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Abstract

Twizeyimana, M., Ojiambo, P. S., Hartman, G. L., and Bandyopadhyay, R. 2011. Dynamics of soybean rust epidemics in sequential plantings of

soybean cultivars in Nigeria. Plant Dis. 95:43-50.

Soybean rust, caused by Phakopsora pachyrhizi, is an important foliar
disease of soybean. Disease severity is dependent on several environ-
mental factors, although the precise nature of most of these factors
under field conditions is not known. To help understand the
environmental factors that affect disease development, soybean rust
epidemics were studied in Nigeria by sequentially planting an early-
maturing, highly susceptible cultivar, TGx 1485-1D, and a late-
maturing, moderately susceptible cultivar, TGx 1448-2E, at 30- to 45-
day intervals from August 2004 to September 2006. Within each plant-
ing date, disease onset occurred earlier on TGx 1485-1D than on TGx
1448-2E, and rust onset was at least 20 days earlier on soybean planted
between August and October than on soybean planted between No-
vember and April. The logistic model provided a better description of
the temporal increase in rust severity than the Gompertz model. Based
on the logistic model, the highest absolute rates of disease increase

were observed on soybean planted in September 2006 and October
2004 for TGx 1485-1D and TGx 1448-2E, respectively. Disease sever-
ity as measured by the relative area under disease progress curve
(RAUDPC) was significantly (P < 0.05) negatively correlated with
evaporation (r = —0.73), solar radiation (r = —0.59), and temperature (r =
—0.64) but positively correlated with urediniospore concentration (r =
0.58). Planting date and soybean cultivar significantly (P < 0.05) af-
fected disease severity, with severity being higher on soybean crops
planted during the wet season than those planted in the dry season.
Within the wet season, planting in May and July resulted in a signifi-
cantly (P < 0.05) lower RAUDPC than planting between August and
October. Yields were significantly (P < 0.001) related to RAUDPC
during the wet season, whereby an increase in RAUDPC resulted in a
linear decrease in yield. This study suggests that selection of planting
date could be a useful cultural practice for reducing soybean rust.

Soybean rust, caused by the basidiomycete Phakopsora pachyr-
hizi Syd. & P. Syd., is one of the most economically important
diseases affecting soybean worldwide (12). Soybean rust was first
reported to affect soybean plants in Japan in 1902 (14). The spread
of disease on the African continent started after the first confirmed
report in Uganda in late 1996 (21), and was subsequently reported
east, south, and west of Uganda between 1998 and 2001 (18,21).
The largest soybean-producing country on the African continent is
Nigeria (9), where the disease was first reported in 1999 (2). Since
the first report of the disease, soybean rust is now endemic in all
major soybean-growing areas in Nigeria (38). When no disease
control measures are in place, infected plants defoliate prema-
turely, resulting in yield reductions. In Africa, yield losses due to
soybean rust range between 20 and 80% (21).

Control of soybean rust is currently based primarily on applica-
tions of fungicides (21,25,26) and planting resistant cultivars
(8,33). However, fungicide application adds significantly to pro-
duction costs and this makes it a less viable option, especially in
subsistence soybean production systems in most developing coun-
tries. Thus, the use of resistant cultivars still remains the most eco-
nomical and sustainable way to manage soybean rust in Africa. In
Nigeria, breeding lines and accessions that are useful sources of
rust resistance genes have been identified (37) and incorporated
into high-yielding and adapted cultivars (33) and this has led to the
release of the rust-resistant cv. TGx 1835-10E in 2009 (8). How-
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ever, even when sources of resistance are identified, it may take at
least 5 years from the time of discovery to the availability of the
resistant cultivar for use by growers. In addition, the ineffective-
ness over the years of single dominant genes controlling rust resis-
tance in soybean (12) means a continuous quest for resistance
sources to develop new resistant cultivars. Similar to many other
crop diseases, a successful management strategy for soybean rust
will require an understanding of the epidemiology of the disease
and implementation of good cultural practices in addition to the
use of fungicides and resistant cultivars. Knowledge of disease
epidemiology provides critical background information on factors
that drive disease epidemics during the season (7). However,
knowledge of the epidemiology of soybean rust and the use of
cultural practices to reduce disease severity is lacking for many
West African countries, including Nigeria.

Choice of planting date within the season is a cultural practice
that can affect plant disease development. For example, severity of
stem rust on ryegrass for the second-year seed crop was intermedi-
ate between early- and late-planted first-year plots (30), and the
degree of reduction in disease severity due to planting date was
greatest for the cultivars that had the highest disease severity in
early-planted stands. In another study, the incidence of Fusarium
wilt on lettuce sown in September was observed to be significantly
higher than disease incidence in cultivars sown in either October or
December (24). In an analysis of soybean rust epidemics in Tai-
wan, Yang et al. (40) observed that onset of soybean rust was ear-
lier on autumn- or spring-seeded than on summer-seeded crops and
disease caused less damage in the latter cropping season. In south-
western Nigeria, soybean crops are normally planted as a sole,
relay, or intercrop from May until October during the wet season
(1) but there are no studies that document the extent to which stag-
gering the time of planting influences severity of soybean rust.
Furthermore, information on seasonal dynamics of soybean rust in
Nigeria is still lacking. Knowledge of the epidemiology of the
disease will facilitate identification of important variables that
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drive disease epidemics and provide a rational basis to improve
disease management by altering planting dates. Thus, the objec-
tives of this study were to (i) characterize the temporal dynamics of
soybean rust epidemics in Nigeria, (ii) determine the influence of
planting date on the development of soybean rust, and (iii) identify
the main physical variables that influence soybean rust epidemics
in Nigeria.

