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ABSTRACT

Arauz, L. F, Neufeld, K. N., Lloyd, A. L., and Ojiambo, P. S. 2010.
Quantitative models for germination and infection of Pseudoperonospora
cubensis in response to temperature and duration of leaf wetness.
Phytopathology 100:959-967.

The influence of temperature and leaf wetness duration on germination
of sporangia and infection of cantaloupe leaves by Pseudoperonospora
cubensis was examined in three independent controlled-environment
experiments by inoculating plants with a spore suspension and exposing
them to a range of leaf wetness durations (2 to 24 h) at six fixed tem-
peratures (5 to 30°C). Germination of sporangia was assessed at the end
of each wetness period and infection was evaluated from assessments of
disease severity 5 days after inoculation. Three response surface models
based on modified forms of the Weibull function were evaluated for their
ability to describe germination of sporangia and infection in response to
temperature and leaf wetness duration. The models estimated 15.7 to 17.3
and 19.5 to 21.7°C as the optimum temperature () range for germination
and infection, respectively, with little germination or infection at 5 or
30°C. For wetness periods of 4 to 8 h, a distinct optimum for infection

was observed at r = 20°C but broader optimum curves resulted from
wetness periods >8 h. Model 1 of the form fiw,f) = f(r) x (1 — exp{-[B %
w]P}) resulted in smaller asymptotic standard errors and yielded higher
correlations between observed and predicted germination and infection
data than either model 2 of the form fiw,7) = A(1 — exp{- [f(t) x (w — O)]"})
or model 3 of the form fiw,#) = [1 — exp{—(B x w)?}]/cosh[(+ — F)G/2].
Models 1 and 2 had nonsignificant lack-of-fit test statistics for both ger-
mination and infection data, whereas a lack-of-fit test was significant for
model 3. The models accounted for ~87% (model 3) to 98% (model 1) of
the total variation in the germination and infection data. In the validation
of the models using data generated with a different isolate of P. cubensis,
slopes of the regression line between observed and predicted germination
and infection data were not significantly different (P > 0.2487) and
correlation coefficients between observed and predicted values were high
(r2 > 0.81). Models 1 and 2 were used to construct risk threshold charts
that can be used to estimate the potential risk for infection based on
observed or forecasted temperature and leaf wetness duration.

Additional keywords: cucurbit downy mildew, disease forecasting.

Cucurbit downy mildew, caused by the oomycete Pseudo-
peronospora cubensis, is considered the most damaging disease
of cucurbitaceous crops worldwide. In the eastern United States
and California, cucurbit downy mildew is an annual problem on
cucurbits in late summer and fall. Since the 1960s, resistance in
cucumber had adequately controlled the disease with minimal use
of fungicides (15). However, in 2004, the cucumber crop in North
Carolina, Virginia, Delaware, Maryland, and New Jersey was
devastated by downy mildew and regional losses of the crop were
estimated as 40% (15). This resurgence of downy mildew was
attributed partly to new and highly aggressive strains of P.
cubensis (8). Presently, in the United States and elsewhere, host
plant resistance in cucurbits is no longer sufficient to control the
disease (22). Thus, management of the disease now relies heavily
on the application of fungicides.

Weather variables, particularly temperature and leaf wetness,
greatly influence the outbreaks of cucurbit downy mildew epi-
demics. Unlike germination of sporangia, the effects of individual
weather variables on disease development have been investigated
extensively. The optimum temperature for infection has been
reported to be 15 to 20°C (7). The minimum duration of leaf wet-
ness needed for infection to occur is 2 h (6). In the absence of leaf
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wetness, the effect of other weather variables on disease devel-
opment is very limited (27). Yang et al. (36) reported that a daily
difference in temperature of <5°C, daily mean relative humidity
(RH) 280%, and daily mean temperature of 15 to 25°C were the
thresholds for infection in autumn and, based on their results, an
early warning model was developed to predict occurrence of
downy mildew in unheated greenhouses in China. The combined
effects of temperature and leaf wetness on infection parameters
(germination and infection) of P. cubensis have not been exten-
sively studied. Current knowledge of the interacting effects of
temperature and leaf wetness on infection of P. cubensis is mainly
based on a study by Cohen (6), who observed that the minimum,
maximum, and optimum levels for symptom production were
dependent on either temperature, duration of leaf wetness, or both
factors. Based on the latter observation, a qualitative description
of the interacting effects of temperature and leaf wetness duration
was proposed to describe disease development under field con-
ditions (6).

The combined effects of temperature and wetness duration on a
variety of diseases (3,10,11,24) have been quantitatively described
using polynomial equations whose many parameters lack a clear
epidemiological significance. Nonlinear models for evaluating the
response of foliar parasites to combined effects of temperature
and wetness duration have been proposed by Duthie (9). Theoreti-
cally, nonlinear models provide a more parsimonious description
of empirical data than models that wholly or in part comprise
polynomial equations (5). Although parameters of the nonlinear
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models proposed by Duthie (9) can be interpreted to provide
information on the mechanisms involved in the disease response,
only a few reports (4,12,35) have evaluated these models using
empirical data. In addition, there are no reports that quantitatively
examine the relative performance of these models using empirical
data to assess their usefulness in describing the combined effects
of temperature and leaf wetness on infection parameters of plant
pathogens.

