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Abstract The distribution of tomato plants infected by
Passalora fulva, causal agent of leaf mold, was analyzed
by using Taylor’s model and Iwao’s model to assess the
patterns of spatial distribution within the greenhouses. In
Taylor’s model, the sample variance (sz) of diseased plants
newly recognized at each observation increased only
slightly with mean density (7). In Iwao’s model, the mean
crowding (m*) of newly recognized diseased plants at each
observation increased with m of diseased plants. The sta-
tistical analysis in this study suggests that new infections in
greenhouses observed during this investigation tended to
cluster around a diseased plant and that secondary infec-
tions occurred as independent cluster points.
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Tomato leaf mold caused by fungus Passalora fulva
(synonym: Fulvia fulva) affects the foliage of tomatoes,
particularly those grown in greenhouses. It is a serious
disease of tomatoes and is most often a problem when
greenhouses are crowded with foliage. In recent years,
outbreaks of tomato leaf mold have emerged in commercial
greenhouses in Okayama Prefecture, Japan.
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The general strategy to control the disease is by breed-
ing resistant cultivars. Controlling the disease using resis-
tant cultivars is not easy because it is a long-term disease
management strategy, and the resistance of the cultivar can
be overcome by the fungus. The successful use of resis-
tance genes thus depends upon the dynamics of the dif-
ferent physiological races of the pathogen. Among tomato
cultivars in Japan that carry genes conferring resistance to
P.Fulva (Cf-2, Cf-4, Cf-9, and Cf-11), resistance has been
overcome by nine races of P. fulva (Enya et al. 2009; Iida
et al. 2010; Kishi 1962; Ozaki and Shirakawa 1996; Satou
et al. 2005; Yamada and Abiko 2002).

According to reports on the epidemiology of tomato leaf
mold, P. fulva is dependent on high relative humidity and
temperature for disease development (Jones and Jones
1991). The fungus survives as a saprophyte on crop residue
and as conidia or sclerotia in the soil. Tomato seeds can be
contaminated and serve as a primary source of inoculum
(Jones and Jones 1991). Conidia in the soil are readily
disseminated by rain or wind and can survive at least
1 year. However, it is unclear what role primary and sec-
ondary inocula play in the disease cycle in commercial
greenhouses. Clarifying the role of the primary and sec-
ondary inocula is very important and could allow farmers
to control the disease more efficiently. To assess the role of
the primary and secondary inocula, we investigated the
spatial distribution of tomato plants naturally infected with
leaf mold in commercial greenhouses after the first detec-
tion of the disease.

From 2009 to 2010, we investigated the spatial distri-
bution and spread of tomato leaf mold within greenhouses
in Okayama Prefecture, Japan. We investigated 11 com-
mercial greenhouses in four locations in 2009 and 10
commercial greenhouses in four locations in 2010 (Online
Resources Tables S1, S2; Fig. S1). The details of each
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greenhouse are outlined in Online Resource Table S1. Each
greenhouse contained three beds, with two rows of tomato
plants per bed. The rows were spaced 60 cm apart. Self-
rooted tomato seedlings (cv. Momotaro-8) were planted
each year. The plants were spaced 45 cm apart in green-
houses H to Q, 50 cm apart in greenhouses A to C, and
60 cm apart in greenhouses D to G. All the greenhouses
were unheated.

Disease incidence was mapped in contiguous quadrats,
which consisted of two rows of 17-19 plants. Plants with
leaf mold symptoms were counted in each commercial
greenhouse on one to four different dates after the disease
was initially detected. To confirm the identification of
P. fulva, we examined the lesions of five leaves from each
greenhouse under the microscope and checked that the
conidia were those of P. fulva. To confirm the visual
examination, we isolated the fungus from about three
plants from each greenhouse on potato sucrose agar med-
ium (1 L of boiled extract of 300 g potato tubers, 20 g
sucrose, 15 g agar, pH 5.8) and confirmed the identification
by microscopic observation of the conidia.

The sample variance (s*) of the number of individuals
per quadrat usually increases with increasing sample mean
(m). Bliss (1941) used the following equation to describe
the relation between s* and m:

s* = am®, (1)

where a and b are constants. Equation 1 expressed in linear
form on a logarithmic scale is called Taylor’s power law
(Taylor 1961):

logs® = loga + blogm. (2)

Equation 2 represents the relationship between s%, a, b,
and m. Equations (3) and (4) express the definitions of m
and s*:

m= Zx[/n, (3)
i=1

n

§* = Z (m — )cl-)z/n7 (4)

i=1
n
where > x; is the total number of diseased tomato plants,

nis théfrllumber of quadrats, and x; is the number of dis-
eased tomato plants in the ith quadrat (i = 1,...,n). The
index b is a measure of the dispersion of individuals in a
population: 0 < b < 1 indicates a uniform distribution;
b =1, a random distribution; and b > 1, an aggregated
distribution (Taylor 1961). The value of b remains constant
for the same organisms in the same environment and can be
considered an “index of aggregation” that is characteristic
of the species because samples collected from different
localities and at different times can be fit to a single
regression line by Taylor’s power law (Taylor 1961; Taylor
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Fig. 1 Taylor’s power law regression (Taylor 1961) for diseased
tomato plants naturally infected with Passalora fulva in commercial
greenhouses. a Data for all diseased plants recognized at each
observation. b Data for diseased plants newly recognized at each
observation. Coefficient of determination (Rz) of the two different
regressions was significant (¥***P < 0.001). The solid line shows the
Taylor’s power law regression line. The dotted line shows log
s> =logm (a = 0, b = 1), indicating a random distribution. Symbols
indicate year and location as in Online Resource Table S1

et al. 1978). Accordingly, sets of data obtained from dif-
ferent greenhouses, locations, and years were combined
and analyzed.

