Patterson, NSW Endemic 1-Oct  28-Feb 17.5
South Africa Port Elizabeth Endemic 1-Oct  28-Feb 17.5
Italy Calabria Unknown 1-Jun 31-Oct 125
Portugal Algarve Unknown 1-Jun 31-Oct 125
South Africa Upington Absent 1-Oct  28-Feb 125
Australia Mildura, Vic Absent 1-Oct  28-Feb 7.5
Greece Peloponese Unknown 1-Jun 31-Oct 7.5
Italy Sicilia Unknown 1-Jun 31-Oct 7.5
Malta Malta Unknown 1-Jun 31-Oct 7.5
Spain Valencia Unknown 1-Jun 31-Oct 7.5
Spain Andalucia Unknown 1-Jun 31-Oct 7.5
South Africa Cape Town Absent 1-Oct  28-Feb 25
Spain Murcia Unknown 1-Jun 31-Oct 25
United States Central Valley CA Unknown 1-Apr  31-Aug 2.5
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Table 3 Predictednfection of citrus byGuignardia citricapiain districts worldwide organized

by country.
GC Period Period

Country District Presence Start End Score
Ascospores
Australia Darwin, NT Endemic 1-Oct  28-Feb 60
Australia SE Queensland Endemic 1-Oct  28-Feb 25
Australia Emerald, QId Endemic 1-Oct  28-Feb 25
Australia Patterson, NSW Endemic 1-Oct  28-Feb 125
Australia Mildura, Vic Absent 1-Oct  28-Feb 2.5
Greece Peloponese Unknown 1-Jun 31-Oct 5
Italy Sicilia Unknown 1-Jun 31-Oct 7.5
Italy Calabria Unknown 1-Jun 31-Oct 7.5
Malta Malta Unknown 1-Jun 31-Oct 7.5
Portugal Algarve Unknown 1-Jun 31-Oct 7.5
South Africa Durban Endemic 1-Oct  28-Feb 37.5
South Africa Nelspruit Endemic 1-Oct  28-Feb 37.5
South Africa Messina Low 1-Oct  28-Feb 25
South Africa Port Elizabeth Endemic 1-Oct  28-Feb 125
South Africa Upington Absent 1-Oct  28-Feb 10
South Africa Cape Town Absent 1-Oct  28-Feb 2.5
Spain Andalucia Unknown 1-Jun 31-Oct 2.5
Spain Valencia Unknown 1-Jun 31-Oct 2.5
Spain Murcia Unknown 1-Jun 31-Oct 2.5
United States Southern Florida Unknown 1-Apr  31-Aug 60
United States Central Valley CA Unknown 1-Apr  31-Aug 2.5
Pycnidiospores
Australia Darwin, NT Endemic 1-Oct  28-Feb 60
Australia SE Queensland Endemic 1-Oct  28-Feb 25
Australia Emerald, QId Endemic 1-Oct  28-Feb 25
Australia Patterson, NSW Endemic 1-Oct  28-Feb 17.5
Australia Mildura, Vic Absent? 1-Oct  28-Feb 7.5
Greece Peloponese Unknown 1-Jun 31-Oct 7.5
Italy Calabria Unknown 1-Jun 31-Oct 12.5
Italy Sicilia Unknown 1-Jun 31-Oct 7.5
Malta Malta Unknown 1-Jun 31-Oct 7.5
Portugal Algarve Unknown 1-Jun 31-Oct 125
South Africa Durban Endemic 1-Oct  28-Feb 37.5
South Africa Nelspruit Endemic 1-Oct  28-Feb 37.5
South Africa Messina Low 1-Oct  28-Feb 25
South Africa Port Elizabeth Endemic 1-Oct  28-Feb 17.5
South Africa Upington Absent 1-Oct  28-Feb 12.5
South Africa Cape Town Absent 1-Oct  28-Feb 25
Spain Valencia Unknown 1-Jun 31-Oct 7.5
Spain Andalucia Unknown 1-Jun 31-Oct 7.5
Spain Murcia Unknown 1-Jun 31-Oct 25
United States Southern Florida Unknown 1-Apr  31-Aug 60
United States Central Valley CA Unknown 1-Apr  31-Aug 2.5
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Fig 1A. Distribution ofmajor citrus growing areas Europe.There is ndG. citricarpa
prevalence imeported inEuropedue to pathogen absence
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Fig. 1B Selecteditrus production areds Australia.Areas withG. citricarpaprevalence are
shown in red.
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Fig 1C. Citrus production areas South Africa. Areas with high prevalence &. citricarpa
prevalence are shown in red, low in blue and absent in green.
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Figure2B. The accumulated numbef days suitable fo6. citricapia pycnidiosporanfection
by continent based on 10 years of climate data.
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Figure3A. The probability of more than 12 days suitable@uignardia citricapiaascosporic
infectionby continent (Legend lower left)
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