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ABSTRACT

Isard, S. A., Dufault, N. S., Miles, M. R., Hartman, G. L., Russo, J. M., De Wolf, E. D., and
Morel, W. 2006. The effect of solar irradiance on the mortality of Phakopsora pachyrhizi uredin-
iospores. Plant Dis. 90:941-945.

Soybean rust, caused by Phakopsora pachyrhizi, may be the most important foliar disease of
soybean. Within the last 10 years, the fungus has moved to many new geographical locations via
spread of airborne urediniospores. The objective of this study was to determine the relationship
between urediniospore viability and exposure to solar radiation. Urediniospores of P. pachyrhizi
were exposed in Capitdn Miranda, Paraguay, to determine the deleterious effects of sunlight.
Concomitant total solar (0.285 to 2.8 pm) and ultraviolet (0.295 to 0.385 um) irradiance meas-
urements were used to predict urediniospore germination. Urediniospores exposed to doses of
solar and ultraviolet (UV) radiation >27.3 MJ/m? and >1.2 MJ/m?, respectively, did not germi-
nate. The proportions of urediniospores that germinated, normalized with respect to the germina-
tion proportion for unexposed urediniospores from the same collections, were a linear function
of solar irradiance (R? = 0.83). UV measurements predicted normalized germination proportions
equally well. Results of inoculation experiments with exposed P. pachyrhizi urediniospores sup-
ported the results of the germination trials, although the effects of moderate levels of irradiance
varied. The relationship between urediniospore viability and exposure to solar radiation has been
incorporated into the U.S. Department of Agriculture’s soybean rust aerobiological model that
provides North American soybean growers with decision support for managing soybean rust.

Additional keywords: aerobiology, urediniospore dispersal

Soybean rust, caused by Phakopsora
pachyrhizi Sydow, is the most serious
foliar disease of soybean (Glycine max)
worldwide. Substantial economic losses
attributed to this plant pathogen have oc-
curred in Asia, Australia, Africa, and South
America (12). In 2003, yield losses in
Brazil exceeded 6% of the annual produc-
tion (9,18). The pathogen has over 95
known alternative hosts from 43 genera of
legumes which may serve as reservoirs for
the pathogen when soybean is not present
(5). Unfortunately, cultivars with resistance
to soybean rust are currently unavailable,
and foliar fungicides to manage the disease
will add significantly to production costs
(12).

The urediniospores of P. pachyrhizi have
demonstrated swift and frequent aerial
movement at local, regional, and global
scales (8). P. pachyrhizi was initially de-
tected in the United States at the Louisiana
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State University research farm on 6 No-
vember 2004 (16,17). Three years earlier,
it had appeared for the first time in the
Western Hemisphere throughout the Rio
Parana region of Paraguay and southern
Brazil (12). During subsequent years, soy-
bean rust spread to wherever soybean was
planted within South America between
30°S latitude and the equator (18). By
2004, the pathogen had reached the soy-
bean production regions in central Argen-
tina and in the Andes Mountains of Co-
lombia (8).

Using the CLIMEX model to predict the
effects of climate on soybean rust, Pivonia
and Yang (14) indicate that P. pachyrhizi
will likely survive on soybean and/or alter-
native hosts year-round in Mexico, the
Caribbean Islands, and wherever appropri-
ate hosts are present along the Gulf of
Mexico in the United States. The analysis
revealed that winters in the central United
States are too harsh for year-round P.
pachyrhizi survival. In these areas, soybean
rust epidemics will be dependent on long-
distance aerial dispersal of urediniospores
from a subtropical source region.

The aerial spread of soybean rust de-
pends on the ability of urediniospores to
survive environmental conditions encoun-
tered during transport. If urediniospores

were dispersed from India to Central Af-
rica, from Africa to South America, and
then from South America to North Amer-
ica, they must have the ability to survive in
the air for many days, perhaps as long as 2
weeks. Output from an aerobiology trans-
port model suggests that the first rust ured-
iniospores to invade the United States
likely arrived from Columbia during Sep-
tember 2004 in association with Hurricane
Ivan, which swept across the Caribbean
Sea (8). For this event to have occurred,
the pathogen would have had to survive the
range of temperature, relative humidity,
and solar irradiance conditions encoun-
tered over a period of 9 to12 days.