Bliss (1941) used another equation to describe the
relation between s> and m:

s =cm + dm?, (5)

where ¢ and d are constants. Equation 5 expressed in a
linear form is called Iwao’s m*—m regression method (Iwao
1968). It is used to quantify the relationship between the
mean crowding index (m*) (Lloyd 1967) and mean density
(m) using data from several sets of observations as follows:

m" = o+ Pm, (6)

m" = ixi(xi — 1)/ixi, (7)

Where o and P are constants: o is defined as an index of
basic contagion and is related to the size of clusters of
diseased plants; B is defined as a density—contagiousness
coefficient, and indicates the patchiness of clusters (Iwao
1968). The indices o and B are measures of dispersion of
individuals in a population: —1 <a <0 indicates a
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Fig. 2 Iwao’s m*-m regression (Iwao 1968) for diseased tomato
plants naturally infected with Passalora fulva in commercial green-
houses. a Data for total diseased plants at each observation. b Data for
diseased plants newly recognized at each observation. Coefficient of
determination (R?) of the two different regressions was significant
(***P < 0.001). The solid line is the m*-m regression line. The
dotted line shows m* =m (o =0, B = 1), indicating a random
distribution

uniform distribution; o = 0, a random distribution; and
o > 0, an aggregated distribution of diseased plants within
clusters, while 0 < B < 1 indicates a uniform distribution;
B =1, a random distribution; and > 1, an aggregated
distribution. Samples collected from different localities and
at different times can be fit to a single regression line by
Iwao’s m*—m regression (Iwao 1968). Accordingly, sets of
data obtained from different greenhouses, locations, and
years were combined and analyzed.

The goodness of fit of Taylor’s model was compared
with that of Iwao’s model by using coefficient of deter-
mination (R*) based on methods reported previously (Ali
et al. 1998; Mollet et al. 1984; Soemargono et al. 2008;
Yamamura 2000).

The results of Taylor’s model when applied to the
combined data for the total number of recognized diseased
plants observed in each greenhouse showed that the sample
variance (sz) increased with mean density (m) (Fig. la).
Taylor’s regression formula was log s> = 1.241 log
m + 0.067, with coefficient of determination (R?) = 0.953
(P < 0.001) and b = 1.241 (95 % confidence interval [CI]:
1.161-1.321). Thus, b was significantly greater than 1.0
(P < 0.01). On the other hand, the sample variance of
newly recognized diseased plants at each observation
increased only slightly with the mean density of diseased
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plants (Fig. 1b). Taylor’s regression formula was log
s> = 1.122 log m + 0.095, with R> = 0.829 (P < 0.001)
and b = 1.122 (95 % CI: 0.980-1.264). Thus, b was not
significantly different from 1 (P > 0.05).

The results of Iwao’s m*-m regression when applied to
the combined data for total number of recognized diseased
plants observed in each greenhouse showed that mean
crowding (m*) increased with mean density (m) (Fig. 2a).
The m*-m regression formula was m* = 1.111 m 4 0.101
with R* = 0.952 (P <0.001), o =0.101 (95% CI:
—0.144-0.346), and B = 1.111 (99 % CI: 1.014-1.208).
Thus, o was not significantly different from 0 (P < 0.05),
and P was significantly greater than 1.0 (P < 0.01). On the
other hand, the mean crowding of newly recognized
diseased plants at each observation increased with the
mean density of diseased plants, too (Fig. 2b). The m*-m
regression formula was m*=1.100m + 0.133
with R* = 0910 (P <0.001), o =0.133 (95% CL
—0.135-0.401), and B = 1.100 (95 % CI: 1.001-1.201).
Thus, o was not significantly different from 0 (P > 0.05),
and B was significantly greater than 1.0 (P < 0.05).

Taylor’s power law and Iwao’s m*—m regression are two
statistical methods commonly used in population research
to analyze the distribution of organisms. Taylor’s model is
a colony expansion model, and Iwao’s model is a colony
increase model (Yamamura 2000; Fig. 3). When applying
Taylor’s model to the total diseased plants observed in the
combined greenhouse data, the index b was significantly
greater than 1.0, suggesting that there was an aggregated
distribution of diseased plants when the mean density of
diseased plants was much greater than 0. When applying
Iwao’s model to the total of all diseased plants observed in
the combined greenhouse data, o was not significantly
different from 0, and [} was significantly greater than 1.0.
These results suggest that there was a random distribution
of all recognized diseased plants at each observation when
the mean density of diseased plants was very low (m =~ 0)
and that there was an aggregated distribution of diseased
plants when the mean density of the diseased plants was
much greater than 0. For the data of all diseased plants
observed in the combined greenhouse data, Iwao’s model
and Taylor’s model each fit the data well, because the R?
values of Iwao’s model and Taylor’s model were almost
the same at 0.952 and 0.953, respectively.

