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Abstract

The ability of Phakopsora pachyrhizi to cause infection
under conditions of discontinuous wetness was investi-
gated. In in vitro experiments, droplets of a uredospore
suspension were deposited onto the surface of polysty-
rene. After an initial wetting period of either 1, 2 or 4 h,
the drops were dried for different time intervals and
then the wetness was restored for 11, 10 or 8 h. Germi-
nation and appressorium formation were evaluated. In
in vivo experiments, soybean plants were inoculated
with a uredospore suspension. Leaf wetness was inter-
rupted for 1, 3 or 6 h after initial wetting periods of 1, 2
or 4 h. Then, the wetting was re-established for 11, 10
or 8 h, respectively. Rust severity was evaluated 14 days
after inoculation. The germination of the spores and the
formation of the appressoria on the soybean leaves after
different periods of wetness were also quantified in vivo
by scanning electron microscopy. P. pachyrhizi showed
a high infective capacity during short periods of time.
An interruption of wetness after 1 h caused average
reductions in germination from 56 to 75% and in
appressorium formation from 84 to 96%. Rust severity
was lower in all of the in vivo treatments with discontin-
uous wetness when compared to the control plants.
Rust severity was zero when the interruption of wetness
occurred 4 h after the initial wetting. Wetting interrup-
tions after 1 and 2 h reduced the average rust severity
by 83 and 77%, respectively. The germination of the
uredospores on the soybean leaves occurred after 2 h of
wetness, with a maximum germination appearing after
4 h of wetness. Wetness interruption affected mainly the
spores that had initiated the germination.

Introduction
Soon after its introduction from Paraguay in 2001, soy-
bean rust (SR) caused severe crop epidemics in Brazil.

In 2002 and 2003, the disecase had already spread into
60 and 90% of the soybean crop areas, respectively.
Losses due to this disease in 2003 exceeded $1 billion
and in 2004 over $2 billion (Yorinori et al. 2005). Crop
damage in the Eastern hemisphere was also reported at
around 10-40% in Thailand, 10-90% in India, 10—
50% in China, 23-90% in Taiwan and 40% in Japan
(Sinclair and Hartman 1999).

The infection process of Phakopsora pachyrhizi H. &
P. Sydow is composed of several distinct stages: uredo-
spore adhesion onto the surface of the host, germina-
tion, appressorium formation, direct penetration
through the cuticle, invasion and growth of the hyphae
into the host tissue (Marchetti et al. 1975; Bonde et al.
1976; Melching et al. 1979; Koch et al. 1983; Koch
and Hoppe 1988). Host penetration occurs directly in
the lumen of epidermal cells. Less often, the process
begins in the space between adjacent cells, and subse-
quently, the fungus enters into one of these cells
(Bonde et al. 1976).

Infection success of most pathogenic fungi depends
on minimum leaf wetness and varies with the tempera-
ture (Huber and Gillespie 1992). Phakopsora pachyrhizi
was reported to cause infection after a minimum per-
iod of 6 h of leaf wetness at temperatures between 15
and 25°C (Marchetti et al. 1976). Despite the fact that
the infection process of P. pachyrhizi has been widely
investigated, there is still no information on infection
development during discontinuous leaf wetness. Infor-
mation on the development and biology of P. pachy-
rhizi infection may aid in developing new control
methods and may be useful for the wvalidation of
disease simulation models. Our objective was to under-
stand the infection process of P. pachyrhizi and
the development of soybean rust under periods of
interrupted leaf wetness.
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Material and Methods

Obtaining uredospores

Uredospores of P. pachyrhizi were obtained from natu-
rally rusted soybean plants growing in Piracicaba, Sao
Paulo, Brazil and were multiplied through successive
inoculations on soybean plants cv. BRS 154. The
plants were inoculated with a suspension of 10° ure-
dospores/mL of distilled water + Tween 20 at 0.05%
and kept in a growth chamber (Model E7; Conviron,
Winnipeg, MB, Canada) at 23°C. During the first
24 h, the plants remained under humid and dark con-
ditions. The growth chamber conditions were then
adjusted to a 12-h photoperiod of light. The spores
were collected periodically every 2 days, 10 days after
inoculation. Spores were collected by gently agitating
the infected leaflets onto a Petri dish and stored
according to Furtado et al. (2008).

