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A logistic model for describing combined effects of both
temperature and wetness period on appressorium for-
mation was developed using laboratory data on percent
appressorium formation of Colletotrichum acutatum. In
addition, the possible use of the logistic model for fore-
casting infection risks was also evaluated as compared
with a first-order linear model. A simplified equilibrium
model for enzymatic reactions was applied to obtain a
temperature function for asymptote parameter (A) of
logistic model. For the position (B) and the rate (k)
parameters, a reciprocal model was used to calculate the
respective temperature functions. The nonlinear logistic
model described successfully the response of appre-
ssorium formation to the combined effects of temper-
ature and wetness period. Especially the temperature
function for asymptote parameter A reflected the
response of upper limit of appressorium formation to
temperature, which showed the typical temperature
response of enzymatic reactions in the cells. By having
both temperature and wetness period as independent
variables, the nonlinear logistic model can be used to
determine the length of wetness periods required for
certain levels of appressorium formation under different
temperature conditions. The infection model derived
from the nonlinear logistic model can be used to calcu-
late infection risks using hourly temperature and wet-
ness period data monitored by automated weather stations
in the fields. Compared with the nonlinear infection
model, the linear infection model always predicted a
shorter wetness period for appressorium formation,
and resulted in significantly under- and over-estimation
of response at low and high temperatures, respectively.
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Colletotrichum species causes significant economic losses

on fruit crops by outbreaking anthracnose in the fruiting

stage (Freeman et al., 1998; Kim, 1993; Park and Kim,

1992). In Korea, anthracnose caused about 13% losses of

total pepper production during 1995 to 1999 (Shin et al.,

1999). Of several species of Colletotrichum, C. capsici and

C. gloeosporioides were known to be the main causal

pathogens of pepper (Capsicum annuum) in Asia (Kim,

1993; Manandhar et al., 1995; Park and Kim, 1992; Shin et

al., 1999). However, Kang et al. (2005) recently proved that

C. acutatum was the major pathogen of pepper anthracnose

in Korea by DNA homology comparison of ITS region and

PCR analysis using species-specific primers.

Conidia of the anthracnose pathogen produced on di-

seased plant tissues are disseminated to pepper plants

mainly by wind-blown rain. The conidia deposited on plant

surface germinate and form appressoria prior to infection

under favorable conditions. The pathogen requires wet

conditions on the plant surface to infect host plants, and the

length of wetness required for plant infection depends on

temperature (Cho et al., 1987; Madden et al., 1996; Peres et

al., 2005). Fungicides are commonly used to control the

disease in the field, and regular sprays at 10-day intervals

starting from early July until 7 days prior to harvest are

recommended in Korea (Anonymous, 2008). However,

unnecessary fungicides are often applied when weather

conditions are not favorable.

Disease forecasts based on infection models support crop

growers in timing the fungicide sprays only when the

weather conditions are conducive for plant infections by

fungal pathogens (Campbell and Madden, 1990). In many

cases, infection models are polynomial equations describ-

ing the response to combined effects of temperature and

wetness period (Biggs and Northover, 1988; Evans et al.,

1992; Lalancette et al., 1988). In order to enhance the

fitness of model, the response data and/or independent

variables may be transformed prior to fitting the polynomial

equations (Bulger et al., 1987; Hong and Hwang, 1998;

Kim and Park, 1988; Schuh, 1991). However, the poly-

nomial equations often do not reflect significance of bio-

logical processes. For example, the upper limit of response

to temperature and wetness period could not be properly

described by the polynomial equations (Scherm and van

Bruggen, 1993).
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Intrinsically nonlinear growth models, such as the logistic

and the Weibull functions, are also used to describe the

disease response to temperature or wetness period but not

both (Carisse et al., 1993; Duthie, 1997; Magboul et al.,

1992). It is not common in nonlinear models to include both

temperature and wetness period to explain their combined

effects on disease development. A method for nonlinear

description of a response to the combined effects of temper-

ature and wetness period has been discussed by Hau et al.

