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Stagonospora nodorum blotch (SNB), which is caused by Stagono-
spora nodorum, occurs frequently in the southeastern United States,
and severe epidemics can lead to substantial yield losses. To develop a
model for the progress of SNB based on the effects of temperature on
the latent period of the pathogen, batches of two winter wheat culti-
vars, AGS 2000 and USG 3209, were inoculated with S. nodorum at
weekly intervals for 16 weeks. After 72 h of incubation, inoculated
plants were exposed to outdoor conditions where temperatures ranged
from —6.6 to 35.8°C, with a mean batch temperature ranging from 9.7
to 24.7°C. Latent period, expressed as time from inoculation until the
first visible lesions with pycnidia, ranged from 13 to 34 days. The
relationship between the inverse of the latent period and mean
temperature was best described by a linear model, and the estimated

thermal time required for the completion of the latent period was 384.6
degree-days. A shifted cumulative gamma distribution model with a
base temperature of 0.5°C significantly (P < 0.0001) described the
relationship between increasing number of lesions with pycnidia and
accumulated thermal time. When latent period was defined as time to
50% of the maximum number of lesions with pycnidia (L50), the
model estimated L50 as 336 and 326 degree-days above 0.5°C for AGS
2000 and USG 3209, respectively. The relationship between 1/L50 and
mean temperature was also best described using a linear model (r? =
0.93, P < 0.001). This study provides data that link disease progress
with wheat growth, which facilitates accurate identification of thresh-
olds for timing of fungicide applications.

Stagonospora nodorum blotch (SNB), which is caused by
Stagonospora nodorum (teleomorph Phaeosphaeria nodorum), is
an important disease of wheat leaves, stems, and glumes (10,36).
The disease is widely distributed in major wheat-growing regions
of the world and is especially significant in areas with warm and
humid conditions (36), such as the southeastern United States.
Changes in cultural practices, such as planting at higher densities
with shorter rotations and the increased use of fertilizers, have
increased the intensity of the disease (18,37). The disease affects
both grain quality and yield. The milling quality of grain is reduced
by infection of the developing seed, which results in shriveling and
discoloration of the grain and reduced flour yield (5,6,24). The
disease can also result in reduced grain yield and lower test
weights (5,6,26). This is due to reduced photosynthetic area of the
upper leaves that results in less carbohydrates for grain fill (11).
Grain yield losses of up to 31% have been reported in areas where
environmental conditions favor disease epidemics (5,10,25).

The primary source of initial infection of wheat by S. nodorum
is thought to be either ascospores (2,33) or infected seed (3,29).
Disease development during the season is primarily due to pyc-
nidiospores that are spread by rain-splash from the lower parts of
the canopy to upper leaves (9). Colonization of infected host tis-
sues leads to formation of lesions that often contain fruiting bodies
known as pycnidia. The effects of environmental factors such as
temperature on the pathogen’s latent period and life cycle are im-
portant for establishing models of disease development that can be
used to improve disease control strategies (27). The term “latent

Corresponding author: P. S. Ojiambo, E-mail: peter_ojiambo@ncsu.edu

Accepted for publication 4 January 2011.

doi:10.1094/PDIS-09-10-0651

This article is in the public domain and not copyrightable. It may be freely
reprinted with customary crediting of the source. The American Phytopatho-
logical Society, 2011.

period” denotes the time between infection and the first appearance
of fungal sporulating structures (31), and is an important parameter
that affects the rate at which epidemics develop in crops. The latent
period of S. nodorum is relatively long when compared to that of
other foliar pathogens of wheat. However, reported values for the
latent period vary greatly: 6 to 49 days (31), 11 to 16 days (34), 9
to 37 days (15), 21 to 34 days (20), and 24 days (19). Time to
development of disease symptoms is strongly influenced by envi-
ronmental conditions such as moisture and temperature, with an
estimated optimum temperature in the range of 20 to 25°C (36).
For example, little or no development of SNB has been observed
when the minimum temperature is <7°C regardless of the high
relative humidity provided after inoculation (13).