The effect of in vitro wetness interruption

A spore suspension containing 10° uredospores/mL
was prepared, and 30 ul droplets of this suspension
were laid onto polystyrene Petri dishes measuring
90 mm in diameter. These plates were placed individu-
ally into plastic boxes (121 cm? by 3.2 cm deep) that
were lined with three sheets of filter paper moistened
with distilled water. Incubation was performed inside
an incubator at 23°C in the dark. The treatments con-
sisted of 12 h of discontinuous leaf wetness. After the
initial wetting periods of 1, 2 or 4 h, the wetting was
halted for 3 or 6 h. After these dry periods, the wet-
ness was restored for 11, 10 or 8 h, respectively, by
adding 30 uL of sterile distilled water onto the arca
that contained the droplets. The control plates were
kept under continuous wet periods of 1, 2, 4 and 12 h.
To remove the wetness in order to obtain the dry peri-
ods, the plates were placed under continuous air flow
conditions in a laminar flow hood. At the end of each
treatment, 15 pul. of lactoglycerol was added to each
droplet to stop germination. The drops were then cov-
ered with a glass cover slip. The percentage of germi-
nation and appressorium formation was evaluated by
counting 100 uredospores arbitrarily per replicate
under an optical microscope at a 100x magnification.
The experiment was performed with four replicates per
treatment. Each replication consisted of a Petri dish
containing three droplets of the spore suspension.

The effect of in vivo wetness interruption
Potted plants of soybean cv. BRS 154 in growth stage
V1 (Fehr and Caviness 1977) were inoculated with a
suspension of 10° uredospores/mL. The spore suspen-
sion was sprayed onto a pair of opposite leaves to
run-off and then the plants were kept in a moist cham-
ber. At the moment of inoculation, the uredospores
showed 52% germination that was measured previ-
ously on 2% water agar.

The experimental treatments included a combination
of initial wet periods ranging from 1, 2 to 4 h that
were interrupted for dry intervals of 1, 3 or 6 h.

A final wetting period of 11, 10 or 8 h, for the respec-
tive 1, 2 and 4 h of initial wet treatments, was then
applied to obtain at least 12 h of discontinuous wet-
ness. The wet periods and the dry periods were main-
tained, respectively, through the presence and absence
of the moist chamber. The dry periods started when
the leaves were completely dry as determined by visual
examination, which took 20-30 min for all treatments.
After the dry periods, the wetness was reintroduced by
spraying water onto the adaxial surface of leaves until
wetted completely avoiding run-off. In this experiment,
the control plants were submitted to 12 h of continu-
ous wetness.

The plants remained at a temperature of 23°C,
which is considered to be favourable for the occur-
rence of the disease (Marchetti et al. 1976), and a 12-h
photoperiod of light inside the incubator (Model E7;
Conviron, Canada).

The evaluation of infection was performed by quan-
tifying the severity of the disease, which was conducted
14 days after the inoculation by means of digital pho-
tography. The programs PAINT SHOP PrO 7 (JASC
Software Inc., Eden Prairie, MN, USA) and Image
Tool (UTHSCSA, San Antonio, TX, USA) were used
according to Alves et al. 2005. The experiment was
performed with 16 replications, and each replication
consisted of a leaf that was inoculated.

Assessing the infection process through Scanning Electron
Microscopy
To observe the development of the infectious process
during different periods of wetness, soybean leaves were
inoculated and observed using Scanning Electron
Microscopy (SEM). For this purpose, the leaves of the
soybean cv. BRS 154 that were at the V1 developmen-
tal stage were detached, washed in running water, air
dried and maintained in plastic boxes (121 cm?® by
3.2 cm deep). The boxes were lined with three sheets of
filter paper moistened with 15 mL of distilled water to
create a saturated environment. Inoculation was per-
formed through the deposition of two 30 uL droplets
of spore suspension (10° uredospores/mL) onto each
leaf. The boxes containing the leaves were then covered
and placed in an incubator at 23°C in darkness. Sam-
ples from the inoculated regions of the leaves were
removed after 1, 2, 4, 7 and 12 h of continuous wetness
and were then fixed for 12 h in osmium vapour (Kitaj-
ima and Leite 1999). After fixation, the samples were
dehydrated for 24 h in a hermetically sealed container
containing silica gel. These samples were affixed to alu-
minium supports (‘stubs’) with a double-coated carbon
tape and were then sputter-coated with gold with a
MED 110 sputtering machine (Balzers Union Ltd.,
Balzers, Liechtenstein) at 50 mA for 180 s. Observations
of the leaves were made using a Zeiss DSM 940A Scan-
ning Electron Microscope (Carl Zeiss, Jena, Germany).
One hundred uredospores per sample were evalu-
ated, and the percentages of germination and appres-
sorium formation were calculated. The experiment was
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performed with four repetitions, and each inoculated
leaf was considered as one repetition.

Data Analysis

There were some treatments or repetitions with zero as
average, which led to no equal variances according to
the #-test (Ruxton 2006). Thus, data were not tested
statistically using ANOVA and comparison of means.
Therefore, mean and standard error were calculated
for each treatment using the software sas (SAS Insti-
tute Inc., Cary, NC, USA).