On the other hand, when applying Taylor’s model to
newly recognized diseased plants at each observation, the
index b was not significantly different from 1.0, suggesting
that the newly recognized diseased plants were randomly
distributed when the mean density of diseased plants was
much greater than 0. When applying Iwao’s model to
newly recognized diseased plants at each observation, o
was not significantly different from 0, and  was signifi-
cantly greater than 1.0. These results suggest that the newly
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Fig. 3 Schematic illustrations Colony expansion model

of the assumptions of the
models. Circles indicate
individuals (diseased plants, in
this study), and aggregated
circles indicate colonies. In
Taylor’s model (Taylor 1961),
population increase is described
by the development of each
colony while the number of
major colonies is fixed (colony
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recognized diseased plants at each observation are ran-
domly distributed when the mean density of diseased plants
was very low (m =~ 0) and that there was an aggregated
distribution of diseased plants when the mean density of
the diseased plants was much greater than 0. Iwao’s model
fit the data of newly recognized diseased plants at each
observation better than did Taylor’s model because R* of
Iwao’s model and Taylor model were 0.910 and 0.829,
respectively. Therefore, the distribution of newly recog-
nized diseased plants with leaf mold at each observation
best fit the colony increase model (Fig. 3). The newly
recognized diseased plants at each observation showed an
aggregated distribution, suggesting that newly infected
diseased plants formed new independent foci during out-
breaks. This is the colony increase model, in which new
independent foci often form during outbreaks.

Similar results have been reported for Fusarium head
blight of wheat (Ohsaki et al. 2009). In that investigation,
populations of the pathogen formed new independent
clusters, suggesting that ascospores from the primary
inoculum started new infections over long periods in fields
and that conidia had a limited role in secondary infection in
the disease cycle (Ohsaki et al. 2009). In the case of tomato
leaf mold, our present statistical analysis showed that the
data best fit Iwao’s model (i.e., the colony increase model;
Fig. 3), with populations of the pathogen forming new
independent clusters during our investigation. This result
indicates that conidia, which are formed in the lesions of
diseased plants, have a major role in secondary infection in
the disease cycle.

Our statistical analysis showing that populations of the
pathogen formed new independent clusters during

outbreaks suggests two hypotheses for the disease cycle:
(A) conidia from the primary inoculum initiate new
infections over long periods in greenhouses, and each new
infection initiates other new infections, and (B) conidia
from diseased plants spread randomly throughout the
greenhouse and initiate new infections. The two hypotheses
are not mutually exclusive, but hypothesis (B) may be the
most appropriate because the greenhouses investigated in
this study (Online Resource Table S1) were much smaller
than a field, and conidia could be easily spread throughout
a greenhouse of that size. The sizes of the greenhouses
investigated in this study are typical of those in the
mountainous areas of western Japan, so these results will
be applicable to similarly sized commercial greenhouses
for growing tomato plants. Examining the spatial distri-
bution of P. fulva conidia in commercial greenhouses may
support our results and hypothesis; however, in our pre-
liminary examination during the early to middle periods of
leaf mold outbreak, hardly any P. fulva conidia were
trapped in glycerin jelly on microscope slides (data not
shown).

Additionally, we observed that many leaf mold lesions
formed on newly developing leaves, and we hypothesized
that the scale of colony expansion of P. fulva is at the level
of the same tomato individual. We are now pursuing this
part of our investigation and will report our results in a
forthcoming paper.

There have so far been no reports on the pattern of
spread of tomato leaf mold infection in greenhouses. In
general, the spread of diseased plants in fields tends to
follow an aggregated distribution pattern (Madden and
Hughes 1995), but the pattern of spread of diseased plants

@ Springer



434

J Gen Plant Pathol (2014) 80:430-434

in greenhouses is unknown. In a recent report on the pattern
of spread of a plant disease in greenhouses, our laboratory
group (Kawaguchi et al. 2013) investigated the spatio-
temporal distribution pattern of tomato bacterial canker
caused by Clavibacter michiganensis subsp. Michiganensis
within a greenhouse. We found that the bacteria from the
primary inoculum can cause new infections over long
periods. Thus, our current study provides fundamental
information on the pattern of spread of diseased plants
infected with fungi in greenhouses.

In conclusion, P. fulva appears to initiate new infections
from the primary inoculum at the onset of an outbreak, and
the conidia of P. fulva, which form in lesions of diseased
plants, have a major role in secondary infections in the
disease cycle in commercial greenhouses. This study shows
that statistical analysis of the spatiotemporal distribution
provides clues to infer the source and the mode of spread of
the fungus causing tomato leaf mold.
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