The growth and development of plant pathogens and their hosts
generally respond strongly to the temperature of their environment.
In this regard, thermal time is useful in the assessment and model-
ing of growth and development of many plant pathogens (23). In
an effort to describe the degree to which host growth affects the
expression of foliar diseases on crops, Beresford and Royle (4)
introduced the concept of the “pathochron”, which is the ratio of
thermal time (degree-days above a 0°C base temperature) for the
pathogen’s latent period to the thermal time for the emergence of
successive host leaves (phyllochron). Simply put, a pathochron
describes the number of leaves emerging within a latent period of
the pathogen. Sporulation of the pathogen cannot occur until a leaf
is at least one latent period old, and during a single latent period,
new leaves can emerge. Thus, the latent period of the pathogen
interacts with host growth to influence the spatial development of a
disease within a crop. Using these concepts, rates of stem exten-
sion and leaf emergence were indentified as factors that could af-
fect the risk of Septoria leaf blotch (caused by Septoria tritici) on
winter wheat crops (22). For example, emerging upper canopy
leaves can grow away from infected lower leaves during stem elon-
gation, and splash dispersal is needed for spores to reach leaves in
the upper canopy. Based on the latent period data from Shaw (30)
and phyllochron data developed by Kirby (17), it was demonstrated
that the number of leaves emerging within a latent period of Septo-
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ria leaf blotch increased with increasing temperature (22). This
indicated that at higher temperatures, emerging upper leaves of a
wheat crop are more likely to grow away from infected lower
leaves more quickly, thereby reducing the likelihood of the deposi-
tion of S. fritici spores on upper canopy leaves.

Previous studies on the effect of temperature on the latent period
of S. nodorum on wheat were conducted under controlled condi-
tions in either a greenhouse or a growth chamber (19,31,34). Thus,
results from these studies may not reflect the interaction between
the latent period of S. nodorum and temperature experienced under
field conditions. To be useful in predicting conditions when eco-
nomic damage may occur, S. nodorum latent period data should be
acquired under a range of temperature regimes in the field. Since
leaf emergence is constant during the development of wheat, the
latent period could be used to adjust for crop growth to ensure that
leaves of appropriate age are monitored for SNB when making
decisions on timing of fungicide applications. Thus, the objective
of this study was to determine the effect of temperature on the
latent period of S. nodorum in winter wheat under field conditions.
The working hypothesis was that the latent period measured on a
thermal time scale could be defined for S. nodorum, and when
coupled with host growth, the latent period on a thermal time scale
would be useful in monitoring the disease and will facilitate deci-
sion making for the management of Stagonospora nodorum blotch.

Materials and Methods

Test genotypes and field site. Two cultivars of soft red winter
wheat (Triticum aestivum), AGS 2000 and USG 3209, were used in
this study. These cultivars are widely grown in the southeastern
United States and have been utilized as parents in developing
cultivars for the region. These cultivars differ in their response to
infection by S. nodorum, with AGS 2000 being relatively more
susceptible to SNB than USG 3209 (7). Batches of seedlings of
each cultivar were inoculated (see below) with S. nodorum at
weekly intervals from February to June 2009. Following a period
of incubation, inoculated seedlings were exposed to outdoor condi-
tions at the USDA-ARS Reedy Creek Road Field Laboratory in
Raleigh, NC, which was at least 10 km from fields with wheat or
wheat stubble.

Preparation of inoculum and plants. S. nodorum isolate NC-7-
1 was used for inoculum production. NC-7-1 was isolated from a
lesion on wheat debris collected in 2008 from a field trial in Rowan
County, NC, and maintained as a conidial suspension in 80% glyc-
erol at —80°C. Fresh inoculum was obtained weekly by subcultur-
ing 0.2-ml aliquots of the stock onto petri plates containing V8
medium (200 ml of V8 juice, 3 g of CaCOs;, 15 g of agar, and 800
ml of sterile distilled water). The cultures for inoculum production
were grown in a growth chamber at 22°C under continuous black
light (near-UV, 360 nm) to promote sporulation. Inoculum was
obtained by flooding the surface of a 7-day-old culture with sterile
distilled water and then scraping the agar surface with a sterilized
glass rod to release spores. The final spore suspension was adjusted
to 1 x 10° spores/ml by dilution, using a hemacytometer. Prior to
inoculation (described below), a germination test was conducted
using cavity slides as described by Lovell et al. (21) to determine
the viability of pycnidiospores. The germination frequency of
pycnidiospores was >95% for the spore suspensions used to inocu-
late all batches of wheat seedlings.