The effect of exposure to solar irradi-
ance on the survival of P. pachyrhizi ured-
iniospores has not been studied. However,
Aylor and colleagues (3,13,15) have exam-
ined the effect of temperature, relative
humidity, and solar radiation on survival of
detached spores of Alternaria solani, Per-
onospora tabacina, Phytophthora in-
festans, Uromyces appendiculatus, and
Venturia inaequalis. The major finding of
these studies was that solar radiation, es-
pecially its ultraviolet (UV) component,
was the primary cause of mortality during
exposure. The objective of this study was
to quantify the effect of solar irradiance on
the survival of detached P. pachyrhizi ured-
iniospores. The evaluation of the effects of
solar radiation on urediniospore survival
may improve the accuracy of aerobiology-
based modeling systems (e.g., USDA
Soybean  Rust Information  System,
http://sbrusa.net) and facilitate predic-
tions of P. pachyrhizi dispersal to soybean
fields in the middle latitudes of North
America from overwintering habitats in
the subtropics.

MATERIALS AND METHODS

In this study, germination of P. pachyr-
hizi urediniospores was measured follow-
ing exposure to varying levels and dura-
tions of solar irradiance. Germination of
urediniospores was used as an indication
of the ability of urediniospores to survive
and withstand environmental stress. Inocu-
lation trials were also conducted using
urediniospores exposed to different solar
irradiances. The trials were carried out on
14 days during February and March 2005
on the Centro Regional de Investigation
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Agricola station in Capitdn Miranda, Para-
guay. All P. pachyrhizi urediniospores used
in the trials were collected from soybean
(var. Conquistan) planted in irrigated plots
10 weeks prior to the start of the trials. The
plants were infected naturally by wind-
blown dispersal of urediniospores from
neighboring fields.

Spore collection. P. pachyrhizi uredin-
iospores were collected in the morning
(0700 to 0800 local time) of each trial as
soon as the dew had evaporated from the
soybean leaves. The urediniospores were
gently brushed from the underside of the
infected leaves onto an aluminum tray for
transport to a laboratory, where they were
temporarily held in a 10-ml glass vial.

Solar radiation trials. Urediniospores
(ca. 200 mg) were tapped from the vials,
brushed through a filter (ca. 40 pum) to
remove large particles and disrupt clusters,
and deposited onto inverted covers of 100
by 15 mm plastic petri dishes. The spore-
laden covers were separated into three sets.
At the start of each trial, urediniospores
from one set of covers were transferred to
water agar as described below to determine
initial germination percentage (germina-
tion controls). A second set was placed
onto a wire grid platform on a table in the
center of a large grass-covered courtyard
where they were exposed to the entire sky
(except very near the horizon) and pro-
tected from strong wind gusts. The wire
platform was raised 3 cm above the table
top to allow ventilation under the clear
petri dish covers. A third set of treatments
was arranged identically to exposure
treatments, but the inverted lids with ured-
iniospores were placed on a shelf under the
table in full shade (shaded controls). Two
lids with urediniospores from each of the
second and third sets (exposed and shaded)
were removed from the table for process-
ing after varying amounts of time.

Because doses of solar irradiance from
single-day exposure trials did not com-
pletely inhibit germination, 2-day trials
were conducted following published pro-
cedures (10). The spore-laden petri dishes
were stored at 5°C in darkness overnight.
Sets of samples were tested for germina-
tion before and after storage. There was no
statistically significant effect of overnight
storage on germination proportion under
these conditions.

Total solar radiation (0.285 to 2.8 um)
and ultraviolet radiation (0.295 to 0.385
um) were measured with an Eppley
pyranometer (Model 848, Eppley Labora-
tory Inc., Newport, RI) and an Eppley
Total UV radiometer (Model #6676, Ep-
pley Laboratory), respectively. The radi-
ometers were calibrated by the authors
prior to deployment and by Eppley Labo-
ratory upon completion of the measure-
ment program. Air temperature (°C) and
relative humidity (%) were measured using
a Vaisala HMP45C (Vaisala, Helsinki,
Finland) temperature and relative humidity
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(RH) probe. All measurements were made
each second, averaged for 1-min intervals,
and stored in a Campbell 21X datalogger
(Campbell Scientific, Logan, UT).

