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ABSTRACT

The progress of the severity of southern rust in maize (Zea
mays) caused by Puccinia polysora was quantified in staggered
plantings in different geographical areas in Brazil, from October to
May, over two years (1995-1996 and 1996-1997). Thelogistic model,
fitted to the data, better described the disease progress curvesthan the
Gompertz model. Four components of the disease progress curves
(maximum disease severity; area under the disease progress curve,
AUDPC; area under the disease progress curve around the inflection
point, AUDPCI; and epidemic rate) were used to compare the epidemics
in different areas and at different times of planting. The AUDPC,
AUDPCI, and the epidemic ratewereanalyzed in rel ation to thewesther
(temperature, relative humidity, hours of relative humidity >90%, and
rainfall) and recorded during thetrials. Disease severity reached levels

greater than 30% in Piracicaba and Guaira in the plantings between
December and January. Lower values of AUDPC occurred in later
plantingsat both locations. The epidemic rate was positively correlated
(P < 0.05) with the mean daily temperatures and negatively correlated
with hoursof relative humidity >90%. The AUDPC wasnot correlated
with any weather variable. The AUDPCi was negatively related to
both variables connected to humidity, but not to rain. Long periods
(mostly >13 h day™) of relative humidity >90% (that corresponded to
leaf wetness) occurred in Castro. Severity of southern rust in maize
has always been low in Castro, thus the negative correl ations between
disease and the two humidity variables.

Additional keywords: temporal analysis of epidemics,
staggered plantings, Puccinia polysora.

RESUMO

Progresso temporal da ferrugem polisora em milho sob
diferentes condi¢des de ambiente

O progresso tempora da severidade da ferrugem polisora
causada por Puccinia polysora do milho (Zea mays) foi quantificado
em plantios seqiienciais de outubro a maio em diferentes areas no
Brasil durante doisanos (1995-1996 e 1996-1997). O modelo logistico
ajustou-se melhor aos dados que o modelo de Gompertz. Quatro
componentes da curvade progresso da doenca (severidade maxima
da doenca; area sob a curvade progresso da doenca, AUDPC; area
sob a curva de progresso da doenga ao redor do ponto de inflex&o,
AUDPCI; e taxa epidémica) foram usados para comparar as
epidemias nasdiferentes &reas e nas diferentes épocas de plantio. A
AUDPC, aAUDPCI e ataxaepidémicaforam analisadasemrelacéo
a variaveis climéticas (temperatura, umidade relativa, horas de

umidade rel ativa>90% e preci pitagao) medidas durante os ensaios.
A severidade dadoencaatingiu niveis maiores que 30% em Piracicaba
e Guairanos plantios de dezembro ejaneiro. Valores maisbaixos de
AUDPC ocorreram nos plantios tardiosem ambososlocais. A taxa
epidémica correlacionou-se positivamente (P < 0,05) com as
temperaturas diérias e negativamente com horas de umidade relativa
>90%. A AUDPC néo se correlacionou com nenhuma variével
climética. A AUDPCi correl acionou-se negativamente com ambasas
varidveis ligadas a umidade, mas ndo se correlacionou com a
precipitacdo. Periodos longos (>13 h por dia) de umidade relativa
>90% (que correspondem ao molhamento foliar) ocorreram em Castro.
A severidade dadoencafoi semprebaixaem Castro, o queexplicaas
correl agOes negativas entre doenca e as duas variaveis relacionadas
comaumidade.

INTRODUCTION

Maize southern rust, caused by Puccinia polysora
Underw., has been reported in tropical and subtropical areas
to be the most destructive of the rusts that affect maize (Zea
maysL.) crops(Schall et al., 1983). Crop losses of >50% have
been reported in susceptible hybrids (Rezendeet al ., 1994). In
Brazil, thisrust isone of themost common diseasesof cultivated
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corn, especially in the mid-west and southwest regions of the
country. The importance of southern rust has increased in
recent years with the expansion of the crop over periods and
into areas not traditionally used for corn. According to Pinto
et al. (1997) the successive plantings of cornin the same area
has resulted in an increase of inoculum of southern rust that
madethelate plantings of corn morevulnerableto the disease.
Late plantings (from January to March) represent 20% of the
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total area of corn in Brazil. Planting time in Brazil is usually
from mid-September to mid-November.