(1985): The time component (wetness period) is first analy-

zed separately for each temperature data subset and then

calculated parameter values are used in a second analysis

where temperature is the independent variable. Using this

two-stage approach, Duthie (1997) proposed a nonlinear

model for directly evaluating the response of foliar para-

sites to the combined effects of wetness period and temper-

ature. In this study, we developed a logistic model to describe

the combined effects of temperature and wetness period on

the percent appressorium formation of C. acutatum using

the two-stage approach by Hau et al. (1985). From the

logistic model, a nonlinear infection model was derived to

determine hourly infection risk levels. 

Materials and Methods

Inoculum and pepper fruit preparation. An isolate of C.

acutatum, which was obtained from the Fungal Disease

Laboratory, Chungbuk National University (Kim, 1993),

was cultured on potato dextrose agar for 3 to 7 days at 27 oC

under 12 hr light-dark cycles. Conidial suspension was

prepared by placing 3 mL of sterile distilled water on

colony matrix and gently scraping colony surface with the

bottom tip of 1.5-mL polypropylene microcentrifuge tube.

The suspension was filtered through two layers of cheese-

cloth and adjusted to the concentration of 106 conidia/mL

by adding sterile distilled water using a hemacytometer.

Pepper plants (Capsicum annuum L., variety ‘Dabotop’)

were grown in a greenhouse for about 18 weeks from sow-

ing until the second branch stage at 20 to 25 oC. Immature

green fruits were harvested when the length of fruits

reached to their full length (approximately 10 cm). The

fruits were washed in running tap water and wiped dry with

paper towels.

Inoculation and microscopic observation of appressorium

formation. The detached pepper fruits were inoculated

with the conidial suspension by spraying with an airbrush

until runoff. Each of the inoculated fruits was suspended

inside of a test tube (4 cm diameter) by the fruit stalk tied to

a cross-shaped metal brace on the opening of test tube. In

order to keep humid conditions inside the test tube, a piece

of paper towel soaked in sterile distilled water was placed at

the bottom of test tube without touching the pepper fruit

and the tube was capped with aluminum foil. The test tubes

with an inoculated pepper fruit were kept in incubators

which were set at 20, 23, 25, 28, 30, and 33 oC. After 0, 6,

12, 15, 18, 21, 24, 30, and 36 hours of incubation, the

pepper fruit was taken out of the test tube and air-dried, and

then the fruit surface was peeled off by a razor blade.

Appressorium formation from germinating conidia on the

fruit surface was observed under light microscope at 400X

magnification without staining. One hundred conidia from

5~6 microscopic fields of views were examined for appre-

ssorium formation and the percentage of conidia forming

appressoria was determined. If the original conidia from

which appressoria were formed could not be distinguished

because of too much hyphal growth, those conidia were

excluded in the microscopic observation. For each combi-

nation of temperatures and incubation periods, three fruits

were used as replications.

Model development. Effects of temperature and wetness

period on appressorium formation were analyzed in two

ways using linear and nonlinear regression. For linear re-

gression, the STEPWISE procedure of SAS (SAS Institute

Inc., 1985) was applied to select the most appropriate

model using the first and second order terms of temperature

(T) and wetness period (W) as independent variables. The

best fit model was selected based on the lack-of-fit sum of

squares and the coefficient of determination (R2). In the

case of nonlinear regression analysis on the percent appre-

ssorium formation at each temperature, the NLIN proce-

dure with the GAUSS iterative method (SAS Institute Inc.,

1985) was applied to fit the logistic model in the following

form:

(1)

where P and W represent the percent appressorium for-

mation and wetness period, respectively. A is the asymptote

parameter and was fixed to the maximum percent of

appressorium formation which was observed at each

temperature. B and k are the parameters for position and

rate of the model, respectively. A, B, and k are functions of

temperature.