Materials and Methods

Field site and test material. The study was conducted at the In-
ternational Institute of Tropical Agriculture (IITA) experimental
field site at Ibadan, Nigeria. The institute lies on latitude 7° 31" N
and longitude 3° 45 E at an altitude of 210 m above sea level in
the lowlands rainforest belt with a bimodal rainfall distribution
averaging about 1,500 mm and temperatures of about 25 to 32°C
during the wet season (May to October) and 900 mm and 19 to
35°C during the dry season (November to April). Two commonly
grown soybean cultivars, TGx 1485-1D and TGx 1448-2E, ob-
tained from the IITA soybean-breeding program were used in this
study. TGx 1485-1D is early-maturing and highly susceptible to
soybean rust, whereas TGx 1448-2E is late-maturing and moder-
ately susceptible to soybean rust (34).

Planting date, experimental design, and disease and yield as-
sessment. Treatments in this study were planting dates conducted
from 31 August 2004 through 25 September 2006 at 30- to 45-day
intervals for a total of 18 planting dates. A single field was divided
into plots consisting of five 4-m-long rows with a spacing of 0.75
m between rows and 0.20 m between plants. Planting dates were
randomly assigned to the plots and, for each planting date, culti-
vars were arranged in a randomized complete block design with
three replications. Thus, the overall experimental design was a
split-plot with planting date as the main plot and cultivar as the
subplot. Plots were manually seeded, no fertilizers or pesticides
were applied to all experimental plots, and disease was initiated
from natural infection by P. pachyrhizi. During the dry season and
whenever there were dry periods during the wet season, plots were
irrigated twice a week for 4 h/day using an overhead sprinkler
system. Field plots were manually weeded once during the crop-
ping season.

Disease severity was visually assessed as percentage of leaf area
affected with rust symptoms and was recorded eight times from the
time of first disease symptoms through R6 growth stage (10). On
each assessment date, disease severity was recorded on three indi-
vidual leaflets arbitrarily selected in the bottom, middle, and upper
layers of five randomly selected and tagged plants in the middle
row of each plot. The mean value of disease severity across all the
three canopy levels represented disease severity of the entire plant
that was used in all analysis. At maturity, seed yield (grams per
plant) was recorded for all the plants in the three innermost rows
and the resultant yield data converted to tons per hectare for subse-
quent analysis.

Monitoring weather variables and urediniospore concentra-
tion. Mean, maximum, and minimum air temperature; relative
humidity (RH); number of rainy days; rainfall; evaporation; and
solar total radiation were monitored during the experimental period
and daily observations were recorded at IITA’s Geo-Spatial Station
at Ibadan, which was located 500 m from the experimental plots.
Temperature and RH were measured using a Diplex minimum and
maximum thermometer (Diplex Ltd., Hertfordshire, UK) and a
hygrothermograph (Model H311; Casella Measurement, Bedford,
UK), respectively. Rainfall and evaporation were measured using a
rain gauge (Belfort Instruments, Baltimore, MD) and a U.S. Class
A pan evaporimeter (ELE International, Bedfordshire, UK), respec-
tively, while solar radiation was measured using a pyranometer
(Model R41; ELE International). The mean temperature and RH
were the average of maximum and minimum temperatures and RH
recorded daily. The daily records collected from germination to the
last day of disease severity assessment (at R6 growth stage) for
minimum, maximum, and mean temperature; RH; solar radiation;
and evaporation were averaged to obtain records for each planting
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date. Total rainfall and number of rainy days were the total natural
precipitation and total number of days with natural precipitation,
respectively, from germination to the last day of disease assess-
ment.

Urediniospores during the study period between July 2004 and
October 2006 were monitored by a 7-day volumetric spore trap
(Burkard Scientific Ltd., Hertfordshire, UK) located in the mid-
dle of the experimental field and operated at a constant air flow
rate of 10 liters/min. The sampling orifice was 0.5 m above the
plant canopy. Petroleum-jelly-coated transparent tape (Melinex)
mounted on a rotating drum was used in the spore sampler. Every
week, the tape was replaced and the removed tape was cut into
48-mm-long segments, each representing a single day. Each seg-
ment of tape was placed on a glass slide and covered with a cover
slip and scanned using a microscope at x40 to determine the
number of spores deposited per day. Counts were then recorded
as the number of spores per cubic meter of air sampled per day.
With the help of an airborne spore and pollen atlas (11), P.
pachyrhizi urediniospores were identified by their morphological
characteristics: urediniospores are 18 to 37 pm by 15 to 24 um in
size, obovoid to broadly elliptical in shape with minutely and
densely echinulated surfaces, and hyaline to pale yellowish
brown (32).