Following exposure (sun, shade, or no
exposure), the spore-laden covers were
placed over 20 g/liter water agar (Difco
Bacto) in 100-mm-diameter plastic petri
dishes. The tops were tapped sharply until
all urediniospores in the covers were de-
posited onto the water agar surface. The
plates were then incubated in complete
darkness for 18 h at 20°C (£2°C) (10). The
germination proportion of the first 100
urediniospores observed on the agar sur-
face using a microscope (x200) was re-
corded for each treatment and control.
When no germination was found associ-
ated with the first 100 urediniospores, all
the urediniospores (1,000 to 2,000) on the
agar surface were inspected.

Inoculation trials. Urediniospores in
petri dish lids were exposed to solar irra-
diation levels of 10 and 23 MJ/m?, while
urediniospores from the same collections
were placed in a 10-ml glass vial on the
shelf under the table (shaded controls).
Environmental conditions were recorded
following the methods described above.

After exposure, urediniospores were
tapped into glass dishes, then brushed into
a 150-ml solution of sterile water and
Tween 20 (0.1%). The resulting solutions
were hand-mixed and diluted to a density
of 5,000 to 20,000 urediniospores/ml.
Urediniospore solutions (150 ml) were
misted onto the leaves of 120 greenhouse-
grown soybean plants (var. Aurora) at
growth stage V1. Water was misted onto a
set of 120 plants as a control treatment.
The soybean plants were placed into a mist
chamber (100% RH) at 20°C (£2°C) for 16
h to stimulate infection. The plants were
subsequently moved out of the mist cham-
ber onto benches in a rust-free greenhouse.
The severity of soybean rust on the plants
was evaluated 14 days after each inocula-
tion using a 15x optical glass binocular
magnifier (Donegan Optical Co., Lenexa,
KS) to count the number of lesions on the
first trifoliolate of 40 plants in each treat-
ment. The inoculation trials were done
twice during March and April 2005.

Analysis of data. Initial germination
proportions varied between 41 and 58%
for the trials conducted with uredinio-
spores collected from the field on different
days. Consequently, to compare the results
from the trials, the germination proportions
for all treatments were normalized with
respect to the mean initial germination
proportion for their respective trial (germi-
nation controls). Relationships between
survival of urediniospores and doses of
radiation for the exposure trials were cal-
culated by using least squares linear re-
gression analyses; ¢ tests were used to
evaluate differences among slope parame-
ters estimated for individual days (4). The
Kolmogorov-Smirnov test was used to

evaluate differences between the observed
distribution of the germination proportion
for the control treatments and a normal
distribution  (11). Differences among
treatment means in the inoculation trials
were evaluated using ANOVA (SAS Insti-
tute, Cary, NC).

RESULTS

The sky during 15 to 18 February 2005
was exceptionally clear at the field station,
while overcast conditions prevailed on 21
and 23 February 2005. The environmental
conditions during the 6 days of the radia-
tion exposure trials are shown in Figure 1.
Environmental conditions during the 2-day
exposure trials conducted during early
March are not displayed, but the days were
mostly sunny with temperature and humid-
ity conditions within the same range as
those for the measurement days in Febru-
ary.

The parameters associated with the lin-
ear relationships between total solar and
UV irradiance and germination proportion,
normalized with respect to the germination
proportion for unexposed urediniospores
(germination controls) from the same col-
lections, were evaluated for individual
days (Table 1). Differences among the
slopes of the regression lines for individual
days were not statistically significant (o0 =
0.1), so were pooled for all trials. The
proportion of germinating urediniospores
in the 37 shaded control treatments for the
experiments conducted over the 2-week
period were normally distributed with
mean and standard deviations of 0.483 and
0.037, respectively (Fig. 2). Germination
in the shaded control treatments was not
impacted by exposure durations up to 8 h
(Fig. 3). Air temperatures during these
trials were typically in the upper 30s to
mid 40s, while relative humidity values
generally ranged between 25 and 50%
(Fig. 1).

The proportion of the exposed uredinio-
spores that germinated, normalized with
respect to the germination proportion for
unexposed urediniospores (germination
controls) from the same collections, was
plotted against total solar irradiance using
the data from all days (Fig. 4). A linear
relationship fit using least squares regres-
sion yielded an R? value of 0.83. Uredinio-
spores exposed to >27.3 MJ/m’ did not
germinate. A similar analysis used to esti-
mate the normalized germination propor-
tion (Y) as a function of UV radiation ex-
posure (X) gave Y = 1.0011 — 0.6724X. The
proportion of variation in normalized ger-
mination accounted for by UV irradiances
(R* = 0.83) was the same as that for total
solar irradiance. Urediniospores exposed
to a UV irradiance >1.2 MJ/m? did not
germinate.