The temperature functions for A, B, and k were determin-

ed empirically using the parameter estimates in the logistic

models for appressorium formation data at each temper-

ature. The asymptotic levels of A are affected by temperature

and may reflect enzymatic activities in the fungal cells.

Thus, an enzymatic activity model, the Equilibrium Model

(Peterson et al., 2004), was applied to describe the effect of

temperature on the maximum percent of appressorium

formation of C. acutatum. The Equilibrium Model was

P=P W( )=
A
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originally developed to describe the velocity of catalytic

activity of an enzyme affected by temperature over time

(Peterson et al., 2004). By setting the time to zero in the

model, the Equilibrium Model can be simplified as the

following form:

(2)

where kB is Boltzmann’s constant, T is absolute temperature

(K), h is Planck’s constant, R is ideal gas constant, and

, E0, and ΔHeq are the enthalpy energy constants

related to the enzyme’s reaction process. Teq is the absolute

temperature (K) where the amounts of active and inactive

forms of an enzyme become equal.

In order to apply the simplified Equilibrium Model (Eq.

2) for describing the quantitative relationship between the

asymptotic values (A) of appressorium formation and

temperature, the model was further simplified as the follow-

ing form:

(3)

where b0, b1, and b2 are parameters to be estimated, and T is
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Fig. 1. Effects of wetness period on the percent appressorium formation of C. acutatum at different temperatures. The logistic model,
shown in dotted line, was fitted to the observed data subset at each temperature. The asymptote parameter (A) was fixed at the maximum
percent appressorium formation.
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temperature (oC). Assigning values of Teq from 293.15 K

(20.0 oC) to 313.15 K (40.0 oC) by an increment of 1.0 K,

nonlinear fittings were conducted. The model having the

highest determination coefficient (R2) was selected to be the

best model for the asymptote parameter.

The temperature functions for B and k were determined

using nonlinear regression on the estimates of B and k of the

logistic models for appressorium formation at each temper-

ature. Considering the shapes of scattered diagrams of the

estimates of B and k of the logistic models, the following

forms of reciprocal equation were used in the model state-

ment of the NLIN procedure with the GAUSS iteration

method (SAS Institute Inc., 1985):

(4)

(5)

where b3, b4, b5, and b6 are the parameters to be estimated.

Model evaluation. The linear and nonlinear models for the

percent appressorium formation were evaluated with respect

to two aspects: (1) the root mean square error (RMSE) of

the differences between the observed and estimated percent

appressorium formation, and (2) the possible levels of

infection risks forecast based on hourly weather data. Using

the percent appressorium formation data in Fig. 1, RMSEs

for the linear and nonlinear models for each temperature

were calculated as RMSE= , where to Oi and

Ei are the ith data of observed and estimated percent

appressorium formation, respectively, and n is the number

of observations.

The possible levels of infection risks were forecast by the

linear and nonlinear models based on hourly weather data

collected from an automated weather station (AWS) install-

ed at the experimental pepper field of Sun Moon University

in Asan, Korea in the growing seasons of 2005 and 2006.

The AWS consisted of the CR10X data logger (Campbell

Scientific, Inc., Logan, Utah, USA) and various sensors for

measuring weather factors including temperature (oC;

HMP45C, Campbell Scientific, Inc., USA), wetness (hr/hr;

237, Campbell Scientific, Inc., USA), rainfall (mm;

TE525MM, Texas Electronics, Inc., Dallas, Texas, USA).

The possible hourly infection risk (IR) and accumulated

infection risk (AIR) at time t were calculated as follows:

IRt =

(6)

AIRt =

(7)

where Wt is the wetness period required for 10% appre-

ssorium formation at time t calculated from the infection

model W(P, T). The AIRt was assumed to be zero if rainfall

was more than 4 mm/hr or a dry period continued for more

than or equal to 6 hours. The limiting condition of rainfall

was adopted from an observation on rice blast fungus,

which showed spore wash-off from leaves and decrease in

spore dispersal when rainfall of more than 4 mm/hr

occurred in the field (Suzuki, 1975). As for the continuous

dry period, the 6-hour limit was arbitrarily used assuming

that spores may not survive after 6 hours of continuous dry

period after germination.