Data analysis. To characterize the temporal progress of soybean
rust, disease severity data collected over time were fitted to nonlin-
ear forms of the logistic and Gompertz models (22,28) using the
Marquardt’s iterative method in the procedure NLIN of SAS (ver-
sion 9.1.3; SAS Institute Inc., Cary, NC). The most suitable model
for parameter estimation was determined using standardized resid-
ual plots, adjusted coefficients of determination, and asymptotic
standard errors of estimates of initial disease severity and rates of
disease progress (28). Estimates of the rate parameter (r) and
maximum disease severity (K) derived from the model with the
best fit were compared among planting dates by analysis of vari-
ance after fitting the best model to observed disease severity values
for each replication of the planting dates. Mean values for r and K
were then separated with Fisher’s protected least significant differ-
ence (LSD) test at oo = 0.05. The product rK, an overall measure of
the absolute rate of disease increase (4), was calculated and used to
compare disease progress among the different planting dates for
TGx 1485-1D and TGx 1448-2E. The parameter r is not an accu-
rate measure of rate of disease progress if K < 1 (28). In addition,
disease severity values recorded over time for each planting date
were used to calculate the area under the disease progress curve
(AUDPC) as described by Campbell and Madden (4). Because
planting date could have affected the length of epidemic duration
due to difference in disease onset and length of cultivar maturity,
the relative area under the disease progress curve (RAUDPC) was
used to compare disease epidemics from different planting dates
(4,22).

The SAS procedure CORR was used to determine the physical
variables that influenced the severity of soybean rust. For each
soybean cultivar, correlation analyses were conducted separately
for RAUDPC and urediniospore concentrations with the following
weather variables: maximum, minimum, and mean air tempera-
tures; RH; number of rainy days; rainfall; evaporation; and solar
total radiation. The relationship among the above weather variables
was also examined using correlation analysis.

The effects of planting date and cultivar on final disease severity,
AUDPC, and RAUDPC were determined using analysis of vari-
ance using the GLM procedure of SAS and means separated using
the LSD test at oo = 0.05. In addition, a paired ¢ test was conducted
in SAS using the procedure TTEST to determine the consistency in
the reaction of both TGx 1485-1D and TGx 1448-2E to soybean
rust (final disease severity and RAUDPC as response variables)
and yield with respect to planting date. To examine the effect of
disease severity (RAUDPC) on yield, linear regression analysis
was conducted using the REG procedure of SAS for combined data
for both cultivars across all planting seasons and separately for the
wet and dry season data.



Results

Weather variables. Rainfall amounts observed during the study
period followed the expected bimodal pattern typical for the wet
and dry seasons. Higher levels of total rainfall amounts (>150 mm)
from germination to the last date of disease assessment (at R6
growth stage) were recorded for soybean planted between April
and September in each year, while lower total rainfall amounts
(150 mm) from germination to R6 were recorded for soybean
planted in October to February in each year (Fig. 1A). The lowest
and highest total rainfall recorded from germination to R6 was
approximately 50 mm (26 November 2004) and 500 mm (4 April
2005), respectively. The trend in the number of rainy days (from
germination to R6 growth stage) was similar to that of rainfall
(Table 1), with total rainy days being higher in plantings conducted
from April to September and lower for plantings from October to
February (Fig. 1A). The trends in mean solar radiation and evapo-
ration were very similar and were mirror images of rainfall
amounts, with solar radiation and evaporation being higher during
the plantings from October to March and lower in plantings con-
ducted from April to August (Fig. 1B).

Maximum temperatures (from germination to R6) followed a
distinct bimodal pattern similar to that of rainfall, with higher
maximum temperatures (>32°C) prevailing in plantings from Oc-
tober to February and lower maximum temperatures (<30°C) being
observed for plantings from April to August (Fig. 1C). Unlike
maximum temperatures, minimum temperatures varied just slightly
and ranged between 21°C (31 May and 15 July 2005 and 25 Sep-
tember 2006) and 23°C (25 February 2005 and 12 January 2006).
Generally, maximum RH did not vary much and was >90% during
the study period, except for one planting on 26 November 2004,
when the maximum RH was 87% (Fig. 1C). Unlike maximum RH,
variations in minimum RH were more pronounced, with high
peaks (>60%) for plantings from May to August and lower peaks
(<60%) for plantings from September to April (Fig. 1C). The mean
RH was significantly (P < 0.05) positively correlated with rainfall
and number of rainy days but significantly (P < 0.05) negatively
correlated with the mean and maximum temperatures and evapora-
tion (Table 1).

Disease severity and disease progress. Planting date and soy-
bean cultivar significantly (P < 0.05) affected severity of soybean
rust (Table 2). Cv. TGx 1485-1D had levels of disease severity
consistently higher than TGx 1448-2E for all planting dates when
soybean rust was present (Table 2). Across all planting dates, the
highest final level of disease severity (74.5% for TGx 1485-1D and
44.8% for TGx 1448-2E) was observed on soybean planted on 10
August 2006, although similar levels of disease severity, albeit
nonsignificant, were also observed for the planting dates of 13
October 2005 and 31 August 2004. No disease was observed on
either cultivar for soybean planted on 14 January and 25 February
2005. In addition, no disease was observed on TGx 1448-2E for
soybean planted on 24 February and 30 March 2006 (Table 2).
Generally, disease severity was low on soybean planted from No-
vember to April the following year.