Results of the inoculation experiments
using urediniospores exposed to moderate
and high treatments of total solar radiation
(10 and 23 MJ/m?) are displayed in Figure



5. Differences in the mean number of pus-
tules per trifoliolate for the no exposure
and moderate exposure treatments were
not statistically significant but were greater
than the mean for the high exposure treat-
ment in the first experiment. All three
treatments were statistically different from
one another in the second experiment.
There was no apparent reason for the dif-
ference in the moderate treatments be-
tween experiments. Averaging the results
for both experiments, the mean numbers of
pustules per trifoliolate for the moderate
and high exposure treatments as a propor-
tion of the controls were 0.82 and 0.29,
respectively.  Germination  proportions
estimated from the linear relationship pre-
sented in Figure 4 for the same exposure
levels are 0.71 and 0.32.

DISCUSSION

The spread of plant pathogens through
the air depends on the ability of dis-
seminules to withstand the conditions they
encounter during movement. Over the past
decade, urediniospores of P. pachyrhizi
have survived frequent long distance
transport, moving from Asia into Africa,
then to South America, and most recently
into North America. This study demon-

strates that soybean rust urediniospores are
sensitive to exposure to solar radiation,
which can reduce their viability, and con-
sequently that the movement of soybean
rust urediniospores on continental and
intercontinental scales of thousands of
kilometers must occur under cloud cover.
The proportion of P. pachyrhizi uredin-
iospores that germinate decreased with
increasing exposure to solar radiation. The
results of the inoculation experiments sup-
port the findings of the germination trials.

Urediniospores exposed to total solar ra-
diation doses >27.3 MJ/m? did not germi-
nate. The fraction of a cohort of uredinio-
spores surviving exposure to a given dose
of solar radiation (Ey) in an aerobiology
model is often expressed as:

Ef — e—l/I* (1)

where I is the solar irradiance (MJ/m?) and
I* is a critical dose (MJ/m?) that kills a
fraction 1 — 1/e of the spores (1,2,8). A
total solar irradiance of approximately 21

Table 1. Coefficients for linear relationships between solar and UV irradiances and the proportion of

urediniospore germination of Phakopsora pachyrhizi

Germination vs. total solar irradiance

Germination vs. UV irradiance

Date? n bob bl R? b0 blb R?

15 Feb 05 16 0.994 -0.029 0.88 0.983 -0.771 0.89
16 Feb 05 16 1.042 —0.025 0.85 1.037 -0.693 0.84
17 Feb 05 20 0.912 -0.030 0.94 0.900 -0.850 0.94
18 Feb 05 20 0.991 —0.027 0.90 0.972 -0.802 0.90
21 Feb 05 14 1.136 -0.031 0.85 1.131 -0.845 0.86
23 Feb 05 6 0.864 -0.022 0.49 0.875 -0.586 0.49

2 Effect of solar and UV irradiances were evaluated on six dates and the results of each date evaluated

independently.

bby and b, are coefficients in the linear equation Y = by + b;X where X is solar or UV irradiance
(MJ/m?) and Y is normalized germination proportion. R? is the coefficient of determination, and n is
the number of exposed plates. Comparisons among coefficient values for individual days are not

statistically significant at o = 0.1.
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Fig. 1. Total solar and ultraviolet radiation, air temperature, and relative humidity measurements for days when Phakopsora pachyrhizi spores exposure trials
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MJ/m? resulted in a mortality of 63.2% of
the exposed P. pachyrhizi urediniospore
population. The critical doses of total solar
irradiance for A. solani, Peronospora taba-
cina, Phytophthora infestans, U. appen-
diculatus, and V. inaequalis spores are 35,
2.4, 0.9, 25, and 21 MJ/m?, respectively
(2). The linear form of the relationship
between germination and total solar radia-
tion exposure found in this study differs
from the exponential decay form proposed
by Aylor (1,2) for spores exposed to
sunlight. This difference has important
implications to aerobiological forecasts of
risk from pathogens such as soybean rust
where inoculum can be transported long
distances over multiple days, and new loci
of infection in deposition areas may be
initiated by small numbers of viable ured-
iniospores.