Results

Appressorium formation. Temporal progressions of the

percent appressorium formation of C. acutatum under

different temperature and wetness period conditions were

shown in Fig. 1. Germinated conidia started to form

appressoria after 12 hours of wetness at 20 oC, whereas

appressoria were observed after 6 hours of wetness at other

temperature conditions. Especially, at 30 oC and 33 oC, 18%

and 9% of conidia, respectively, formed appressoria after 6

hours of wetness without lag period observed. The percent

appressorium formation reached approximately 30-40% at

23-30 oC after 15-20 hours of wetness, whereas it was less

than 20% at 20 oC and 33 oC. In general, the results sug-

gested that temperature affected the length of lag period

prior to initiation of appressorium formation and the

maximum percent appressorium formation. The lengths of

lag period were almost the same at 23 oC, 25 oC and 28 oC,

but the maximum percent appressorium formation increas-

ed as temperature increased. At all temperature conditions,

the percent appressorium formation reached close to its

asymptotic values after 18 or 24 hours of wetness period.

Linear infection model. The linear regression analysis

resulted in the first order model as follows:

P = −13.3+0.612T+0.928W (8)

where P, T, and W are the percent appressorium formation,

temperature ( oC), and wetness period (hr), respectively. The

coefficient of determination (R2) was 0.60, indicating that

60% of variation in the percent appressorium formation was

accounted for by temperature and wetness period. From Eq.

B=B T( )=
b3

T b4–
------------

k=k T( )=
b5

T b6–
------------

Σ Oi Ei–( )2/n

leaf wetness period

Wt

----------------------------------------------, if leaf wetness period>0 at time t

0, if otherwise⎩
⎪
⎨
⎪
⎧

AIRt 1– +IRt, if rainfall<4 mm and accumulated
dry hour<6 hr at time t                  

0, if otherwise⎩
⎪
⎨
⎪
⎧
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(8), the linear infection model to determine wetness periods

required for a certain level of appressorium formation at a

given temperature was derived as the following equation:

(9)

Nonlinear infection model. The nonlinear regression

analysis on the percent appressorium formations at each

temperature resulted in the logistic models with different

parameter estimates (Fig. 1). In all cases, the convergence

criterion of nonlinear regression was met, indicating that

the parameter estimates were unique solutions. The logistic

models for all temperatures appeared to fit the appre-

ssorium data well enough to adequately describe the pro-

gressions of percent appressorium formation over wetness

periods.

By fitting the simplified Equilibrium Model (Eq. 3) to the

asymptote values at different temperatures in Fig. 1, the

temperature function for A was obtained (Fig. 2). From the

series of nonlinear regression analyses by varying Teq in Eq.

3 from 293.15 K (20.0 oC) to 313.15 K (40.0 oC) at 1.0 K

intervals, the best temperature function for A was found

when Teq was set to 305.15 K (32.0 oC) based on the F value

and coefficient of determination (R2). According to the

temperature function in Fig. 2, the percent appressorium

formation increased as temperature increased up to 28.9 oC

and then decreased rapidly.

Nonlinear fitting of the reciprocal equations, Eqs. (4) and

(5) to the estimates of B and k at different temperatures

resulted in the temperature functions for B and k in Fig. 3.

The responses of B and k to temperature changes were

similar to each other, showing fast decrease until 23.0 oC

and then gradual decrease to minimal levels at higher

temperatures.