Seedlings of AGS 2000 and USG 3209 were grown in 9-cm pots
in a controlled-environment chamber at 21°C until the emergence
of the second leaf and then moved to a greenhouse where tempera-
tures were maintained at 24°C. A total of eight pots per cultivar
were used for each weekly batch of seedlings. The greenhouse
conditions allowed the plants to avoid natural infection due to S.
nodorum prior to inoculation. When control of powdery mildew
was necessary, soil in each pot was drenched with 50 ml of the
fungicide ethirimol (15). Ethirimol is a narrow-spectrum fungicide
that is effective against powdery mildew but has no activity against
S. nodorum (12). After the first four leaves were fully emerged,
pots were thinned to two plants per pot, and the second, third, and
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fourth leaves were marked to facilitate the identification of the leaves
during assessment of plants for disease symptoms in the field.

Inoculation procedure. At approximately weekly intervals
from February to June 2009, a batch of AGS 2000 and USG 3209
seedlings was inoculated with S. nodorum and exposed to ambient
temperatures. A batch consisted of eight plants per cultivar (16
plants total), of which six plants of each cultivar were inoculated
and two were used as noninoculated controls. Seedling plants were
placed on a rotating turntable and sprayed with a spore suspension
(1 x 10% spores/ml) containing one drop of Tween 20 until runoff,
using a handheld spray bottle. To ensure successful infection after
inoculation, each pot was enclosed in a separate polyethylene bag
with distilled water in the base to maintain high humidity and then
placed in a growth chamber at 21°C with 12 h daylight. After 48 h,
the polyethylene bags were removed. The plants remained in the
growth chamber (12 h daylight and 21°C) for an additional 24 h,
after which they were exposed to outdoor conditions at the USDA-
ARS research facility. Hourly records of temperatures at the
experimental site were monitored using data loggers (WatchDog,
Spectrum Technologies, Plainfield, IL) housed in a Gill radiation
screen positioned about 100 cm above the pots.

Assessment of disease symptoms and definition of latent pe-
riod. To assist in monitoring of symptoms, leaves 2 to 4 (from the
base of the plant) were tagged prior to exposing plants to outdoor
conditions. Disease symptoms were assessed as the number of
lesions with one or more visible pycnidia of S. nodorum. Lesions
were assessed for pycnidia with the aid of a jeweler’s lens with x4.5
magnification, and each lesion with pycnidia and the leaf on which it
was found were recorded. Disease assessment was conducted every 2
to 3 days from the time of inoculation until leaf senescence or until
numbers of lesions with pycnidia remained constant in at least four
successive assessments of disease symptoms.

Generally, latent period is taken to denote the time from infec-
tion to appearance of sporulating structures (31). However, Shaw
(30) noted that this standard definition of the latent period has lim-
ited value if symptom expression is not synchronized across plants
infected at the same time. This lack of synchronicity in symptom
expression can be avoided if latent period is expressed as time to
appearance of a population of lesions with sporulating structures.
Here, we defined latent period in various ways to allow for com-
parisons with other studies and to generate estimates that could be
useful for a range of conditions. Thus, the latent period for S.
nodorum was defined as the time from inoculation to: (i) first le-
sions with visible pycnidia (LFVP), (ii) 5% of maximum lesions
with symptoms (L5), (iii) 50% of maximum lesions with symp-
toms (L50), and (iv) maximum observed lesions with pycnidia
(L100). In all cases, time was quantified in both days and accumu-
lated temperature as described below. In addition, symptom dura-
tion, i.e., the time between first and last observed lesions with
pycnidia, was calculated for AGS 2000 and USG 3209.

Data analysis. Latent period variables LFVP and L100 were
estimated from observed number of lesions with pycnidia collected
over time, while L5 and L50 were estimated from a model (described
below) used to describe the relationship between increasing number
of lesions with pycnidia and accumulated thermal time. Following
some preliminary analysis, the relationship between the daily rate of
development during the latent period (1/LFVP) and mean
temperature was examined separately for AGS 2000 and USG 3209
by linear regression analysis using the REG procedure of SAS
version 9.2 (SAS Institute, Cary, NC). Homogeneity of slopes for
AGS 2000 and USG 3209 was tested using the GLM procedure of
SAS to determine if a common slope could be fitted to the reciprocal
of LFVP and mean temperature across the two cultivars.