In the United States, a downy mildew forecasting system is
available (26) and provides growers with information on the risk
of disease outbreak during the growing season. This advisory
program is based on, among other factors, pathogen sporulation in
response to temperature and duration of leaf wetness at the
inoculum source and along the projected pathway of sporangia
transport. Infection is predicted and a spray is recommended
when the risk of disease outbreak is medium to high. The disease
forecasting system issues the risk of downy mildew outbreak
based on, among other factors, a qualitative assessment of tem-
perature and duration of leaf wetness and may not be accurate for
a wide range of temperature and leaf wetness combinations.

A quantitative analysis of the effect of weather variables is
useful in developing mathematical models that allow for predic-
tion of disease outbreak under a wide range of weather condi-
tions. Such epidemiological models that predict specific phases of
pathogen development can provide useful knowledge for manag-
ing plant diseases (18). However, quantitative models describing
the response of infection parameters of P. cubensis to temperature
and duration of leaf wetness are lacking. Once developed, the
predictors can be used in combination with the current forecasting
tools to generate more accurate forecasts for initial infection
along the projected pathway of sporangia transport. This is
particularly important for cucurbit downy mildew (which spreads
rapidly under favorable weather conditions), for which growers
are much more concerned with “whether” infection will occur
rather than “how much” infection will actually take place. Thus,
the objectives of this study were to (i) characterize combinations
of temperature and leaf wetness duration favorable for germi-
nation and infection of P. cubensis and (ii) develop models for
quantifying the effect of temperature and leaf wetness durations
on the infection parameters of P. cubensis.

MATERIALS AND METHODS

Plant growth conditions. Cantaloupe plants (cv. Kermit) were
grown in circular, 8.0-cm Styrofoam cups (one plant/cup) in
vermiculite and maintained in a growth chamber under the
following conditions: 12-h photoperiod; photon flux density
~370 umol m~ s! at plant height, provided by cool white fluores-
cent tubes and incandescent bulbs; temperatures of 24 to 28°C.
The plants were watered twice daily with half-strength Hoag-
land’s solution (14) and once daily with deionized water.

Inoculation and incubation. P. cubensis, isolate SC-07, which
was isolated from cantaloupe in Sampson County, NC, in 2007
and maintained on frozen infected leaves at —80°C, was used to
produce inoculum as described by Lebeda (20). Prior to inocu-
lation, randomly selected plants at the two-true-leaf stage
(=21 days old) were first preconditioned overnight at one of six
temperature regimes (5, 10, 15, 20, 25, and 30°C). A spore
suspension (1 x 10° sporangia ml™! in deionized water) was then
sprayed onto the abaxial side of the true leaves to incipient run-off
using a Preval mist sprayer (Complete Unit 267’ Precision Valve
Corporation, Yonkers, NY). Immediately after inoculation, the
plants were enclosed in plastic bags to ensure that leaf wetness
persisted for the required periods and incubated at the tempera-
tures mentioned above in darkened growth chambers.

In order to evaluate germination of sporangia over different
wetness periods, plants were removed from each chamber after
2,4, 8,12, and 24 h, and 10-mm leaf discs were taken from the
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second leaf of each plant. The leaf discs were immediately fixed
and decolorized in acetic acid/ethanol for 48 h (21) and then
stained with cotton blue in lactophenol and covered with a cover
slip. Nongerminated and germinated sporangia were heavily
stained and appeared light blue, respectively, while plant tissues
remained white. Sporangia of P. cubensis do not germinate
directly by the formation of a germ tube but germinate indirectly
by zoospore release through cytoplasmic cleavage. Thus, a spo-
rangium was considered to have germinated when its cytoplasmic
content was emptied. At least 50 sporangia per treatment were
evaluated microscopically for germination on the host tissue.
Germination rates of P. cubensis sporangia are high and variation
in germination from different batches of inoculum is minimal
7).

Environmental requirements for infection were characterized in
two separate stages. First, under each of the above temperature
regimes (the order of temperature treatments was assigned at
random), plants were exposed to five different wetness periods by
removing three randomly selected plants from each growth
chamber after 2, 4, 8, 12, and 24 h. After drying the leaves with
fan-forced air for 10 to 15 min, the plants were returned to their
respective growth chambers and exposed to ambient humidity.
Temperatures in the growth chambers were maintained within a
0.5 to 1.5°C difference of the test value, while the RH was de-
pendent on the temperature and ranged between 40 and 60%. In
the second stage, all plants were removed from the growth cham-
bers after 24 h and subjected to standard incubation conditions
(21 and 18°C, 12- and 12-h day and night temperatures and light
regimes; 75 to 90% RH) in a Percival incubator (Model I-36VL,
Percival Scientific Inc., Perry, IA). Disease severity was visually
assessed 5 days after inoculation as percentage of leaf area with
chlorotic and necrotic symptoms. Data from the two true leaves
on a plant per treatment were averaged for each leaf wetness
period. Diseased leaf area was considered to be a valid measure
for infection, because the plants were subjected to standardized
conditions after the initial 24-h infection period, and local lesions
of downy mildews generally do not expand significantly after
symptom appearance (29). Both the germination and infection
experiments were conducted three times and there were three
replicate plants with two inoculated leaves per plant for each
combination of temperature and leaf wetness duration.