The influence of temperature and leaf wetness on the
development of maize southern rust has been determined under
controlled environments (Melching, 1975; Hollier & King, 1985;
Godoy et al., 1999). Infection wasfavored by temperatures of
23 °C and periods of leaf wetness from 2 to 24 h. Higher
temperatures (25 to 27 °C) favored col onization independent
of leaf wetness periods (Godoy et al., 1999). Environmental
variables have been used as disease predictors in several
forecasting systems and simulation models of disease
epidemics for different pathosystems (Campbell & Madden,
1990; Bergamin Filho & Amorim, 1995). Temperature and
humidity are the environmental variables most used in
forecasting for epidemics of foliage diseases. Even if critical,
temperature is, in general, less limiting than humidity to the
progress of epidemics (Rotem, 1978). When no dry period
occurs, disease progressisstrictly related to temperature (Bhatti
& Kraft, 1992). Theinformation obtained in experiments under
controlled environmental conditions can assist simulation and
forecasting programs. Nevertheless, since the microclimate
provided in environmental chambers differs from that in the
field, theresults obtained in plant growth chambersneed to be
verified, or at least supplemented, by field trials (Zadoks, 1978;
Rotem, 1988).

The objective of this study was to investigate the
influence of climatic variables recorded in meteorological
stations in the field on the progress of southern rust in
staggered crops of cornin different areas and different periods
of timein Brazil.

MATERIAL ANDMETHODS

Experimental fields

Fiveexperimentswerecarried out inthreedifferent areas
of Brazil with distinctly different climatic conditions (the
experimental station of Zeneca Co. in Castro, State of Parana;
the experimental station of the University of Sdo Paulo in
Piracicaba, State of S&o Paulo; and the experimental areaof the
‘Hibridos Especiais Colorado’ Company in Guaira, State of S&o
Paulo). Staggered plantings were used in two seasons for all
sitesto obtain a broad exposure of the cropsto infection by P.
polysora. In the 1995-1996 growing season, there were five
plantings at Piracicaba (November 20 and December 21, 1995,
and February 15, March 29, and May 14, 1996) and four
plantings at Castro (October 26, November 24, and December
1 and 21, 1995). In the 1996-1997 season, there were four
plantings at Piracicaba (October 18, and December 10, 1996,
and February 14 and March, 12 1997); three plantings at Castro
(30 October, November 28, and December 23, 1996); and five
plantings at Guaira (October 21 and December 14, 1996 and
January 15, February 13, and March 15, 1997).

The maize hybrid XL 330, susceptible to P. polysora,
was planted in experimental plotsin ten 10-meter-long rows,
0.80 m apart, with a distance of 0.25 m between plants.
Experiments in the plots were conducted according to the
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conventional practices used in commercial fields, including
fertilizationwith 120 kg of N, 100kg of P,O,, and 100kg of K ,O
per hectare and spraysto control insects when necessary. The
experimental plots were placed in areas intensively used for
mai ze cropping. Disease severity wasrecorded for 51 marked
plantsselected inthe six central rowsof theplot. A diagrammatic
scale was used to assess the severity of the disease on the
seventh leaf (Godoy, 2000). This leaf was usually just below
the ear and it remained green for much of the season. Weekly
assessments were started when plants showed 12 unfolded
leaves and continued until the grains ripened.

Dataanalysis

Disease progress curvesfor different periods and areas
were plotted over time for the average disease severity of the
51 plants. Thelogistic model, Y= B, /(1 + B, exp(-B, X)), was
used where Y represented disease severity in percentage, B,
represented the asymptotic stabilization of the curve, B, was
related to theinitial disease, B, wastherate of disease progress,
and X was days. This model was fitted to the severity values
by non-linear regression. Besides the logistic model, the
Gompertz model wasalso fitted to the data. The appropriateness
of the models to the data was analyzed by the coefficients of
determination (R?) obtained by non-linear regression between
the observed values and time, and by the pattern of the
residuals. The logit of disease severity was used to calculate
the disease progress rate between two consecutive
assessments (Campbell & Madden, 1990).