A method for solving systems of differential equations relating
changes in measurable environmental variables such as tempera-
ture to development of an organism was proposed by Powers et al.
(28). In this method, parameters are written as functions of envi-
ronmental variables, and these functions involve the accumulation
of “environment time”, for example, accumulated degree-days
(28). This method has also been used to develop a model to de-



scribe the relationship between accumulated thermal time and
development of S. tritici lesions on winter wheat (21). Here, we
adopted a similar modeling approach to describe the increase in
number of S. nodorum lesions with pycnidia with accumulation of
thermal time (in degree-hours) above a base temperature (a tem-
perature below which no development of lesions with pycnidia
occurs). This model can be summarized as follows, and the details
of the model are described in Powers et al. (28):

0, TT() < p
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where TT(t) = [(Temp(u) — Thase)du is the accumulated thermal time
0

up to time ¢, in which Temp(u) = (Tempy,,, + Tempy,)/2 based on
hourly data and the accumulation occurs only when Temp(u) is
above the base temperature (Thase). The model assumes that le-
sions with pycnidia will only develop after a latent period (ex-
pressed as thermal time, including the 72 h in the growth chamber
has elapsed). The parameter N, is the maximum number of le-
sions with pycnidia that develop from a given inoculation, while p
is the estimated thermal time from inoculation to the appearance of
the first lesion with pycnidia (i.e., symptom lag). I'(§) is the gamma
function (1), and o and B are the shape and scale parameters,
respectively, of the gamma distribution.

To facilitate fitting data to the model, data sets were summarized
separately for AGS 2000 and USG 3209. These data sets were
composed of increasing number of lesions with pycnidia over ther-
mal time for each cultivar and batch of seedlings. After preliminary
analysis to assess variability among pots within a batch of seed-
lings, data for number of lesions with pycnidia were pooled across
pots, plants, and leaves to provide a mean summary of numbers of
lesions with pycnidia for each batch of seedlings. The shifted
gamma distribution model was fitted to these pooled data over all
batches separately for each cultivar, using the NLIN procedure in
SAS with the CDF function. The fitted model was then used to
estimate L5 and L50 as multiplicative parameters of the distribu-
tion. For example, L50 was estimated by replacing N,,, with 0.5 x
Npmax 1 the model. Goodness-of-fit of the model was evaluated
based on magnitude of asymptotic confidence intervals of parame-
ter estimates, asymptotic simple correlation between observed and
predicted number of lesions with pycnidia, and plots of residuals
versus predicted number of lesions with pycnidia.

Results

Temperatures and lesions with pycnidia. The effect of tem-
perature on the number of lesions with pycnidia under field condi-
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Fig. 1. Latent period (days) from inoculation of winter wheat with Stagonospora
nodorum pycnidiospores to first lesions with pycnidia (LFVP) and corresponding
mean air temperature for 16 batches of the wheat cultivar USG 3209 exposed to
outdoor conditions from February to June 2009. Data points are plotted on dates
when seedling batches were inoculated.

tions was assessed based on a total of 16 batches of inoculated
seedlings of wheat cultivars AGS 2000 and USG 3209. Batches of
inoculated plants were exposed to field conditions from 2 February
to 9 July 2009, during which temperatures ranged from —6.6 to
35.8°C. The mean temperature from inoculation to development of
lesions with pycnidia ranged from 9.8 to 23.7°C. Generally, the
mean temperatures to which batches of plants were exposed in-
creased steadily during the experimental period, being lowest in
February and highest in July (Fig. 1). Unlike the mean tempera-
ture, the latent period decreased over the study period, being longer
in February and shorter in July (Fig. 1). In addition, there was con-
siderable variation among batches in the maximum number of
lesions with pycnidia per leaf. For example, the maximum number
of lesions with pycnidia across all the batches ranged from 2.4 to
13.5 for USG 3209 and from 2.9 to 14.0 for AGS 2000, with a
mean of 5.3 (£0.91) and 7.1 (+0.88), respectively. The maximum
number of lesions with pycnidia and the mean temperature to
which seedling batches were exposed were not significantly corre-
lated for AGS 2000 (P = 0.11) and USG 3209 (P = 0.20).