Data analysis and model development. In the first set of
analyses, means for each response variable taken over the three
plants for each experiment were subjected to analysis of variance
to determine the effects of temperature (f) and leaf wetness dura-
tion (w) and their interaction (¢ X w) on germination of sporangia
and infection. The GLM procedure of SAS (version 9.1; SAS
Institute, Cary, NC) was used for this analysis with the experi-
ment as a blocking factor. There were no significant differences
between the three runs of the experiment for either germination or
infection data; therefore, all subsequent analyses were performed
on data averaged over the three runs.

The combined effects of temperature (¢) and leaf wetness dura-
tion (w) on a given infection parameter of P. cubensis, f(w,t), were
further evaluated using two nonlinear equations of the form

fow, 5y =ft) x (1 - exp{~[B(w - O)1}) @

and
Sow,5) = A(1 - exp{- [fit) x (w - O)]P}) 2

Unless stated otherwise, italicized lower- and uppercase letters
represent variables and parameters, respectively. A typographi-
cal error appears in equations 3.1 and 3.2 of Duthie (9), in which
the expression {—[B(w — C)]} and {-[f(t) x (w — C)]} rather than
[B(w — C)] and [f(¢) x (w — C)], respectively, are raised to D. The
expression f(), which is the upper asymptote in equation 1 and



the intrinsic rate in equation 2, is determined by ¢ and is given by
the equation

fity =y, = E'{exp[(r - F)GI(H + D1}/{1 + exp [(t — F)G]} @.1)
in which
E'=E[(H + 1)/HIH/@+D (2.2)

Briefly, equations 1 and 2 are modified forms of a Weibull func-
tion (34) that describe the monotonic increase of fiw,f) with
respect to w from a minimum of fiw,#) = 0 at w = C to a tempera-
ture-dependent upper limit when w is large. Thus, C (C > 0)
characterizes the lag period before the response of fiw,f) to w
begins. The parameter A characterizes the upper limit on f(w,f) as
w is extended indefinitely. The parameter B (0 < B < 1) charac-
terizes the intrinsic rate of increase of f{w,f) with respect to w and
while the parameter D (D > 0) is the fraction of wetness duration
in which fiw,f) decelerates (9). In equation 1, y,(y, > 0) charac-
terizes the scale of the response to w and describes the unimodal
response of y, to t at each w. The parameter E(E > 0),
characterizes the scale of the response to ¢, whereas the param-
eters F' (-0 < F < 4+0) and G (G > 0) characterize the intrinsic
rate of change of fiw,) with respect to the optimal temperature
and ¢, respectively. At ¢ = G, f(w,t) approaches an upper limit of E
when w is large. As ¢ deviates from G at each w, f{w,f) declines at
an intrinsic rate of G toward a lower limit of 0. The parameter H
characterizes asymmetry in the response to ¢. The optimum tem-
perature is given by the equation #,,, = F' —(1/G)log(H) (9).

Disregarding asymmetry (i.e., H = 1 and E’= 2F) and assuming
that the pathogen responds immediately to a period of wetness
(i.e., C =0), equation 2.1 can be rewritten as

f) =y, = 2E/{exp[(t — F)G/2] + expl(t — F)G/2]} 2.3)

= E x sech[(t — F)G/2] = E/cosh[(t — F)G/2] (2.4)

in which sech and cosh are the hyperbolic secant and cosine,
respectively (see Appendix for derivation). If germination and
infection are measured on a scale of 0 to 1, the value of E in
equation 1 can be fixed to E = 1. Thus, equation 1 above reduces
to a four-parameter model of the form:

Sfow,t) = [1 - exp{—(B x w)P}I/cosh[(t — F)G/2] 3)

Nonlinear models (equations 1, 2, and 3, henceforth referred to
as models 1, 2, and 3, respectively) were fitted to data by an
iterative and derivative free nonlinear regression approach using
the NLIN procedure of SAS. Based on preliminary regression
analysis, model 3 was reduced to a three-parameter model of the
form:

fiw,) = [1 — exp{—(B x w)?})/cosh[(t — F)G/2] 3.1

Thus, the final nonlinear estimates for model 3 were based on a
three-parameter equation where the value of D (= 1.428 and 1.337

for germination and infection, respectively) was fixed to 2.
Goodness-of-fit was evaluated by the magnitude of asymptotic
confidence intervals on parameter estimates and by inspection of
observed and predicted values plotted simultaneously against w or
t. Heteroscedasticity was evaluated by inspecting standardized
residual errors plotted against predicted values. Overparameteri-
zation was assessed by the magnitudes of asymptotic standard
errors and asymptotic correlation coefficients. Because the
coefficient of determination (R?) is not valid for nonlinear least
squares approximations, evaluation of regression models was
based on the simple correlation (r;,) between observed (y) and
predicted (y) germination or infection levels, the lack-of-fit
(LOF) F statistic (37), and the significance of estimated param-
eters. Regressions were based on germination and infection data
averaged over the replications rather than on pooled data to obtain
appropriate LOF estimates. The LOF F statistic is not valid for
nonlinear models but at least gives an indication about the
suitability of the models because, even for nonlinear models, the
variance ratio for the LOF statistic is approximately F distributed
when the sample size is large (31). Following model validation
(see below), isopaths derived from models 1 and 2 for the range
of temperature and leaf wetness durations required to attain
thresholds values of the response variables (germination of
sporangia or infection) were used to generate charts for predicting
the risk of cucurbit downy mildew development based on ob-
served or forecasted temperature and leaf wetness duration.