Although absolute means for disease severity were significantly
different between planting dates, the temporal progress of soybean
rust on both TGx 1485-1D and TGx 1448-2E was similar, and
characteristic of a sigmoid curve (Fig. 2). To facilitate interpreta-
tion of results, disease progress curves were grouped into four
groups based on the quartile distribution of RAUDPC for each
planting date. For example, group I consisted of planting dates
(February and March) that had either no disease or very low final
levels of disease severity, while group IV consisted of planting
dates (August and October) that had the highest mean levels of
disease severity. Disease onset on soybean planted in August and
October was about 14 days earlier on TGx 1485-1D than on TGx
1448-2E, while onset of disease for plantings in June and July was
about 6 days earlier on TGx 1485-1D than on TGx 1448-2E (Fig.
2). For TGx 1485-1D, disease onset on soybean planted in August
and October was 7 days earlier than soybean planted in June and

July and 24 days earlier than on soybean planted in November and
January (Fig. 2A). For TGx 1448-2E, disease onset on soybean
planted in August to October and in June and July was not different
but was about 20 days earlier compared with soybean planted in
November to January (Fig. 2B).

Temporal progress of soybean rust on TGx 1485-1D and TGx
1448-2E for all planting dates was best described by a nonlinear
logistic model. Planting date and soybean cultivar significantly (P
< 0.05) affected rates of disease progress (r), the upper asymptote
(K), and the absolute rates of disease increase, rK (Table 3). Abso-
lute rates of disease increase were significantly (P < 0.05) higher
for TGx 1485-1D than for TGx 1448-2E, the highest rK was ob-
served on TGx 1485-1D planted on 25 September 2006, whereas
the highest rK on TGx 1448-2E was observed on plants planted on
11 October 2004. For TGx 1485-1D, higher absolute rates of dis-
ease increase (rK > 0.075) were generally observed on soybean
planted between July and October, whereas low rates (7K < 0.045)
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Fig. 1. A, Total rainfall and number of rainy days from germination to the last
disease assessment date at growth stage (GS) R6; B, mean solar radiation and
evaporation; and C, minimum and maximum temperature and relative humidity from
germination to GS R8, for each planting date from August 2004 to September 2006
in a field experiment to determine the effect of planting date on soybean rust sever-
ity in Nigeria.
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were observed on soybean planted between November and April
(Table 3). Unlike TGx 1485-1D, higher rK values (> 0.045) on
TGx 1448-2E were observed on soybean planted between May and
October (except for the planting on 12 May 2006), whereas lower
rK values (<0.040) were observed when soybean were planted
between November and April.

Inoculum and disease dynamics. Urediniospores of P. pachyr-
hizi were present in the air during the entire study period from
August 2004 to September 2006 (Fig. 3). However, the relative
number of spores varied across planting dates and was highest
around July 2005 and lowest in February 2006. There was also a
consistent seasonal pattern or trend in the observed number of
spores and RAUDPC whereby both urediniospore concentrations
and RAUDPC were higher from May to October and decreased
from November to April the following year (Fig. 3).

Relationship between rust severity, spore concentration, and
weather parameters. For both soybean cultivars, RAUDPC did

not significantly (P > 0.05) correlate with rainfall amounts, number
of rainy days, RH, and minimum temperatures (Table 4). However,
RAUDPC was significantly negatively correlated with evaporation (r
=-0.73, P < 0.01), solar radiation (r = —-0.60, P < 0.05), and maxi-
mum and mean temperature (r = —0.64, P < 0.05) for TGx 1485-1D.
Similar significant (P < 0.05) correlations between RAUDPC and
evaporation, solar radiation, and maximum and mean temperatures
were also observed for TGx 1448-2E (Table 4). For both cultivars,
RAUDPC was significantly (P < 0.05) positively correlated (r >
0.51) with urediniospore concentration.

The correlations between urediniospore concentrations and
weather variables were very similar for both cultivars. For exam-
ple, for TGx 1448-2E, urediniospore concentrations were signifi-
cantly (P < 0.01) and negatively correlated with evaporation (r =
—0.87), solar radiation (r = —0.86), and all temperature variables
(absolute r > 0.78). There were also significant (P < 0.05) correla-
tions between urediniospore concentrations and number of rainy

Table 1. Pearson’s correlation coefficients among weather variables recorded during a soybean rust field experiment conducted from August 2004 through

November 2006 in Nigeria®

Temperature (°C)? RH (%)

Parameter Rainy days Rainfall mm) Evap. (mm)? Rad. (MJ/m?day)¢ Min. Max. Mean Min. Max.
Rainfall 0.83%%*
Evap. 0.75%* —0.68%*
Rad. -0.52 ns -0.38 ns 0.83 %%
Temp. (°C)

Min. -0.61* -0.39 ns 0.72%* 0.72%*

Max. —0.86%** —0.71%* 0.96%#: 0.80%: 0.73%*

Mean —0.84%** -0.66* 0.94 %% 0.827%##* 0.83%#:* 0.99%#:*
RH (%)

Min. 0.80%3* 0.69%* —(.83%** —0.70%* —0.44 ns —0.91#** —0.84 %%

Max. 0.41 ns 0.36 ns -0.49 ns -0.35 ns 0.06 ns -0.52 ns -0.41 ns 0.78%*%

Mean 0.75 #* 0.65* —0.807%** -0.66* -0.36 ns —0.87%#%* —0.79%** 0.99%#:* 0.85%3#:*

2 Asterisks *, #*, and *** indicate significant correlations at P = 0.05, 0.01, and 0.001, respectively; ns = nonsignificant.
b Mean, minimum (Min.), and maximum (Max.) temperatures.