Time to first visible lesions with pycnidia. Time from inocula-
tion to the first lesions with visible pycnidia (LFVP) varied be-
tween 13 and 34 days for USG 3209. Generally, LFVP decreased
with increasing temperature, with the curve taking the form of a
hyperbolic function (Fig. 1). Similarly, LFVP varied between 8 and
32 days for AGS 2000, with LFVP decreasing with increasing
temperature in a hyperbolic manner (data not shown). When ex-
pressed on a thermal time scale, LFVP varied between 158 and 354
degree-days above a base temperature of 0.5°C.

Across all batches, the mean LFVP was similar for the two culti-
vars, with values of 20.1 and 21.3 days for AGS 2000 and USG
3209, respectively. However, LFVP was longer for USG 3209 than
for AGS 2000 in six of the batches, and shorter for USG 3209 than
for AGS 2000 in only one batch. The greatest difference in LFVP
between the two cultivars in a single batch was 5 days. Linear re-
gression of the rate of lesion development during the latent period
(1/LFVP) on mean temperature after inoculation provided a similar
fit for both AGS 2000 and USG 3209 (data not shown). A test of
homogeneity of slopes did not reveal any significant (P = 0.52)
difference between regression lines for AGS 2000 and USG 3209,
and when the data for the two cultivars were combined, the rela-
tionship between 1/LFVP and mean temperature was best de-
scribed (7 = 0.81, P < 0.0001) by a linear equation (Fig. 2). The
reciprocal of the slope in the linear regression equation, y = 0.0072
+ 0.0026x, i.e., 1/0.0026 (=384.6 degree-days) represents the ther-
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Fig. 2. Inverse of latent period (1/days) from inoculation of Stagonospora nodorum
to observation of the first lesions with pycnidia (LFVP) for all batches of winter
wheat cultivars AGS 2000 and USG 3209. The line depicts a fit of batch mean data
to a linear model based on linear regression analysis. AGS 2000 is highly
susceptible and USG 3209 is moderately susceptible to Stagonospora nodorum
blotch. Mean temperature is the average of maximum and minimum temperatures
to which each batch was exposed under outdoor conditions.
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mal time required above a base temperature of 0°C for completion
of the latent period.

Increase in lesions with pycnidia. The increase in the number
of lesions with pycnidia during the experimental period varied
widely among seedling batches following inoculation with S.
nodorum. For example, the time from inoculation to maximum
number of observed lesions with pycnidia (L100) differed among
batches and ranged from 25 to 54 days. Similarly, there were sub-
stantial differences among seedling batches in symptom duration
ranging from 10 to 30 days across all batches. These differences in
both L100 and symptom duration were related to differences in
temperature, with the shortest times for both variables being re-
corded for seedling batches exposed to the warmest temperatures.
As with 1/LFVP, regression analysis for the relationship between
1/L100 and mean exposure temperature of batches for combined
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Fig. 3. Temporal increase in number of lesions with pycnidia (as percentage of
maximum number of observed lesions with pycnidia) for five batches of wheat
cultivar AGS 2000. Data are presented on three different time scales: A, days of
exposure; B, accumulated thermal time above base temperature of 0°C; and C,
accumulated thermal time above a base temperature of 0.5°C.
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data across AGS 2000 and USG 3209 was best described (2 =
0.87, P < 0.0001) by a linear equation (data not shown).

For a set of batches of AGS 2000 (Fig. 3) and USG 3209 (Fig. 4)
selected to depict the range of mean temperatures during the study,
there were distinct differences among batches in the development
of lesions with pycnidia on both physical- and thermal-time scales.
For both cultivars, differences among batches in LFVP, L100, and
symptom duration were reduced by using a thermal-time scale
(degree-days above a base temperature of 0°C, Figs. 3B and 4B)
instead of the physical-time scale (Figs. 3A and 4A). For a base
temperature of 0°C, the observed mean values for the symptom lag
were 238 and 276 degree-days for AGS 2000 and USG 3209, re-
spectively, while observed mean values for symptom lag were 244
and 289 degree-days above a base temperature of 0.5°C for AGS
2000 and USG 3209, respectively.
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Fig. 4. Temporal increase in number of lesions with pycnidia (as percentage of
maximum number of observed lesions with pycnidia) for five batches of winter
wheat cultivar USG 3209. Data are presented based on three different time scales:
A, days of exposure; B, accumulated thermal time above 0°C; and C, accumulated
thermal time above a base temperature of 0.5°C.