Model validation. To validate the models, an independent set
of data on germination of sporangia and infection was generated
as described above using a different isolate of P. cubensis, isolate
JC-09. Isolate JC-09 was isolated from cucumber in Johnston
County, NC, in 2009 and maintained as described above. The
observed germination and infection values were compared with
values predicted by the models. Validation tests were first
analyzed by linear regression of observed (y) versus predicted
(y) values and the differences in the slopes for the observed and
predicted data were tested using PROC GLM in SAS. The second
validation test utilized the coefficient of variation of the residuals
of errors (16), CVgg , which is calculated as

CVie = [Z(y_f’)z]uz/(”j’m)

where n is the number of comparisons and y,, is the average of
predicted values across all the comparisons of temperature and
durations of leaf wetness.

RESULTS

Temperature and duration of leaf wetness significantly (P <
0.0001) affected germination of sporangia and infection of
cantaloupe leaves by P. cubensis (Table 1). Further, germination
and infection were also responsive to interacting effects of
temperature and leaf wetness duration (Table 1). No differences in
germination of sporangia and infection were observed between
the three independent experiments and, thus, data were pooled
over experiments for final analysis and presentation.

Germination of sporangia on cantaloupe leaves showed a broad
optimum within the temperature range of 10 to 25°C at w > 8§ h

TABLE 1. Analysis of variance for the effects of temperature and duration of leaf wetness on sporangia germination and infection of cantaloupe by Pseudo-

peronospora cubensis

Germination Infection
Source df SS P>F df SS P>F
Experiment 2 15.12 0.4350 2 20.05 0.3613
Temperature (7) 5 8,140.87 0.0001 5 3,498.86 0.0001
Wetness (w) 4 324.93 0.0001 4 809.31 0.0001
tXwW 20 1,358.59 0.0001 20 1,099.76 0.0001
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(Fig. 1A). The highest proportion of germinated sporangia
(>0.55) was attained at t = 10 to 15°C for w > 12 h, at r = 20°C
for w > 8 h, and at t+ = 25°C at w = 12 h. The proportion of
germinated sporangia at 5 or 30°C was ~0.18. An increase in
infection resulted from increasing leaf wetness duration at all
temperatures evaluated (Fig. 1B). Infection levels > 0.25 were
obtained for w =24 h at t = 10°C, w > 12 h at t = 15°C, and w
> 8 h for 7 = 20 to 25°C. Very minimal infection was observed at
w=2hand t =15 to 10°C. For wetness periods of 4 to 8 h, a
distinct optimum for infection was observed at t+ = 20°C but
broader optimum curves resulted from w > 8 h. A comparison of
the observed response surfaces (Fig. 1A and B) indicated that
terminal levels of germination of sporangia and infection were not

Proportion of germinated

Proportion of germinated

Proportion of germinated

e ('C)

Temperatur

very different, although initial germination rates were higher than
initial infection rates.

Although the three nonlinear models resulted in significant (P <
0.0001) fit to sporangia germination and infection data, they
varied in their ability to predict the combined effects of tempera-
ture and leaf wetness duration on the infection parameters of P.
cubensis. In the first set of the analysis, parameter estimates in
model 1 were significantly (P < 0.05) different from zero for
germination and infection data, except for parameter C, which
was not significantly different from zero (P > 0.05). Thus, the
model was refitted to respective germination and infection data as
a six-parameter model without the parameter C to generate final
estimates and their corresponding statistics. All the models pre-

infected

Proportion of leaf area

infected

Proportion of leaf area
L

.
Temperature ()

Fig. 1. Effects of temperature (f) and duration of leaf wetness (w) on infection parameters of Pseudoperonospora cubensis (isolate SC-07) sporangia on
cantaloupe: A, Observed germination of sporangia and B, proportion of leaf area infected 5 days after inoculation. Predicted germination of sporangia based on C,
model 1: fiw,1) = f(t) x (1—- exp{-[B x w]P}); E, model 2: fiw,£) = A(1 — exp{-[f(?) x (w — C)]P}); and G, model 3: fiw,1) = [1- exp{—(B x w)?}]/cosh[(t — F)G/2].

Predicted proportion of leaf area infected 5 days after inoculation based on D, model 1: f(iw,1) = f(t) x (1— exp{-[B x w]’}); F, model 2: fiw,1) = A{1 — exp[- f(1) x
(w—O)]P}; and H, model 3: f(w,f) = [1— exp{—(B x w)?}]/cosh[(1 — F)G/2].
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dicted a unimodal response of germination and infection to
temperature, with germination and infection being greatest near
the middle of the temperature range and least near the extreme
temperatures (Fig. 1C to H).