¢ Relative humidity.
d Evaporation.
¢ Solar radiation.

Table 2. Soybean rust severity on soybean cvs. TGx 1485-1D and TGx 1448-2E, infected with Phakopsora pachyrhizi in the field from August 2004 and

November 2006 in Nigeria

TGx 1485-1D TGx 1448-2E
Year, planting date FDS (%)* AUDPC? RAUDPCP FDS (%) AUDPC RAUDPC
2004
31 August 69.8 1,395.6 249 433 933.3 15.1
11 October 61.6 1,146.3 20.5 42.7 841.9 13.6
26 November 21.3 328.1 5.9 13.3 149.0 24
2005
14 January 0.0 0.0 0.0 0.0 0.0 0.0
25 February 0.0 0.0 0.0 0.0 0.0 0.0
6 April 7.1 80.5 1.4 2.5 19.5 0.3
31 May 63.7 1,125.8 20.1 31.5 550.8 8.9
15 July 61.0 1,080.1 19.3 344 647.2 104
31 August 60.3 1,536.3 27.4 42.0 881.2 14.2
13 October 70.1 1,424.2 254 43.6 874.1 14.1
25 November 31.8 501.6 9.0 17.7 287.2 4.6
2006
12 January 10.0 120.3 2.1 3.8 38.7 0.6
24 February 2.0 16.0 0.3 0.0 0.0 0.0
30 March 0.8 6.9 0.1 0.0 0.0 0.0
12 May 15.0 243.6 44 10.3 147.6 2.4
3 July 51.7 964.4 17.2 31.2 570.0 9.2
10 August 74.5 1,418.2 253 44.8 940.6 152
25 September 65.3 1,245.4 222 39.7 834.6 13.5
LSD¢ 3.7 89.3 L5 44 53.6 1.0

2 Final disease severity (FDS) was recorded when plants were at R6 growth stage (approximately 76 and 84 days after germination for TGx 1485-1D and
TGx 1448-2E, respectively). TGx 1485-1D is early-maturing and highly susceptible to soybean rust, while TGx 1448-2E is late-maturing and moderately

susceptible to soybean rust.

b AUDPC = area under disease progress curve; RAUDPC = relative AUDPC obtained by dividing the AUDPC by the total number of days between the first
and last date of disease assessment.
¢ Fisher’s protected least significant difference test at o = 0.05.
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days (r = —0.701), and minimum and mean RH (r = 0.73 and 0.70,
respectively). However, no significant correlations were observed
between urediniospore concentrations and either rainfall or maxi-
mum RH (Table 4).

Planting date and soybean yields. Planting date and cultivar sig-
nificantly (P < 0.05) affected soybean yields (Table 5). Across plant-
ing dates, TGx 1448-2E had significantly (P < 0.05) higher yields
than TGx 1485-1D. In addition, planting date consistently affected
soybean yields regardless of the cultivar, with the highest yields be-
ing observed for soybean planted on 31 May 2005 and 3 July 2006
(Table 5). In general, soybean planted in May through August or
October (for TGx 1448-2E) had significantly higher yields than soy-
bean planted between November and April (Table 5). Yield for all the
planting dates (wet and dry seasons) for TGx 1485-1D and TGx
1448-2E did not indicate any meaningful correlation between
RAUDPC and yield (data not shown). However, when data were
restricted to only the wet season in all 3 years, RAUDPC signifi-
cantly (P < 0.001) affected yield, with an increase in RAUDPC re-
sulting in a linear decrease in yield (Fig. 4).

Discussion

In this study, soybean cultivars with different levels of suscepti-
bility to P. pachyrhizi and having different physiological maturity
periods were sequentially planted over a period of 3 years to gen-
erate seasonal windows that were different in weather, plant condi-
tions, and rust epidemics. Temporal dynamics of soybean rust in
relation to weather were quantified and the effect of planting date
on disease severity was established. Disease severity increased
logistically, as is typical of polycyclic epidemics such as soybean
rust, and disease onset was earlier on an early-maturing, highly
susceptible soybean cultivar than on a late-maturing, less suscepti-
ble cultivar. Furthermore, although planting during the dry season
resulted in lower levels of infection than planting during the wet
season, disease severity from sequential plantings within each sea-
son consistently varied from one month to the next, indicating that
selection of planting date can provide a useful cultural control for
reducing soybean rust severity in Nigeria.