The AUDPC was estimated by trapezoidal integration
(Berger, 1988). The areaunder the disease progress curve for
three consecutive eval uations around the point of theinflection
of thecurve (AUDPCI) wasa so cal cul ated by the samemethod.
Theinflection point was determined by the mathematical model
andit corresponded to thetimewhen'Y equalled B, /2, where Y
represented the severity and B, was the estimated asymptote
for themodel.

Temperaturein °C (T), % relative humidity (RH), and
rainfall in mm (R) were recorded during the seasons by
meteorological stations located near the experimental fields.
The number of hourswith relative humidity greater than 90%
(RH >90%) was used as an estimate of |eaf wetness, since dew
is usually formed on the leaves when the relative humidity
exceeds90% (Sutton et al., 1984; Friedand & Schrédter, 1988).

Thedaily mean valuesfor thefour climatic variables(T,
RH, hr of RH >90%, and rainfall) wererelated to three variables
of the epidemics (epidemic rate, AUDPC, and AUDPCi) by
Pearson’s correl ation coefficient. The epidemic rates cal cul ated
between two consecutive assessments were related with
environmental variables recorded a week before, since the
incubation period for this disease ranges from seven to 12
days under the average temperature conditions where the
studiestook place (Godoy et al., 1999). The AUDPC wasrelated
to the average weather variables recorded during the period of
the progress of the epidemic. The software PlotI T (Scientific
Programming Enterprises, Hadlett, M1, USA) and Statistica
(StatSoft, Tulsa, OK, USA) were used in the analyses.
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RESULTSAND DISCUSSION

The maximum severity of maize southern rust ranged
from 0to 54%in the 1995-1996 season (Figure 1) and from O to
66% in the 1996-1997 season (Figure 2) in the different
locations. The logistic model fit the disease severities better
than the Gompertz model (data not presented) and thus the
logistic model was used for the analysis of the temporal
progress of the epidemics. Coefficients of determination (R?)
of the nonlinear regression analysis were between 0.78 and
0.99 (Table 1). It was not possible to fit the model to curves
with less than three positive data points (second and third
plantingsin Castro and fourth planting in Piracicaba, in 1995-
1996) or when there was no disease (fourth planting in Castro
and the fourth and fifth plantings in Piracicabain the 1995-
1996 season; and thefirst planting in Castro in 1996-1997).

The asymptotes (parameter B, of the logistic model)
were aways quite low (<1%) in al plantingsin Castro and in
thelate plantingsin Piracicabaand Guaira. Explosive epidemics,
with asymptotes greater than 30%, occurred only in Piracicaba
and Guairain the plantings between December and February
(Table 1 and Figures 1 and 2). During the two-year period, the
plantings in Castro did not go beyond December due to
unfavorably cool temperatures for the crop. The average
temperature for the whole period in Castro was lower than in
Piracicabaand Guaira, awaysbelow 22°C (Table2, and Figs. 1
and 2).

Southern rust of maize has been described in the

literature asadisease of hot climates, favored by temperatures
around 25°C (Melching, 1975; Hollier & King, 1985; Raid et al.,
1988; Godoy et al., 1999). The differencesin the progress of
the disease, observed in the different experiments and times of
planting, seemed to have a more direct relationship with
temperature than with humidity. In Piracicaba, Guaira, and
Castro, the severity of rust was quitelow in the late plantings,
athough the frequency of leaf wetness periods (RH >90%)
was the same asthose in the early plantings (Table 2, Figures
1 and 2). The average temperature in late plantings was close
t020°C (Table 2). Raid et al. (1988) in studies of epidemics of
P. polysora in Pennsylvania and Maryland suggested that
temperature was the most limiting factor for the occurrence of
epidemicsin the northern United States.