Model 1 generated parameter estimates with asymptotic
standard errors that were much smaller for germination than for
infection data, except for parameter G (Table 2). Response
surfaces for both germination and infection as predicted by model
1 closely resembled response surfaces for the observed data (Fig.
1C and D). Estimates for parameters B, D, and E, were relatively
larger for sporangia germination than for infection, whereas
parameter estimates for F, G, and H were relatively smaller for
sporangia germination than for infection data (Table 2). For both
germination and infection data, the parameter D was >1, indi-
cating that the absolute germination and infection rates in re-
sponse to leaf wetness duration first increased and then decreased
thereafter over the range of our experimental conditions. Model 1,
describing germination and infection by P. cubensis, yielded
correlation coefficients 75, of 0.941 and 0.923, respectively
(Table 3). An F test performed at a = 0.01 did not indicate a
significant LOF between predictions from model 1 and observed
sporangia germination and infection (Table 3). The germination
and infection curves describing the asymptotic parameter in
response to temperature attained their optima at 15.7 and 19.5°C,
respectively (Fig. 2A). A contour plot showed a faster increase in
germination and infection with increasing temperature than
increasing duration of leaf wetness (Fig. 3); however, this in-
crease was more rapid for germination than infection.

Model 2 resulted in parameters that were all significantly (P <
0.05) different from zero for both germination and infection data
(Table 4). Unlike for germination (Fig. 1E), the response surface
for infection as predicted by model 2 did not closely resemble the
response surface for observed infection (Fig. 1F). Parameter esti-
mates for infection were larger than those for sporangia germi-
nation infection, except for parameters A and C. The corre-
sponding asymptotic standard errors of the parameters were much

smaller for germination than for infection except for parameters A
and F (Table 4). Unlike for model 1, the parameter D for model 2
was <1, indicating that absolute germination and infection rates in
response to leaf wetness duration decreased over the entire range
of our experimental conditions. Based on this model, the calcu-
lated optimum temperatures for germination and infection were
17.0 and 21.7°C, respectively. Maximum values for the rate
parameter were observed at these optimum temperatures with the
rate parameter o [= f(r)] for infection being 5% higher than for
germination (Fig. 2B). Model 2 yielded correlation coefficients
5y 0of 0.934 and 0.919 for germination and infection, respectively
(Table 3). An LOF F test performed for model 1 was not
significant at oo = 0.01 for sporangia germination and infection
data (Table 3). Contour plots for model 2 also showed a faster
increase in germination and infection with increasing temperature
than with increasing leaf wetness duration (Fig. 4), and this
increase was also more rapid for germination than for infection.

Parameter estimates for model 3 were all significantly (P <
0.001) different from zero for sporangia germination and infec-
tion data (Table 5). However, the response surfaces predicted by
this model slightly resembled the response surface for observed
germination but not infection (Fig. 1G and H). Parameter esti-
mates were much larger for infection than for germination data
except for the parameter B. Asymptotic standard errors of esti-
mates were smaller for germination than for infection, except for
the parameter B (Table 5). Unlike models 1 and 2, an F test
performed at o = 0.01 indicated a significant LOF between the
model 3 and germination and infection data (Table 3). Values for
the parameter F (equivalent to the optimum temperature based on
model 3) were 17.3 and 19.0°C for germination and infection,
respectively. Optimum temperatures for germination and infection
based on this model were slightly higher than for germination and
infection based on models 1 and 2, respectively.

In the validation test for model 1 using a different isolate of P.
cubensis (JC-09), the regression line for observed versus pre-
dicted values (Fig. 5) was not significantly (P = 0.5260) different

TABLE 2. Parameter estimates of model 1, fiw,f) = A7) x (1- exp{—[B x w]P}), describing germination and infection of cantaloupe by Pseudoperonospora

cubensis based on the combined effects of temperature and duration of leaf wetness*

Sporangia germination

Infection

Parameter Estimate Asymptotic SE  Asymptotic CI;  Asymptotic CIy, Estimate Asymptotic SE  Asymptotic CI;  Asymptotic CIy,
B 0.193 0.010 0.172 0.214 0.179 0.016 0.147 0.212
D 1.428 0.116 1.197 1.658 1.337 0.165 1.009 1.665
E 0.713 0.020 0.673 0.753 0.411 0.019 0.373 0.449
F 11.176 1.295 8.600 13.751 19.024 2.011 15.039 23.009
G 0.248 0.021 0.204 0.291 0.256 0.014 0.227 0.285
H 0.328 0.094 0.139 0.515 0.893 0.335 0.229 1.556

2 In the model, f{#) = E'{exp[(t — F)G/(H + 1)]}/{1 + exp [(t — F)G]}, in which E' = E[(H + 1)/H]H"*+ D, The parameters B, D, E, F, G and H are as defined in the
main text; ¢ = temperature and w = leaf wetness duration. SE is the standard error and CI; and CI;, = lower and upper limits of the 95% confidence interval

around the parameter estimates.