Model for development of lesions with pycnidia. The shifted
cumulative gamma distribution model for describing the increase
in number of lesions with pycnidia over accumulated thermal time
resulted in smaller error mean squares (less variation) when ther-
mal time was calculated based on a base temperature of 0.5°C than
on a base temperature of 0°C, for both AGS 2000 (Fig. 3C) and
USG 3209 (Fig. 4C). For example, the error mean squares were
about 6% lower for a base temperature of 0.5°C than for a base
temperature of 0°C. Use of base temperatures >0.5°C or base tem-
peratures <0°C to optimize model parameters resulted in lack of
convergence of the model. Thus, final parameter estimates for the
model used in subsequent analysis were based on thermal time
calculated using a base temperature of 0.5°C.

The final gamma distribution model provided a good fit (P <
0.0001) to the increase in number of lesions with pycnidia with
accumulated thermal time for both AGS 2000 and USG 3209. Pa-
rameter estimates for both cultivars were significantly (P < 0.05)
different from zero for combined data across all batches (Table 1).
The correlation coefficients between observed and predicted num-
ber of lesions with pycnidia were 0.927 and 0.939 for AGS 2000
and USG 3209, respectively. Plots of residuals versus predicted
number of lesions with pycnidia did not show a systematic pattern
in the residuals for both cultivars (data not shown).

The estimated values for the symptom lag (parameter p in the
model) were 249.4 and 255.6 for AGS 2000 and USG 3209,
respectively (Table 1), and these values were similar to the symp-
tom lag values obtained from observed data, especially for AGS
2000 using a base temperature of 0.5°C. Estimates of accumulated
time from inoculation to L5 and L50 were slightly higher for AGS
2000 than for USG 3209 (Table 2). However, the difference in the
range of the latent period was comparable for the two cultivars
(Table 2). No heterogeneity (P = 0.48) was observed in the slopes
of 1/L50 against mean batch temperatures when graphs for AGS
2000 and USG 3209 were plotted separately. A plot of the inverse
of L50 against mean temperature was also best described by a lin-
ear equation (+* = 0.93, P < 0.0001) for combined data across the
two cultivars (Fig. 5).

Discussion

The effect of temperature on the latent period of SNB was
investigated using two winter wheat varieties that differed in their
reaction to S. nodorum. In both cultivars, the daily rate of develop-
ment of lesions with pycnidia was linearly related to the mean
temperature during the latent period. The thermal time required for
completion of the latent period of SNB was estimated as 384.6
degree-days. When examined on a physical-time scale, the increase
in lesions with pycnidia with time varied considerably between
batches and was dependent on the time of year. However, the in-
crease in number of lesions with pycnidia was observed to be similar
at different times of year when plotted on a thermal-time scale.
Further, the increase in lesions with pycnidia on a thermal-time scale
was well described using a shifted gamma distribution model.

Table 1. Parameters and statistics for the cumulative gamma distribution
model used to describe the increase in the number of lesions with pycnidia
with accumulated thermal time following inoculation of winter wheat
cultivars AGS 2000 and USG 3209 with Stagonospora nodorum

AGS 20002 USG 32092
Parameter® Estimate S.E. Estimate S.E.
o 1.79 0.66 2.06 0.84
B 85.01 0.00 73.85 0.00
P 249.40 42.71 255.60 54.13
Error mean squares (s2) 4.93 3.03

2 AGS 2000 and USG 3209 are susceptible and moderately susceptible to
Stagonospora nodorum blotch, respectively. S.E. is the standard error for
the estimate of the model parameter.

b Parameter estimates for o (shape parameter), B (scale parameter), and p
(lag parameter) are given in degree-days based on a base temperature of
0.5°C. For AGS 2000, df = 172, and for USG 3209, df = 169.