All experiments were conducted twice, and the
results represent the average of both experiments, as
there was no significant difference between them
according to the r-test.

Results

The uredospores of P. pachyrhizi showed a 52% ger-
mination rate and a 27% appressorium formation pro-
portion in vitro after 12 h of incubation at 23°C under
continuous wetness. Similar germination and appresso-
rium formation rates were obtained with an initial wet-
ness of only 2 or 4 h from both the treatments that
included additional wetting after a dry period and
those that did not (Fig. 1). These results show the
rapid formation of infective structures by P. pachy-
rhizi.

Germination (%)
R
1

The interruption of the wetness period reduced the
germination and the appressorium formation only
after short periods of initial wetness. When the inter-
ruption of the wetness occurred after 1 h, germination
was reduced, on average, by 64% (Fig. 1a). The for-
mation of appressoria was more affected when the
interruption occurred after 1 h of initial wetting,
resulting in reductions ranging from 84 to 96%. Inter-
ruptions in the wetness conditions after 2 h reduced
the formation of appressoria from 63 to 84%
(Fig. 1b). When the interruption of the initial wetness
occurred after 1 h, longer dry periods led to higher
reductions in both the germination rate and appresso-
rium formation. In this case, dry periods of 6 h caused
a reduction in germination and appressorium forma-
tion of 75% and 93%, respectively, compared with
56% and 84% in dry periods of 3 h, respectively.

The severity of the SR infection in the soybean
leaves was reduced by the interruption of the wet per-
iod after 1, 2 and 4 h of initial wetting. When the inoc-
ulated plants were subjected to 12 h of continuous leaf
wetness, the severity of the SR infection was 30%. The
treatments with an initial wetting of 1 and 2 h fol-
lowed by an interruption of 1 or 3 h were equivalent
and had a reduced severity of the SR infection that
was between 78 and 70%. However, the reduction in
the severity of the SR infection was more drastic when
the interruption of the 2 -h wetness period was 6 h. In
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this case, the severity of the SR infection was reduced
by 92%. After 4 h of initial wetting, any period of
interruption in the wetness resulted in the absence of
SR infection (Fig. 2).

Studies with SEM showed that there was no germi-
nation of the uredospores 1 h after inoculation (h a.i.)
(Figs 3a and 4a). The germination values obtained at
2 h a.i. (7%) was lower from those with 4 (31%), 7
(35%) and 12 (34%) h a.i.; however, no differences
were evident among the latter treatments. The germi-
nation of the spores peaked after 4 h of leaf wetness.
Figure 4b shows the spores during this time interval.
The formation of appressoria began 4 h a.i. (6.5%)
and increased over the time to reach 18.5% at 12 h a.i
(Fig. 3b). Figs. 4c and d show images of the appresso-
rium formation at 7 h a.i. and 12 h a.i, respectively.

Discussion
This study showed that the uredospores of P. pachy-
rhizi germinate and form infective structures during
wet periods of less than 4 h at 23°C. According to
Marchetti et al. (1976), the spores of P. pachyrhizi
require 6 h to germinate between 15 and 25°C.

The particular speed of the infective process of
P. pachyrhizi explains, in part, the aggressive nature of
SR. However, the results also showed a reduction in

the infective capacity of the spores when wetness was
interrupted, indicating the intolerance of these spores
to dry periods after the beginning of the germination
process. The interruption of leaf wetness after 4 h of
initial wetness eliminated the disease for all of dry
intervals tested. When wetness was interrupted after 1
or 2h, a reduction in the infective process was
observed with severity levels much lower than the con-
trol treatment with continuous wetness.

Reductions in the infective capacity under discontin-
uous wetness were also observed in other pathosystems
for fungi that cause rust and other diseases including
Puccinia recondita f.sp. tritici (Stuckey and Zadoks
1989; De Vallavicille-Pope et al. 1995), P. striiformis
on wheat (De Vallavieille-Pope et al. 1995); Cercospora
kikuchii in soybean (Schuh 1993); Coccomyces hiemalis
in cherry (Eisensmith et al. 1982) and Botrytis squamo-
sa in onion (Alderman et al. 1985).