By replacing A, B, and k in Eq. (1) with the respective

temperature functions, the percent appressorium formation

P can be described by the following model:

(10)

From Eq. (10), the nonlinear infection model to deter-

mine wetness periods required for appressorium formation

at certain temperatures was derived as the following

equation:

= (11)

where P is a level of percent appressorium formation, and T

is the mean temperature ( oC) during wetness period. The

response surface of Eq. (11) is presented as the contour

projection of the percent appressorium formation with

respect to the temperature and wetness period conditions in
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Fig. 2. The maximum percent appressorium formation of C.
acutatum at different temperatures. The Equilibrium Model for
enzymatic reactions was fitted to obtain the temperature function
for the parameter A of logistic model.

Fig. 3. The estimates of position (B) and rate (k) parameters of the logistic model for the percent appressorium formation at each
temperature (T). The reciprocal model was fitted to obtain the temperature functions for the parameters B and k of logistic model.
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Fig. 4. The contour projection shows that the optimum

temperature for appressorium formation ranged between

28 oC and 30 oC. It also shows that the percent appressorium

formation was more responsive to temperature than wet-

ness period.

Model evaluation. Aptness of the linear and nonlinear

infection models in describing the temporal progression of

percent appressorium formation was compared in terms of

RMSE of the differences between the observed and esti-

mated percent appressorium formation (Table 1). At all

temperature conditions tested in this study, the nonlinear

infection model resulted in lower RMSE than the linear

infection model, indicating that the nonlinear infection

model was more appropriate than the linear infection model

for describing the temporal progressions of percent appre-

ssorium formation. Especially, RMSE of the linear model

was substantially high at 20 oC, 30 oC, and 33 oC.

The possible levels of infection risks forecast by the

linear and nonlinear infection models were compared using

the hourly temperature and wetness period data monitored

by an automated weather station which was installed at an

experimental pepper field in 2005 and 2006 (Fig. 5).

Although the temporal trends of accumulated infection

risks forecast by the two models were similar to each other,

the linear infection model always resulted in higher infec-

tion risks than the nonlinear infection model throughout the

growing seasons. The differences in accumulated infection

risks between the linear and nonlinear infection models

were apparently large when temperature was relatively low

in the early seasons in both 2005 and 2006, and during July

in 2006 when frequent rainfall occurred under favorable

temperature conditions.

Discussion

A logistic model for describing combined effects of both

temperature and wetness period on appressorium formation

Fig. 4. The contour projection of the combined effects of temper-
ature and wetness period on the percent appressorium formation
of C. acutatum.

Table 1. Comparison between the root mean square errors
(RMSE) of the linear model (Eq. 8) and the nonlinear model (Eq.
10) for the effects of wetness period on the percent appressorium
formation of C. acutatum at different temperatures

Temperature (oC)
Root mean square error (RMSE)

Linear model Nonlinear model

20 74.308 8.849

23 18.794 14.500

25 34.449 12.261

28 50.947 39.024

30 73.951 28.134

33 152.148 8.569

Fig. 5. The accumulated infection risks of anthracnose calculated
by the linear infection model (Eqs. 6, 7, and 9) and the nonlinear
infection model (Eqs. 6, 7, and 11) using the hourly temperature
and wetness period monitored by an automated weather station
installed at the experimental pepper field in Asan, Korea in 2005
and 2006.
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was developed using laboratory data on percent appre-

ssorium formation of C. acutatum. In addition, the possible

use of the logistic model for forecasting infection risks was

also evaluated as compared with a first-order linear model.

In this study, we were able to obtain the logistic model with

both temperature and wetness period as independent vari-

ables by replacing the parameters A, B, and k of logistic

equation with the respective temperature functions. By

having both temperature and wetness period as independent

variables, the nonlinear logistic model can be used to

determine the length of wetness periods required for certain

levels of appressorium formation under different temper-

ature conditions. On the contrary, most of nonlinear models

describing the response of plant pathogens in the literature

reflect effect of either temperature or wetness period but not

both (Carisse et al., 1993; Duthie, 1997; Magboul et al.,

1992). Polynomial equations are commonly fitted to empi-

rical data by ordinary least squares methods to determine

response surface for describing combined effects of both

wetness period and temperature on disease components

(Bulger et al., 1987; Schuh, 1991). However, it is often

difficult to explain biological significance of parameter

estimates in polynomial models (Scherm and van Bruggen,

1993).