Most of the previous studies (19,31,34) on the latent period of S.
nodorum were conducted under controlled conditions where tem-
perature was held constant, and only a few studies (20,32) have
investigated the latent period of S. nodorum under field conditions.
In the latter studies, the latent period was reported to be in the
range of 7 to 34 days, which, depending on the mean ambient
temperature, corresponds to a thermal-time accumulation of 250 to
500 degree-days above a base temperature of 0°C. The accuracy in
estimating thermal time to first sporulating lesions with increasing
temperature can be lost by using long intervals and/or fixed
intervals for assessing lesions with pycnidia (21). In previous
studies (15,19,31) as well as in the present study, observations of
lesions with pycnidia were made every 1 to 3 days. However, even
when the interval of observations is relatively short, defining latent
period using an inverse transformation (1/days) results in errors
that are greater at higher temperatures or shorter latent periods.
Analysis of the relationship between the increasing number of
lesions with pycnidia and accumulated thermal time using the cu-
mulative gamma distribution model results in reduced errors due to
either less frequent assessments or irregular thermal-time periods
between assessments (28). The relatively short interval for assess-
ing lesions with pycnidia combined with the modeling approach
used in this study maximized the accuracy of thermal-time period

Table 2. Estimates of thermal time required to fulfill the latent period of
Stagonospora nodorum inoculated on seedlings of blotch, defined as either
time from inoculation to 5% of maximum lesions with pycnidia (L5), or
50% of maximum lesions with pycnidia (L50), and range in length of latent
period for winter wheat cultivars AGS 2000 and USG 3209

Thermal time Standard
Defined latent period Cultivar®  (degree-days)? error
5% of maximum lesions AGS 2000 310.5 4.12
(L5) USG 3209 307.1 3.61
50% of maximum lesions AGS 2000 335.7 6.97
(L50) USG 3209 325.9 5.64
Range in length of latent AGS 2000 25.2
period (L50 — LS) USG 3209 18.8

2 AGS 2000 is susceptible, while USG 3209 is moderately susceptible to
Stagonospora nodorum blotch.

b Values are mean estimates of the defined latent period generated by
modeling increase in number of lesions with pycnidia with thermal time.
Thermal time is in accumulated degree-days above a base temperature of
0.5°C, estimated from the cumulative gamma distribution model of
number of lesions with pycnidia.
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Fig. 5. Inverse of latent period (1/days) from inoculation of Stagonospora nodorum
to 50% of the maximum number of lesions with pycnidia (L50) for all batches of
winter wheat cultivars AGS 2000 and USG 3209. The line depicts a fit of batch
mean data to a linear model based on linear regression analysis. AGS 2000 is
highly susceptible and USG 3209 is moderately susceptible to Stagonospora
nodorum blotch. Mean temperature is the average of maximum and minimum
temperatures to which each batch was exposed under outdoor conditions.
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estimates. The model estimated thermal time from inoculation to
the appearance of the first lesion with pycnidia to approximately
253 degree-days, which is on the lower end of the 250 to 500 de-
gree-days range reported in the previous studies (15,19,31). Thus,
it is likely that previous field studies on the latent period of SNB
(15,19,31,32) may have overestimated the latent period of S.
nodorum.

In this study, wheat plants were exposed to a range of temp-
erature that represents typical variation in temperatures during the
winter wheat growing season in the southeastern United States.
Although S. nodorum isolates and wheat genotypes used in
previous studies (8,31,34) on the latent period of S. nodorum are
different from those used in the present study, a general
comparison of the magnitude of the latent periods is still possible.
Our observations of the latent period of S. nodorum with regard to
the first appearance of lesions with pycnidia are broadly similar to
those previously reported in the United States (8,34) in a controlled
environment with a temperature range of 18 to 25°C. Our results
are also similar to those reported in Europe in controlled-
environment experiments for a temperature range of 10 to 20°C
(31). However, our estimates of the time to first lesions with visible
pycnidia are substantially lower than those reported in previous
studies (31) at lower temperatures. For example, in the present
study, the time to first lesions with pycnidia was 35 days at lowest
temperatures (<5°C), while 49 days was the corresponding time to
first lesions with pycnidia in the study by Shearer and Zadoks (31).
Such differences may be attributed to other factors such as age of
plants at inoculation and the temperatures when plants were
inoculated. For example, in the study by Shearer and Zadoks (31),
plants were inoculated at the three-leaf stage at a temperature of
17°C, while in the present study, wheat plants were inoculated at
the four-leaf stage at a temperature of 21°C. In this study, the
standardization of the inoculation procedure across all seedling
batches eliminated the environment as a source of variation during
inoculation and incubation. This allowed our observations to
reflect only the postinfection effects of temperature on the latent
period of S. nodorum under outdoor conditions.