In the presence of soybean rust within a given planting date, dis-
ease resistance in the two soybean cultivars was expressed as lower
RAUDPC, rK, and Y, (initial disease severity) values. For example,
rK and RAUDPC values for the moderately susceptible and late-
maturing TGx 1448-2E were 40 and 50%, respectively, lower than
corresponding values for the highly susceptible and early-maturing
TGx 1485-1D in plantings in July, August, and October in 2005.
Similar observations in AUDPC and infection rates due to P.
pachyrhizi infection of susceptible and tolerant soybean genotypes
were also reported in Taiwan (13). In a study to quantify develop-
ment of soybean rust in Taiwan, Tschanz and Wang (36) concluded
that the lower rates of disease development on the resistant cv. G-
8587 was also an indication of general resistance. Thus, although
no genetic studies have been conducted on the two cultivars used in
this study, differences in the observed infection rates and disease
severity may be explained, in part, by the inherent nature of culti-
var resistance to infection by P. pachyrhizi (29,37) and differences
in host maturity (39). Within a given planting date, disease onset
was earlier on the susceptible TGx 1485-1D than on the moder-
ately susceptible TGx 1448-2E. The consistent response of the two
cultivars to soybean rust with respect to RAUDPC, rK, and Y, sug-
gests that these three tools for quantifying disease resistance may
be controlled by the same genetic factors (16).

Planting date consistently affected soybean rust severity regard-
less of the test cultivar. Specifically, higher levels of disease sever-
ity were observed on soybean planted from July to October than
soybean planted from November to April. The effect of planting
date on disease severity can be explained by a combination of sev-
eral factors. First, the amount of urediniospores present during the
period between November and April was approximately four times
lower than spore concentrations between July and October. Thus,
in a variety of ceteris paribus conditions, infection is likely to be
higher from July to October than from November and April. Sec-

ond, the lower maximum temperatures from July to October may
also have promoted disease development (20). The minimum tem-
peratures observed in this study were comparatively similar across
planting dates (range of 21 to 23°C) and were within the range
required for infection by P. pachyrhizi (21). However, the maxi-
mum temperatures from July to October and November to April
were <30°C and >30°C, respectively. Field temperatures of >30°C
have been reported to retard the development of soybean rust (5).
Frequent precipitation combined with long periods of leaf wetness
may also have contributed to high levels of disease from July to
October, during which there was a higher number of rainy days and
reduced evaporation compared with planting dates between No-
vember and April. An increase in the duration of leaf wetness pro-
motes infection by P. pachyrhizi and development of soybean rust
(27). This increase in leaf wetness duration can be due to either
increased frequency of precipitation or reduced evaporation of
available moisture on the leaf surface.

One of the objectives of this study was to determine the extent to
which staggering of planting date can be used to reduce soybean
rust severity. Although differences in rust severity were observed
between the wet and dry seasons, significant differences in disease
severity were also evident within each cropping season. The low
disease severity and yields observed during the dry season most
likely were due to the direct and indirect effects of evapotranspira-
tion. For optimal productivity, high rates of crop evapotranspiration
need to be offset by a corresponding availability of adequate mois-
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Fig. 2. Disease progress curves for soybean rust on soybean cultivars A, TGx
1485-1D (early-maturing and highly susceptible) and B, TGx 1448-2E (late-
maturing and moderately susceptible) in a field experiment planted from August
2004 to September 2006 to determine the effect of planting date on soybean rust
severity in Nigeria. Data points are mean disease severity values, vertical bars
represent standard errors of the mean observed disease values, and curves are the
predicted disease severity values obtained from fitting a nonlinear logistic model to
observed data. Depicted planting dates are selected to illustrate the range of dis-
ease progress curves observed during the entire study.
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Table 3. Results of nonlinear regression analysis of temporal progress of soybean rust (Phakopsora pachyrhizi) on soybean cvs. TGx 1485-1D and TGx

1448-2E, obtained using logistic model*

TGx 1485-1D TGx 1448-2E
Year, planting date  Rate (r) SE for r K SE for K rK r SE for r K SE for K rK
2004
31 August 0.098 0.012 0.844 0.081 0.083 0.098 0.017 0.515 0.061 0.050
11 October 0.146 0.006 0.661 0.013 0.098 0.134 0.015 0.457 0.026 0.061
26 November 0.188 0.024 0.233 0.014 0.044 0.155 0.010 0.176 0.010 0.027
2005
14 January
25 February
6 April 0.211 0.037 0.106 0.013 0.023 0.172 0.002 0.214 0.002 0.037
31 May 0.131 0.019 0.734 0.069 0.097 0.138 0.014 0.360 0.021 0.050
15 July 0.120 0.021 0.737 0.093 0.090 0.130 0.013 0.392 0.025 0.051
31 August 0.111 0.012 0.644 0.036 0.072 0.084 0.020 0.551 0.120 0.046
13 October 0.098 0.017 0.887 0.130 0.087 0.115 0.017 0.491 0.045 0.057
25 November 0.095 0.038 0.445 0.196 0.043 0.154 0.013 0.197 0.009 0.030
2006
12 January 0.129 0.028 0.223 0.015 0.029
24 February
30 March
12 May 0.154 0.014 0.167 0.008 0.026 0.135 0.013 0.127 0.009 0.017
3 July 0.128 0.015 0.577 0.040 0.075 0.111 0.015 0.371 0.036 0.041
10 August 0.093 0.014 0.976 0.136 0.089 0.110 0.010 0.522 0.310 0.057
25 September 0.140 0.009 0.704 0.021 0.100 0.093 0.014 0.496 0.062 0.046
LSDP 0.021 .. 0.100 . 0.009 0.022 .. 0.023 . 0.043