TABLE 3. Comparison of three models describing combined effects of temperature and leaf wetness duration on sporangia germination and infection on

cantaloupe 5 days after inoculation with Pseudoperonospora cubensis

Model* Number of parameters Toy ® Approximate R? value LOF-F* dfd
Germination
Model 1 6 0.941 0.981 0.504 24,60
Model 2 7 0.934 0.937 1.503 23,60
Model 3 3 0.915 0.952 3.833 27,60
Infection
Model 1 6 0.923 0.970 1.579 24,60
Model 2 7 0.919 0.938 1.213 23,60
Model 3 3 0.834 0.867 5.756 27,60

2 Model 1: fim) = fit) x (1- exp{~[B x w]P}), model 2: fiw1) = A(1 — exp{-[f(t) x (w — O)]’}), and model 3: fim,7) = [1 — exp{—(B x w)z}]/cosh[(t - F)G/2].
Parameters in the models are defined in the main text, while # = temperature and w = leaf wetness duration.

b Simple correlation between observed and predicted germination of infection.
¢ Lack-of-fit (LOF) F statistic.
d Degrees of freedom for LOF F ratio.
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from 1 (i.e., the slope of the observed = predicted line) and the
adjusted 7> was 0.90 and 0.81 for sporangia germination and
infection, respectively. The regression lines between the observed
and predicted values based on model 2 were also not significantly
different (P = 0.2487), albeit with slightly lower adjusted r*
values of 0.87 and 0.78 for germination and infection, respec-
tively (data not shown). The coefficient of variation of the
residual of errors (CVgg) for sporangia germination was 1.2 and
2.1% for model 1 and 2, respectively. The CVge values for
infection data were 7.8 and 9.2% for models 1 and 2, respectively.
Validation tests for model 3 were not performed due to the
significant LOF test statistics.

DISCUSSION

Prior to this study, the combined effects of temperature and
moisture on germination of P. cubensis sporangia had not been
reported. Further, previous studies on ecological and epidemio-
logical aspects of cucurbit downy mildew either examined
temperature and moisture effects on infection separately (7,27) or
did not quantify (6) the relationship of temperature and moisture
with infection. Nonetheless, results from these previous studies
on infection of cucurbits by P. cubensis are still useful for com-
parison. Cohen and Rotem (7) reported that the optimum
temperature for infection occurred at 15 to 20°C, while an opti-
mum of 15 to 25°C was reported by Yang et al. (36). Cohen (6)
also reported a broader range (5 to 20°C) of optimum temperature
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Fig. 2. A, Asymptote parameter and B, the Weibull intrinsic rate parameter as
a functions of temperature based on model 1: fiw,f) = f(t) x (1- exp{-[B %
wlP}) and model 2: fiw,1) = A(1 — exp{-[f(t) x (w — C)IP}), respectively, for
predicting sporangia germination and proportion of leaf area infected 5 days
after inoculation with Pseudoperonospora cubensis.
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that was dependent on dew period. The optimum temperature for
infection were 20, 10 to 20, and 5 to 20°C at dew periods of 2, 12,
and 24 h, respectively (6). Our results revealed a similar trend,
with an optimum of 10 to 25°C for both germination and infec-
tion. However, we observed germination and infection at 30°C,
unlike in the study by Cohen (6), where the maximum tempera-
ture under which infection occurred was 28°C. This discrepancy
may be due to differences in the strains of P. cubensis. Highly
aggressive strains of P. cubensis were linked to the resurgence of
downy mildew in 2004 in the United States (8). Thus, it is likely
that these new strains have a slightly higher maximum tempera-
ture for infection than older strains of P. cubensis.

Various quantitative models have been proposed to describe
spore germination and host infection in response to temperature
and duration of leaf wetness. The most commonly used mathe-
matical functions are the polynomial models (2,23,30). The
flexibility of polynomial curves, mathematical simplicity of poly-
nomial functions, and availability of curve-fitting methods has
made polynomial models a common choice to describe the re-
sponse of infection parameters to temperature and moisture
(5,19). Nonetheless, polynomial functions have little biological
meaning and their fit is limited by the degree of polynomial that
can be used (33). A major drawback with the implementation of
polynomials in predictive models is the potential for unrealistic
results if the equations are applied to temperatures and wetness
durations outside the range used to derive the parameter esti-
mates. Duthie (9) proposed modified versions of the Weibull
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Fig. 3. Contour plots of proportions of A, germination and B, infection
potentials for different combinations of temperature and duration of leaf
wetness as predicted by model 1: fiw,1) = f(z) x (1- exp{~[B x w]”}). Each line
(isopath) depicts a contour line connecting points of equal proportions of
germination or infection.



equation (34) to model response of foliar parasites to both tem-
perature and wetness duration. One main advantage of these
models over other nonlinear models is that all the parameters used
to describe the response to temperature and wetness duration have
some biological significance (9,28). In this study, these modified
versions of the Weibull equations provided a good description of
germination and infection of cantaloupe inoculated by P. cubensis
under the controlled conditions. Our results also showed a clear
relationship between the asymptote parameters and temperature
and this allowed us to indirectly evaluate the effect of temperature
on germination of sporangia and infection through its effect on
the model parameters.