The results in Figs. 1 and 2 suggested that temperature

affected the length of lag period prior to appressorium

formation and the maximum percent appressorium for-

mation. The lag period of longer than 10 hours was necess-

ary to initiate appressorium formation at low temperature

(20 oC), and the upper limit of percent appressorium for-

mation was decreased when temperature became the sub-

optimum range. Based on the length of lag period and the

maximum percent appressorium formation, 28-30 oC appear-

ed to be the optimum temperature for appressorium for-

mation of C. acutatum in this study.

The simplified Equilibrium Model of Eq. (3) appeared

suitable for describing the effects of temperature on the

estimates of maximum appressorium formation (A). The

response of upper limit of appressorium formation to

temperature in Fig. 2 shows the typical temperature re-

sponse of enzymatic reactions in the cells (Peterson et al.,

2004). In general, as the temperature is increased within a

given range, the rate of enzymatic reactions increases up to

the optimal temperature. Above this point, protein denatu-

ration sets in and cell functions such as appressorium

formation fall sharply to zero. With regard to the parameter

estimates of B and k in Fig. 3, the reciprocal models were

appropriate to fit the empirical data on temperature-depen-

dent estimates of the parameters. The high estimates of B

and k at 20 oC were caused by the abrupt increase in appre-

ssorium formation at 20 oC after 18 hours of wetness.

The response surface of appressorium formation to the

combined effects of temperature and wetness period is

shown as the contour plot in Fig. 4. The contour plot can be

used to determine the minimum requirement of temperature

and wetness period for a certain level of appressorium

formation. Since appressorium formation is a prerequisite

for penetration into host plants by C. acutatum, the levels of

percent appressorium formation could be considered the

infection risk levels. The contour plots defining the com-

bined effects of temperature and wetness period on plant

infection by fungal pathogens were commonly used as the

infection models for disease forecasting (Bulger et al.,

1987; Schuh, 1991).

The RMSE is a measure of how good fit a model makes

to the observed data (Kim et al., 2005; Workneh and Rush,

2006). Based on RMSE, the nonlinear model of Eq. (10)

fitted the observed data on temporal progression of appre-

ssorium formation better than the linear model of Eq. (8),

and the linear model resulted in significantly under- and

over-estimation of response at low and high temperatures,

respectively. Compared with the nonlinear infection model

of Eq. (11), the linear infection model always predicted a

shorter wetness period for appressorium formation. Conse-

quently, as shown in Fig. 5, the accumulated infection risks

forecast by the linear infection model were always higher

than those by the nonlinear infection model. The signifi-

cantly high accumulated infection risks forecast by the

linear model in the early seasons of both 2005 and 2006

were caused by the nature of linear model under-estimating

wetness periods for appressorium formation at low temper-

atures. The high levels of accumulated infection risk during

July in 2009 resulted from continuation of favorable weather

conditions for fungal infection due to frequent rainfall.

In this study, a logistic model was proposed to evaluate

the response of appressorium formation of C. acutatum to

the combined effects of temperature and wetness period. By

replacing the parameters of logistic model with respective

temperature functions, both temperature and wetness period

were included as independent variables in the logistic

model. Consequently, we were able to develop a nonlinear

infection model determining the infection risks based on

hourly temperature and wetness period. Most of infection

models in the literature are polynomial models whose

parameters may not contain clear biological significance

(Scherm and van Bruggen, 1993). The temperature func-

tions for the parameters of logistic model in this study

represent the biological responses of C. acutatum to

temperature, shaping the temporal progression curve of

appressorium formation. In practice, the nonlinear infection

model could be used to determine fungicide spray schedule

to control anthracnose of pepper in the field. Effectiveness

of the nonlinear infection model in reducing fungicide

sprays needs to be evaluated in the future.
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