This is the first study that documents a linear relationship be-
tween the inverse of the latent period and mean temperature for S.
nodorum on wheat. Similar observations of a linear relationship
between mean temperature and inverse of latent period have been
reported for Mycosphaerella capsellae on oilseed rape (14), M.
graminicola infecting winter wheat (21), and P. hordei on spring
barley (4). To link crop growth to P. hordei development on barley,
Beresford and Royle (4) reported a pathochron of 1.95, indicating
that 1.95 phyllochrons (emergence of successive leaf layers)
elapsed during one P. hordei latent period. This suggests that the
barley crop is likely to grow away from sources of inoculum in the
lower canopy, thereby reducing the probability of spore arrival on
the upper leaves. This has also been demonstrated for M. gramini-
cola in winter wheat (22). In order to describe the latent period of
S. nodorum in terms of the rate at which wheat leaves emerge, it is
necessary to also describe the leaf emergence in terms of thermal
time. In wheat, leaf emergence rate is constant throughout the
development of the crop, and a leaf emerges after each 110 degree-
days (17). In this study, the rate of development during a given
latent period of S. nodorum was estimated as 384.6 degree-days.
Applying the pathochron concept, 3.5 phyllochrons (=384.6/110)
will, therefore, elapse during the latent period of S. nodorum. Thus,
the winter wheat crop is likely to grow away from sources of S.
nodorum inoculum, reducing the probability of pycnidiospore
arrival on the successive upper leaf layers.

The findings reported here have direct utility in the management
of SNB. For wheat diseases such as Septoria leaf blotch and SNB,
low levels of disease are not likely to cause significant yield losses
(36). Thus, disease thresholds defined as either L5 or L50 are likely
to be more relevant in guiding profitable fungicide applications.
The model developed in this study can also be used to estimate a
wide range of potentially useful threshold values between LS5 and
L50. Decisions in the timing of fungicide applications are based on
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thresholds for S. nodorum that are determined when indicator
leaves are sampled for lesions with pycnidia (35,36). Our results
show that the rate of leaf emergence relative to the length of the
latent period of S. nodorum is high, and therefore, host growth is
likely to affect expression of the disease. This finding has implica-
tions in monitoring the disease during the season. For example, to
eliminate bias due to crop growth, it should be recognized that at
any given time, there will be leaves in the crop that will not
contribute to disease and should be ignored. Thus, instead of
averaging disease over leaves of different ages at each assessment
date, disease should be monitored on one or more age classes of
leaves that are more than one latent period old. In addition,
sampling and disease assessment should be adjusted for thermal
time, and shorter intervals should be used as the temperature
increases.

Host disease resistance is generally expressed as reduced rates
of disease increase, for example, longer latent periods in the case
of polycyclic diseases (16). In this study, latent period variables,
LFVP, L5, and L50, and model parameters did not differ substan-
tially between cultivars AGS 2000 and USG 3209, although these
two cultivars differ in their overall resistance to SNB. A similar
observation was reported for M. graminicola on winter wheat,
where negligible differences in latent period of Septoria tritici
blotch were observed between a moderately resistant and a highly
susceptible cultivar (21). One possible explanation for the lack of
cultivar differences with respect to the latent period is that other
disease resistance components, such as lesion size, rate of sporula-
tion, or even toxin sensitivity, are probably more important than the
latent period in determining overall resistance in the S. nodorum—
wheat pathosystem. Additional studies to determine how these
other components of disease resistance relate to the latent period
would be useful in providing guidance for the control of Stagono-
spora nodorum blotch.
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