Assessments of the influence of the dry period for
different host—pathogen interactions have shown mixed
results. Arauz and Sutton (1990) observed that for the
pathosystem of Botryosphaeria obtusa and apple, a dry
period of 1 h after 12 h of initial wetting compromised
the infectious process in the same manner that inter-
ruptions of 2, 3 or 4 h did. However, on carrot leaves,
Cercospora carotae was favoured by 3 -h dry periods
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Fig. 4 Scanning Electron Micro-
scopy images of Phakopsora pach-
yrhizi pre-penetration in the
leaves of the soybean cv. BRS
154. (a) Uredospores 1 h after
inoculation, (b) Uredospores 4 h
after inoculation, (c) Uredospores
germinated with (arrowhead) and
without (arrow) appressorium 7 h
after inoculation, (d) Detail of
appressorium at 12 h after inocu-
lation (arrowhead). Note that the
content of the spore migrated to
the appressorium. Bar= 20 ym

between the initial wetting (24 h) and final wetting
(12 h), with a larger number of lesions per plant in this
particular treatment compared to the corresponding
continuous period of wetness (Carisse and Kushalappa
1992). However, for SR, our studies showed that this
stimulating effect on germination after wetness inter-
ruption and subsequent additional re-wetting has not
been observed.

Examination of leaves inoculated using SEM
revealed that after 4 h a.i. the rate of germination of
the spores was already at a maximum. On the other
hand, few appressoria had been formed. Thus, the
high fragility of the germ tubes and the probable
absence of already established infections help to
explain the absence of SR when wetness was inter-
rupted for 4 h a.i. These observations are in agreement
with the results obtained for Puccinia recondita f.sp.
tritici and P. striiformis in wheat (De Vallavieille-Pope
et al. 1995). Infections of both of these rusts were
affected similarly by dry periods after the germination
of the uredospores and before the formation of the
sub-stomatal vesicle. According to these authors, when
the initial wetting was less than the minimum period
required for an infection, the germinated uredospores
died and only those that had not germinated were able
to germinate during the second wetting.

In our results, however, when the wetness was inter-
rupted after 1 and 2 h a.i. (when only a few spores
had enough time to germinate), good success in the
infectious process was observed. Moreover, it was
expected that these treatments obtained higher disease

severity than observed, particularly after the 1 -h ini-
tial wetness period in which there was no germination
of the spores. Thus, it is speculated that the interrup-
tion of the leaf wetness also irreversibly affected the
spores that were in the germination process but the
germ tube had not yet emerged.

Arauz and Sutton (1989) observed that the non-
germinated conidia of Botryosphaeria obtusa were
sensitive to the interruption of wetness, with a reduc-
tion of over 60% in viability after 20 min at the begin-
ning of the dry period. With Venturia inaequalis, the
causal agent of apple scab, the viability of its non-ger-
minated conidia was not reduced during exposure to
dry intervals higher than or equal to 24 h, regardless
of the temperature and relative humidity. As for the
conidia that had germinated, there was a decrease of
20% after the first 15 min of the dry interval and a
further decrease of 10-30% after 96 h (Becker and
Burr 1994).

For P. recondita f.sp. tritici, De Vallavieille-Pope
et al. (1995) found that the appressoria with complete
penetration into the wheat were able to continue
the infectious process after the dry period. For
P. pachyrhizi, it was demonstrated in this study that
the appressoria that formed with 4 h of wetness did
not contribute to the occurrence of SR in soybean
leaves. It is possible that the time was insufficient for
the formation of the hyphal penetration that would
ensure the fungal infection.

It is interesting to report that the pathogens show
variable responses in relation to the wetness period.
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The work of Bashi and Rotem (1974) illustrates the
ability of some pathogenic fungi to cause epidemics in
semi-arid habitats where the periods of wetness are
discontinuous or short. According to these authors, in
tomato, Stemphylium  botryosum f.sp. lycopersici
infected as successfully under discontinuous wetness as
it did under long periods of continuous wetness, even
when the dry period occurred after the germination of
the conidia. On potato leaves, the same authors
observed that the strategy adopted by Phytophthora
infestans and Alternaria porri f.sp. solani involved the
rapid penetration to compensate for the sensitivity of
its spores to desiccation. According to Jacome and
Schuh (1992), in addition to having germ tubes that
are capable of surviving in dry intervals between wet
periods, Mycosphaerella fijiensis var. difformis, the cau-
sal agent of black sigatoka in bananas, has the ability
to infect when the wet period is short or absent as long
there is high humidity. According to the papers men-
tioned earlier, fungi that infect under interrupted wet-
ness have two basic strategies for survival: 1) rapid
germination and penetration into the host or 2) high
survivability of the germinated spores.

The results from the present study may support the
development of predictive models that use climate data
to model the occurrence of SR.

A possible future experiment could test if soybeans
that are grown at a less dense spacing provide higher
crop aeration that subsequently would reduce the
infectiveness of P. pachyrhizi. In a less dense cropping
system, the formation of free water on the leaves
might be stopped or the established wetness might be
lost more rapidly. The severity of SR could be lower
under these cropping conditions.
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