The rate of disease progress was significantly
correlated (P < 0.05) with the variables temperature (T) and
length of periods of leaf wetness (hourswith RH >90%) (Table
3). The fastest epidemic rates were observed during higher
average temperatures and shorter leaf wetness periods. The
minimum leaf wetness period for P. polysora to begin an
infection is 2 h and the infection efficiency increases with the
lengthening of theleaf wetness period (Melching, 1975; Hollier
& King, 1985; Godoy et al., 1999). ThevariablesAUDPCi (P=
0.018) and epidemic rate (P = 0.035) were negatively correlated
with hourswhen RH >90% (Table 3). Thisrelationship seems
to lack any biological meaning. The statistical dependency
between these variables does not necessarily provide evidence
of a causal relationship between them (Butt & Royle, 1990).
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FIG. 1- Progress curves of southern rust of maize (Zea mays), average temperatures, rainfall (mm) and number of daily hours of |eaf wetness
(RH>90%) in Castro and Piracicaba, in different planting timesin 1995-1996. (closed circles represent first planting date, opened circles, the
second, closed sguares, the third, opened squares, the fourth, and triangles, the fifth).
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FIG. 2 - Progress curves of southern rust of maize (Zea mays), average temperatures, rainfall (mm) and number of daily hours of |eaf wetness
(RH>90%) in Castro, Piracicabaand Guaira, in different planting timesin 96/97. (closed circlesrepresent first planting date, opened circles, the
second, closed sgquares, the third, opened squares, the fourth, and triangles, the fifth).

The minimum wetness period determined in controlled
conditions (Godoy et al., 1999) was established during one
cycle of the disease where the other environmental variables
were kept constant. Even though long periods of |eaf wetness
may be favorablefor infection, the same condition may inhibit
other phases of the disease cycle, e.g., dissemination (Rotem
etal., 1973; Amorimet al., 1995).

Prolonged periods of leaf wetnessin Castro, wherethe
severity of the disease has always been quite low (Figures 1
and 2), were probably the cause of the negative correlation for
both AUDPCI and epidemic rate versus hourswith RH >90%.
The cause for low severity of the disease in Castro may be
attributed to the low temperatures, the negative influence of
high humidity in the dispersion of the pathogen, or to a

TABLE 1 - Parameters (B, B,, and B,)* and coefficients of
determination (R?) for thelogisticmodel [Y=B, /(1+B,exp (-
B, X))] fitted to progress curves of southern rust of maize (Zea
mays) at three sites in two seasons

: Planting M odel par ameter s 2

Season Site date B, B, B, R
1995-1996  Piracicaba 20 Nov 95 23 6.1x10" 014 097
21Dec95 164 7.6x10° 023 097
15Feb96 542 35x10° 0.18 0.99
Castro 26 Oct 95 06 1.9x10° 013 0.6
24 Nov 95 04 42x10* 014 098
7 Dec 95 0.1 51x10° 032 078
1996-1997  Piracicaba 18 Oct 96 7.7 67x10Y 043 0.99
10Dec96 663 9.2x10° 024  0.99
14Feb97 308 38x10° 0.16 0.8
Guaira 210ct96 125 6.6x10° 021 0.8

14Dec96 432 92x10° 031 0.99
15Jan97 405 2.8x10° 033 099
13Feb97 284 12x10° 019 0.95
15 Mar 97 43 34x10° 019 0.99

“B, is maximum asymptotic severity (%), B, is related to initial disease,
and B, is the epidemic rate in logits day™.
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combination of both factors. Experiments designed to evaluate
the effects of long periods of |eaf wetness and its interaction
with temperature in the dispersion of uredospores should be
conducted to test these hypotheses. Similar situations have
aready been reported in other pathosystems (Butt & Royle,
1990; Amorimet al., 1995). Predictive equationsof rustinwhesat
(Triticum aestivum L.) leaves with unrealistic relationships
between weather variablesand disease progress have not been
validated in field trials because they were not biologically
significant (Moschini & Pérez, 1999).