Although the models proposed by Duthie (9) have been used to
model the response of specific pathogens to combined effects of
temperature and leaf wetness duration (4,12,35), a systematic
evaluation of these models based on empirical data had not been
reported previously. In this study, the combined effects of
temperature and leaf wetness duration on sporangia germination
and infection by P. cubensis were best described by model 1.
Although model 2 provided good fit to germination data, the
model did not provide an equally good fit to infection data.
Asymptotic standard errors of parameter estimates for infection
data were larger for model 2 than for model 1. Further, parameter
estimates for infection data were relatively more highly correlated
for model 2 than for model 1 (data not shown). Parameters that
are highly correlated and have large confidence intervals indicate
an overparameterization of the model (13). Model 3, which is a
reduced form of model 1 where asymmetry is disregarded, did not
provide a good fit to either germination or infection data, as
indicated by the significant LOF test statistics. The goodness-of-
fit of model 3 may be improved by estimating the asymmetry
parameter H with a more detailed data set rather than fixing it to
1. Because sporangia germination and infection were measured
on a scale of 0 to 1, the value of E was fixed to 1 in model 3,
although the actual values for maximum germination and infec-
tion were <1. A similar assumption is also implied by forms of the
monomolecular, Gompertz, or logistic equation that lack an
explicit upper asymptote parameter. Fixing of the upper limit to 1
when the actual upper limit is <1 has been shown to result in
inadequate performance of models (25).

The response of sporangia germination and infection to
temperature was unimodal with an optimum temperature of 15.7
to 17.3 and 19.5 to 21.7°C, respectively. Germination and infec-
tion increased with wetness duration in a sigmoidal fashion. The
interaction of temperature and wetness duration also affected
spore germination and infection. For example, fewer hours of leaf
wetness duration were required to achieve a specific level of
germination or infection as temperature approached an optimum.
Our results also showed that temperature, rather than duration of
leaf wetness, was the dominant factor that determined the rate and
extent of infection by P. cubensis. This is in agreement with
reports by Yang et al. (36) but in contrast to the study by Cohen

(6), in which leaf wetness duration was considered to be the
dominant factor affecting the extent of infection. Differences in
the analytical approaches may explain the discrepancy with
regard to this observation. Whereas we used a quantitative ap-
proach to reach this conclusion, Cohen (6) based his conclusion
on a qualitative description of the effects of temperature and leaf
wetness duration on infection. Given our model, the duration of
leaf wetness can be viewed as the factor that allows germination
or infection to occur, while temperature determines the progress
of these infection parameters. Our results can be coupled with a
sporulation model (i.e., amount of sporangia produced and the
proportion that escapes the canopy) to facilitate the development
of a quantitative forecast system. Currently, a sporulation model
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Fig. 4. Contour plots of proportions of A, germination and B, infection
potentials for different combinations of temperature and durations of leaf
wetness as predicted by model 2: f(w,1) = A(1 — exp{-[f(t) x (w — O)]P}). Each
line (isopath) depicts a contour line connecting points of equal proportions of
germination or infection.

TABLE 4. Parameter estimates of model 2, f(w,t) = A(1 — exp{-[f(t) x (w — C)]P}), describing germination and infection of cantaloupe by Pseudoperonospora

cubensis based on the combined effects of temperature and duration of leaf wetness®

Sporangia germination

Infection

Parameter Estimate Asymptotic SE  Asymptotic CI;  Asymptotic CIy Estimate Asymptotic SE  Asymptotic CI;  Asymptotic CIy
A 0.689 0.045 0.598 0.779 0.362 0.020 0.322 0.401
c 1.725 0.161 1.404 2.045 1.391 0.386 0.625 2.157
D 0.561 0.090 0.382 0.740 0.745 0.146 0.454 1.035
E 0.501 0.155 0.192 0.809 0.529 0.188 0.156 0.901
F 16.716 1.128 14.472 18.959 22.802 0.974 20.872 24.732
G 0.511 0.052 0.406 0.616 0.621 0.089 0.444 0.798
H 0.823 0.191 0.444 1.202 1.916 0.447 1.030 2.803

2 In the model, f(£) = E'{exp[(t — F)G/(H + 1)]}/{1 + exp [(t — F)G]}, in which E' = E[(H + 1)/H]H"#+ 1, The parameters A, C, D, E, F, G, and H are as defined in
the main text, while # = temperature and w = leaf wetness duration. SE is the standard error and CI; and CI, = lower and upper limits, respectively, of the 95%

confidence interval around the parameter estimates.
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is not available and we are in the process of developing such a
model for P. cubensis. Once developed, the sporulation model
could be used to estimate the number of sporangia produced per
unit lesion area in a field based on environmental conditions. In a
subsequent infection period, the proportion of sporangia that
escapes the canopy and is available for aerial transport and
capable of causing disease can then be calculated. Any loss of
viability of sporangia between sporulation and infection can be
accounted for using a survival model (17). The quantitative nature
of such as forecasting system should, in theory, allow for more
accurate predictions than a similar but qualitative system cur-
rently being used for cucurbit downy mildew.