We can evaluate differences in estimates
of urediniospore survivorship from the
linear and exponential models using a
hypothetical situation in which soybean
rust urediniospores are blown 1,300 km
over a 100-h period (e.g., at the 850-mb
level with an average wind speed of ca. 13
m/s) from a source along the Gulf of Mex-
ico to a soybean field in the central United
States where they are deposited by precipi-
tation. It is plausible that the uredinio-
spores making this journey during the
summer months under overcast sky and
mostly clear conditions would be exposed
to solar radiation doses of approximately
12.5 and 50 MJ/m?, respectively. Using the
exponential decay model (equation 1), 55
and 9% of the viable urediniospores that left
the Gulf Coast source region would be vi-
able at deposition in the central United
States for the overcast and mostly clear sky
scenarios, respectively. In contrast, the lin-
ear model predicts that the percentages of
viable urediniospores at deposition would
be 62 and 0% for the same scenarios.

Marchetti et al. (10) reported germina-
tion proportions for urediniospores of P.
pachyrhizi strains from Australia, Taiwan,
Indonesia, and India as a function of incu-
bation temperature and duration in dark-
ness. We followed their methods using an
incubation temperature of 20°C and 18 h

Mean = 0.4832
Standard deviation = 0.0372
N=37

Normal distribution

@

Observations (#)

36 40 A4 48 52 56 B0

Germination Proportion

i}

Fig. 2. Distribution of observations of germina-
tion proportion for exposure control treatments.
The null hypothesis that there is no difference
between observed and normal distributions
could not be rejected at oo = 0.2 using the Kol-
mogorov-Smirnov test.
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of darkness because it resulted in high
germination proportions. The mean uredin-
iospore germination proportion for the
control treatments in our study was 0.48,
similar to values reported by Marchetti et
al. (10) for the isolates from Australia,
Taiwan, and Indonesia, but less than the
germination proportions reported for the
Indian strain. Higher germination propor-
tions (0.52 to 0.62) for P. pachyrhizi ured-
iniospores from infections on greenhouse-
grown soybean plants has been observed
(Reid, M. R. Miles, and G. L. Hartman,
personal communication). It was our ex-
perience in Paraguay that the germination
proportions for field collections of uredin-
iospores from exposed leaves in the upper
soybean canopy were generally low, lead-
ing us to speculate that urediniospores in
pustules on plants may also be impacted
by radiation exposure. Germination did not
appear to be impacted by the ranges of air
temperatures and relative humidity levels
typically experienced in the area. To en-
hance the magnitude and consistency of
germination proportions for treatments

0.7
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0.3

0.2
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Germination Proportion

0r T T T T T T T
0 1 2 3 4 5 & 7

Exposure Duration (h)

o
o

Fig. 3. Relationship between germination pro-
portion and duration of exposure for the 31
shaded control treatments placed on a shelf
under the table. Temperature and relative hu-
midity conditions measured on the shelf during
the exposures are depicted in Figure 1.

among experiments (i.e., the low standard
deviation among control treatments), all
the urediniospores for this study were col-
lected early in the morning from leaves in
the lower soybean canopy.

It is well known that fungal spores are
particularly sensitive to the UV wave-
lengths of solar radiation, especially those
between 0.25 and 0.27 ym (6,15). How-
ever, these wavelengths are practically
absent from the solar irradiance received at
the earth’s surface (7). We found in this
study that measurements of total solar
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Fig. 5. Mean numbers of pustules on the trifoli-
olate leaves on soybean plants inoculated with
water or urediniospores from treatments with no
exposure, moderate exposure, and high exposure
to solar radiation. All the pustules on the first
trifoliolate of 40 plants in each treatment were
counted under a 15x optical glass binocular
magnifier. Bars depict the standard error of the
mean. Means with the same letter in each ex-
periment are not statistically significant (a0 =
0.01).
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Fig. 4. Relationship between total solar irradiance and the normalized germination proportions of

exposed Phakopsora pachyrhizi urediniospores.



irradiance (0.285 to 2.8 um) were as good
a predictor of germination as UV meas-
urements (0.295 to 0.385 um). As a result,
and due to the greater availability of total
solar than UV irradiance measurements
worldwide, the parameters of the linear
relationship between germination and solar
irradiance have been incorporated into the
U.S. Department of Agriculture’s soybean
rust aerobiological model that currently
forecasts the risk from the spread of soy-
bean rust throughout North America.
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