Integral variables, like AUDPC, are calculated over a
long period of time and do not alow the analysis of temporary
environmental variationsthat usually occur during the progress
of an epidemic. Thus, AUDPC and AUDPCI, the latter
representing the area under the disease progress curve of
approximately a 15-day period, were not influenced by average
temperatures. Theindividual epidemic rates, which took into
account the increment of disease severity in short periods of
time during the epidemic, was more associated with climatic
variablesinthe correlation analysis (Table 3).

Theusein this study of asusceptible hybrid plantedin
intensively cultivated areas of maize provided two of the needed
elements for the development of the rust (susceptible host
and presence of inoculum). Nevertheless, there were no
epidemicsin al three planted areas in certain periods due to
limitations imposed by weather conditions. Rust pathogens
reproduce profusely, infect, and disperse very quickly under
favorable conditions, even with aminimum amount of inoculum,
to cause devastating epidemics (Rotem, 1978). The oppositeis
asotrue, as shown in this study and in the study of viruses of
rice(OryzasativaL.) in Africa(Heinrichset al., 1997). When
environmental conditions are not favorable, the presence of
inoculum, even in high quantities, would not be enough to
cause adestructive epidemic. The severity of rust, reportedin
late plantingsin commercial areas (Pinto et al., 1997) was not
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TABLE 2- Meandaily temperature (T), mean daily relative humidity
(% RH), and number of hourswith relative humidity higher than 90%
for different sites and epochs during epidemics of southern rust of
maize (Zea mays) in Brazil

Ste Planting Weather variables

date T(°C) % RH Hr RH 90%

Piracicaba 20 Nov 95 247 83.1 113

21 Dec 95 242 85.4 12.2

15 Feb 96 205 80.9 10.2

29 Mar 96 17.7 814 113

14 May 96 183 70.6 6.7

Casdiro 26 Oct 95 217 88.4 14.7

24 Nov 95 215 89.1 151

7 Dec 95 212 89.4 155

21 Dec 95 212 88.7 153

Piracicaba 18 Oct 96 24.2 80.8 9.3

10 Dec 96 24.4 79.2 9.4

14 Feb 97 20.3 75.2 8.5

12 Mar 97 189 79.3 95

Casiro 30 Oct 96 205 90.1 155

28 Nov 96 20.4 87.1 136

23 Dec 96 17.4 81.1 126

Guaira 21 Oct 96 242 86.2 136

14 Dec 96 246 80.3 11.4

15 Jan 97 233 818 12.3

13 Feb 97 213 75.9 9.1

15 Mar 97 18.9 79.7 10.1

TABLE 3- Pearson’scoefficients (r) and level s of significance (P) for
therelationship between the areaunder the progress curve for southern
rust of maize (AUDPC), the area under disease progress curves for
three assessments around the inflection point (AUDPCI), and the
disease progress rate between two consecutive assessments versus
average weather variables [temperature (T), relative humidity (%
RH), number of hours with relative humidity higher the 90% (RH
>90), and rainfall]. Analysis was with the combined data sets of the
seasons of 1995-1996 (Piracicaba and Castro) and 1996-1997
(Piracicabaand Guaira)

Disease progress

Weather AUDPC AUDPCi

variable rate

r P r P r P
T (°C) 0.22 0.339 0.31 0.308 0.24 0.005
% RH -0.38 0.083 -064 0.019 -0.13 0.116

RH >90% -0.37 0.093 -0.64 0018 -0.18 0.035
Rain (mm) -0.36 0.108 -049 0.088 -0.08 0.323

the only consequence of the accumulation of inoculum. The
explosive epidemics observed in the second, third, and fourth
plantings in Piracicaba and Guaira were evidence that both
inoculum and favorable weather were necessary for the
development of the disease. With the early planting dates, the
inoculum was probably quite low; in the late planting dates,
ampleinoculum was available but weather was not favorable.
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