The models developed in this study were not validated using
field data, and a systematic field validation of the models is
needed before the models can be used for predictive purposes in
the field. As indicated by Jgrgensen and Bendoricchio (16), the
amount of data available for any modeling project varies greatly
and the availability of data on the real system will determine the
validation process. In this study, the ideal method of validation
would require placing inoculated plants in a disease-free field to
control the source of inoculum. However, due to the mode of
spread of P. cubensis, introducing inoculated plants in the field
when the disease is absent is discouraged in North Carolina.
Given this constraint to field validation, we are exploring other
approaches that can still be used to validate the models using field
data. In addition, the models developed in this study are not
intended for direct application in cucurbit downy mildew fore-
casting because they do not account for temperature differences
during intermittent periods of leaf wetness that occur in the field.
However, the results of these models may still be used to improve
the current weather-based advisory system. For example, model 1
can be used in conjunction with the FLEXPART plume dispersal
model (32), which is used to predict spore transport, to forecast
initial infection along the projected pathway of spore transport,
based on observed or forecasted temperature and leaf wetness
periods along the inoculum trajectory. Inevitably, temperature and
leaf wetness durations will vary along any given spore trajectory
and the models developed in this study could facilitate the
delineation of areas with similar or different risks of disease
outbreak. Further, cantaloupe, a relatively less susceptible host
compared with other cucurbit crop hosts such as cucumber, was
used in the present study. Wu et al. (35) observed an interaction of
host resistance and wetness period whereby a longer wetness
period was required to achieve a specific level of disease for a
partially resistant compared with a susceptible host. Thus, addi-
tional studies are recommended to determine how host resistance
would influence the interactive effects of temperature and leaf
wetness duration on infection by P. cubensis. The inclusion of
host susceptibility and interrupted leaf wetness would increase the
predictive capacity of the model.

APPENDIX

Derivation of equation 3. From equation 1

fw,0) = fit) x (1 — exp{~[B(w - O)I”}) (AD

in which
| expl(t—F)G/(H +1)]
N=v =E A2
1O=y { 1+exp[(1 - F)G] } A2
and where
E' = E[(H + 1)/H|H"#+D (A2.1)

If symmetry is disregarded, then H = 1 and substituting H = 1 in

equation A2.1 results in
E'=2E (A2.2)

Thus, it follows that equation A2 can be rewritten as

Predicted sporangia germination (%)

Predicted disease severity (%)

1] L 1 " 1 L 1 L 1 i 1

0 10 20 30 40 50
Observed disease severity (%)

Fig. 5. Validation of model 1: fiw,) = f(t) x (1- exp{-[B x w]P}) for
describing the combined effects of temperature and leaf wetness duration on
sporangia germination and infection of cantaloupe inoculated with
Pseudoperonospora cubensis isolate JC-09. Comparison between observed
versus predicted A, sporangia germination and B, leaf area infected. The
regression line (solid line) is not significantly different from observed =
modeled (dashed line) and the orrelation coefficient (adjusted %) = 0.90 and
0.81 for germination of sporangia and infection, respectively.

TABLE 5. Parameter estimates for the combined effects of temperature and duration of leaf wetness based on model 3, fiw,f) = [1 — exp{—(B x w)?}]/cosh[(¢ —
F)G/2], describing germination and infection of cantaloupe by Pseudoperonospora cubensis*

Sporangia germination

Infection

Parameter Estimate Asymptotic SE  Asymptotic CI;  Asymptotic CI; Estimate Asymptotic SE  Asymptotic CI;  Asymptotic CIy
B 0.053 0.003 0.046 0.059 0.017 0.001 0.014 0.019
F 17.361 0.338 16.688 18.033 19.061 0.489 18.093 20.029
G 0.242 0.012 0.219 0.265 0.275 0.022 0.231 0.318

4 Parameters B, F, and G are as defined in the main text; 7 = temperature and w = leaf wetness duration. SE is the standard error and CI; and CI;; = lower and upper
limits, respectively, of the 95% confidence interval around the parameter estimates.
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(A3)

f)=y :E{M}

1+expl(t— F)G]

Dividing the denominator and numerator by exp[(t — F)G/2], and
given that exp(z/2)/exp(z) = exp(-z/2), equation A3 can be
rewritten as

f@®=y, —E{ (A4

2
exp[—(t—F)G/2]+expl(t— F)G/Z]}

By definition (1), the hyperbolic secant of a function z is
expressed as

sech(z) = [1/cosh(z)] = 2/[exp(z) + exp(-z)] (AS)

Where cosh(z) is the hyperbolic cosine of z. If, in equation A4,
(t — F)G/2 = z and using the definition of a hyperbolic function,
equation A4 can rewritten as

fit) = y, = E x sech [(t — F)/2] = Elcosh [(t — F)G/2] (A6)

If C=0, E=1, and y, is expressed as in equationA6, then it
follows that equation A1 can be expressed as

fow, ) = [1 — exp{—(B x w)}l/cosh[(t — F)G/2] (A7)
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