2 Cv. TGx 1485-1D is early-maturing and highly susceptible to soybean rust, while TGx 1448-2E is late-maturing and moderately susceptible to soybean
rust. Disease severity was expressed as leaf area infected (proportion) on an entire plant. SE = standard error; K = upper asymptote; 7K = absolute rate; ... =

model did not generate parameter values due to lack of convergence.
b Fisher’s protected least significant difference (LSD) test at o = 0.05.
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Fig. 3. Relative area under disease progress curve (RAUDPC) for soybean cvs.
TGx 1485-1D and TGx 1448-2E, and urediniospore concentration in a field experi-
ment planted from August 2004 to September 2006 to determine the effect of plant-
ing date on soybean rust severity. TGx 1485-1D is early-maturing and highly
susceptible to soybean rust, while TGx 1448-2E is late-maturing and moderately
susceptible to soybean rust. Whiskers are standard errors of the mean values for
RAUDPC.

ture (17). However, moisture was limited during the dry season
because the irrigation capacity was not able to supply all the soil
moisture needed for normal growth. Because P. pachyrhizi is an
obligate pathogen, any variable that limits crop growth will also
affect disease severity. This low level of disease coupled with low
yields was perhaps the main reason for the lack of correlation be-
tween yield and disease severity when analysis was based on com-
bined wet- and dry-season data. Indeed, a significant effect of dis-
ease on yield became more apparent when only data from wet
season was considered. Thus, the use of planting date to reduce
disease may only be practical during the wet season. During the
wet season, soybean planted between May and July had signifi-
cantly lower RAUDPC values than soybean planted between Au-
gust and October, regardless of the test cultivars. Yields for soy-
bean planted between May and July were also comparable or even
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higher than for soybean planted between August and October, re-
gardless of the test cultivar. In southwestern Nigeria, soybean is
relay cropped with cassava and maize from May to October (1). In
these areas, farmers plant two soybean crops a year, the first crop
during May and the second crop during September or October,
often in the same field. However, after the introduction of rust,
farmers abandoned the second planting because rust inoculum
from the first planting often devastated the second crop. In several
pathosystems, early or late planting within a growing season has
also been shown to greatly influence plant disease development
(24,30). Results from this study suggests that planting early
within the wet season (i.e., May or June) can substantially reduce
severity of soybean rust without a substantial yield penalty.
Based on these considerations, selection of planting date may
provide a useful cultural control for reducing severity of soybean
rust in Nigeria and in West African countries with similar
weather and cropping patterns. In Taiwan, planting soybean in
the summer has been shown to delay the onset of soybean rust
compared with planting in spring or autumn (3). It was suggested
that physiological age of the soybean plant was responsible for
the difference in disease severity between summer versus spring
or autumn planting (35,40). In this study, we did not examine the
influence of maturity duration of the soybean cultivars on differ-
ences in rust severity during the wet and dry season and we rec-
ommend further studies to establish whether such a phenomenon
plays a role in suppression of soybean rust in tropical climates of
West Africa.

Several studies (5,20,23,27) have been conducted to determine
the important physical factors that influence infection by P.
pachyrhizi and development of soybean rust. Our results are in
agreement with previous studies where temperature, duration of
leaf wetness, and solar radiation were reported to affect soybean
rust severity. However, we did not observe a significant correlation
between rainfall amount and number of rainy days with disease
severity. A similar lack of influence of rainfall on soybean rust has
also been reported in Uganda (19), where rainfall did not influence
rust severity prior or after the mid-growth period of soybean. In
Taiwan, a study to determine the effect of rainfall on rust develop-
ment in three planting dates over 2 years showed that the timing of
the first rain and the amount of rainfall during the season were key
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Table 4. Pearson’s correlation coefficients among weather variables and relative area under disease progress curve (RAUDPC) for soybean cvs. TGx 1485-
1D and TGx 1448-2E, and urediniospore concentration in the field from August 2004 to November 2006 in Nigeria®

RAUDPC Urediniospore concentration (per m? of air)
Variable TGx 1485-1D TGx 1448-2E TGx 1485-1D TGx 1448-2E
Rainy days 0.399 ns 0.380 ns 0.644* 0.701*
Rainfall (mm) 0.366 ns 0.326 ns 0.428 ns 0.481 ns
Evaporation (mm) —0.726%* —0.629%* —0.850%* —-0.868 **
Solar radiation (MJ/m?/day) —0.595%* -0.571* —0.846%* —0.855%%*
Minimum temperature —0.457 ns —0.453 ns -0.671%* —0.783%%*
Maximum temperature —-0.646* —0.549* —0.839%* —0.842%*
Mean temperature (°C) -0.644* -0.550%* —0.880%** —0.881%#**
Minimum relative humidity (%) 0.489 ns 0.402 ns 0.725% 0.731*
Maximum relative humidity (%) 0.258 ns 0.202 ns 0.506 ns 0.521 ns
Mean relative humidity (%) 0.463 ns 0.376 ns 0.697* 0.703*
Urediniospore concentration (per m> of air) 0.585%* 0.512%*

2 TGx 1485-1D is early-maturing and highly susceptible to soybean rust, while TGx 1448-2E is late-maturing and moderately susceptible to soybean rust.
Asterisks *, ¥* and *** indicate significant correlations at P = 0.05, 0.01, and 0.001, respectively; ns = nonsignificant.

Table 5. Yields for soybean cvs. TGx 1485-1D and TGx 1448-2E planted
in the field from August 2004 to September 2006 to determine the effect of
planting date on soybean rust severity in Nigeria®

Year, TGx 1485-1D TGx 1448-2E
planting date  Yield (ton/ha) SE Yield (ton/ha) SE
2004
31 Aug 0.9 0.17 1.3 0.19
11 Oct 0.8 0.15 1.2 0.15
26 Nov 0.4 0.09 0.6 0.12
2005
14 Jan 0.1 0.03 0.3 0.03
25 Feb 0.1 0.03 0.4 0.03
6 Apr 0.2 0.03 0.8 0.17
31 May 1.1 0.12 1.6 0.17
15 July 0.9 0.17 1.4 0.21
31 Aug 0.7 0.12 1.2 0.06
13 Oct 0.5 0.07 0.8 0.21
25 Nov 0.4 0.09 0.6 0.17
2006
12 Jan 0.2 0.00 0.3 0.03
24 Feb 0.2 0.03 0.2 0.03
30 Mar 0.6 0.03 0.3 0.06
12 May 1.2 0.09 1.3 0.09
3 July 1.2 0.15 1.7 0.15
10 Aug 0.8 0.09 1.3 0.07
25 Sep 0.5 0.03 1.1 0.22
LSD (o = 0.05)° 0.3 0.4

2 TGx 1485-1D is early-maturing and highly susceptible to soybean rust,
while TGx 1448-2E is late-maturing and moderately susceptible to soy-
bean rust. SE = standard error.

b Fisher’s protected least significant difference test.

factors affecting development soybean rust epidemics (35). In an-
other study, Del Ponte et al. (7) improved the correlation between
rainfall and soybean rust severity by using only accumulated rain-
fall for a 30-day window following disease detection. The number
of rainy days over the same 30-day window following disease de-
tection also was a good predictor of maximum disease severity (7).
Thus, our inability to detect a significant correlation between dis-
ease severity and rainfall could be related to, besides other factors,
the larger temporal window (approximately 55 to 62 days) for
which the two variables were examined. Although it appears that
rainfall is a variable that promotes rust epidemics in the field, the
direct or indirect biological role of rain in the epidemic process is
still not well established (6). RH (>80%) has been reported to be
necessary for infection (21) but we did not observe a significant
relationship between disease severity and RH. Rather, we observed
a significant positive correlation between RH and urediniospore
concentration. It has been suggested that RH may affect the timing
of spore release and spore survival (15) but quantitative informa-
tion is still lacking. Although the effects of irrigation on the corre-
lation between moisture variables and soybean rust severity were
not evaluated in this study, it is unlikely that irrigation could have
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Fig. 4. Relationship between soybean yield and relative area under disease
progress (%-disease days) during the wet seasons in 2004, 2005, and 2006 in
Nigeria in an experiment conducted to determine the effect of planting date on the
epidemics soybean rust caused by Phakopsora pachyrhizi. Data shown are for
combined disease and yield data for soybean cvs. TGx 1485-1D (early-maturing
and highly susceptible) and TGx 1448-2E (late-maturing and moderately
susceptible).

had an impact on the results presented here for a couple of reasons.
First, irrigation was applied during the dry season mainly to ensure
survival of the crop during the experimental period. Second, the
dry season was characterized by high evaporation rates, and soy-
bean rust was either absent or very minimal during this season. The
high evaporation rates suggest that the effects of irrigation during
the dry season would be very short-lived to meaningfully affect
disease severity by either increasing the RH or prolonging leaf
wetness.

This study examined the effect of planting date on soybean rust
severity and provided a basis for selecting the planting date within
the wet season to reduce disease severity. Further, we determined
the key weather variables that influence disease development and
availability of urediniospore during the season. Information on the
effect of meteorological factors on epidemiological and aerobi-
ological components of soybean rust can be expressed in the form
of mathematical functions or rules that use single or combined
factors as predictor variables. Several soybean rust forecasting
systems use such information individually or integrated to predict
the risks in real time during the season or assess the risks of the
disease under different climatic scenarios (31). However, due to
differences in weather patterns and disease dynamics, prediction
systems developed, for example, based on meteorological variables
in China or the United States will not necessarily be accurate pre-
dictors for the disease in West Africa (6). Thus, information gener-
ated from this study provides a working framework for developing
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similar prediction systems for the risk of soybean rust development
in West Africa, where predictors for the disease have not yet been
developed or explored.
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