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ABSTRACT

Integrated crop-livestock systems (ICLSs) are efficient forms of agricultural
diversification and have attracted research interest in recent years due to the benefits
they bring to farmers and to the environment. These benefits are based on a more
efficient use of the production resources and exploring benefic properties of the planed
intensification in the systems. However, there have been few studies about the
influence of different ICLS arrangements in plant diseases and soil microorganisms.
Modifications in the microclimate and soil biology, for example, due to the system
adopted may influence diseases. This thesis presents results of disease and
microorganisms evaluations in a long-term field experiment of ICLSs installed in 2006
in the Region of Campos Gerais of Parana, Brazil. The experiment has a total of 12 ha
in area in an incomplete double factorial. Factor one is production system with three
levels that are in order of increasing complexity: not integrated crop (CO), agropastoral
(AP) and agrosilvopastoral (ASP) systems. Factor two is nitrogen rate applied on the
winter pastures with 90 (in all production systems) and 180 kg/ha (in AP and ASP
systems). Results revealed advantages of the ASP system concerned to the
suppressiveness to the soil-borne pathogen Rhizoctonia solani and also lower density
of native Fusarium spp. and higher density of native Trichoderma spp. in the soil. As
the suppressiveness to R. solani was transferred by soil samples and eliminated by
the soil sterilization, it is related to the soil microbiota. Contrary, powdery mildew (PM)
on oats caused by Blumeria graminis, and on soybean caused by Microsphaera
diffusa, was more severe in ASP system than in AP and CO. Severity of PM in ASP
was about 20 times and four times, respectively for oats and soybean, more severe
than in the others systems. These differences were influenced by the microclimate,
mainly the shorter leaf wetness duration and higher daylight relative humidity promoted
by trees. The survival period of Sclerotinia sclerotiorum sclerotia was lower on the soill
surface than buried. Sclerotia survival was lower in the soil surface of AP system than
on the CO and ASP. When buried to 8-10 cm depth, the survival period of sclerotia
was lower in the ASP system compared to AP. In conclusion, agricultural diversification
promoted by ICLSs revealed suppressiveness to soil-borne pathogens, but favored the
biotrophic pathogens of the Erysiphaceae family.

Key-words: Rhizoctonia solani. Sclerotinia sclerotiorum. Blumeria graminis.
Microsphaera diffusa. White mold. Soil suppressiveness.



RESUMO

Sistemas integrados de producdo agropecuaria (SIPAs) sado formas eficientes de
diversificacdo agricola e tem atraido interesse da pesquisa nos ultimos anos devido
aos beneficios que trazem para os agricultores e para o ambiente. Estes beneficios
estdo baseados em um uso mais eficiente dos recursos de producao e exploracdo de
propriedades benéficas da intensificacdo planejada nos sistemas de producgdo. No
entanto, existem poucos estudos sobre a influéncia de diferentes arranjos de SIPA em
doencas de plantas e microrganismos de solo. Modificagbes no microclima e na
biologia do solo, por exemplo, devido ao sistema adotado podem influenciar as
doencas. Esta tese apresenta resultados de avaliacfes de doengas e patégenos em
um experimento de campo de longa duracdo de SIPAs instalado em 2006 na regido
dos Campos Gerais do Parana, Brasil. O experimento tem um total de 12 ha em area
em um fatorial duplo incompleto. O fator um é sistema de producdo com trés niveis
que séo em ordem de aumento de complexidade: lavoura néao integrada (CO), sistema
agropastoril (AP) e agrosilvipastoril (ASP). O fator dois é dose de nitrogénio aplicada
sobre as pastagens de inverno com 90 (em todos os sistemas de producédo) e 180
kg/ha (nos sistemas AP e ASP). Os resultados revelam vantagens do sistema ASP
relacionados a supressividade ao patdogeno de solo Rhizoctonia solani e também
menor densidade de Fusarium spp. nativo e maior densidade de Trichoderma spp.
nativo no solo. Como essa supressividde foi transferida por amostras de solo e
eliminada com a esterilizacao do solo, ela esta relacionada com a microbiota do solo.
Ao contrério, oidio em aveia causado por Blumeria graminis, e em soja causado por
Microsphaera diffusa, foi mais severo no sistema ASP do que no AP e no CO. A
severidade de oidio no ASP foi cerca de 20 vezes e quatro vezes maior,
respectivamente pra aveia e soja, do que nos outros sistemas. Essas diferencas foram
influenciadas pelo microclima, principalmente a menor duracdo do molhamento foliar
e a maior umidade relativa do ar durante o dia promovido pelas arvores. O periodo de
sobrevivéncia de esclerédios de Sclerotinia sclerotiorum foi menor na superficie do
solo do que enterrados. A sobrevivéncia de esclerdédios foi menor na superficie do solo
do sistema AP do que no CO e no ASP. Quando enterrados a 8-10 cm de
profundidade, o periodo de sobrevivéncia dos esclerédios foi menor no sistema ASP
comparado com o AP. Em conclusao, a diversificagdo agricola promovida por SIPAs
revelou supressividade a patdgenos de solo, mas favoreceu os patégenos biotréficos
da familia Erysiphaceae.

Palavras-chave: Rhizoctonia solani. Sclerotinia sclerotiorum. Blumeria graminis.
Microsphaera diffusa. Mofo branco. Supressividade do solo.
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1 GENERAL INTRODUCTION

Integrated crop-livestock systems (ICLSs) are longstanding production
systems that include diversified agricultural practices, like crops and animals grazing
in the same area (FAO, 2010; MORAES et al., 2014a). These systems are considered
the main form of agricultural land use in the world (BELL; MOORE, 2012; HAAN;
STEINFELD; BLACKBURN, 1997). They are responsible for more than a half of food
production in the world (HERRERO et al., 2010), and considered as a sustainable
intensification way to approach the increasing demand for food production with
reduced land availability (GODFRAY et al., 2010; THORNTON; HERRERO, 2001).

Studies in ICLSs have been intensified in recent years (CARVALHO et al.,
2014) due to its benefits when compared to the monoculture or not integrated crops.
The benefits of ICLSs include the increase in the efficiency of land and machinery use,
reductions in plant diseases and weed incidence, increased profitability and incomes
and greenhouse gas mitigation (ALTIERI, 1999; BELL; MOORE, 2012; CARVALHO et
al., 2010; RYSCHAWY et al., 2012).

In the subtropical region of Brazil, ICLSs are characterized by annual rotation
of pastures and crops in the same area (MORAES et al., 2014b). In Brazil's tropical
region, ICLSs include permanent pastures for two years, rotated with one or two years
of soybean or corn in the summer and annual winter pastures (SALTON et al., 2014).
Even that trees are encompassed in the definition of ICLS, their inclusion in such
production systems is still not common (MORAES et al., 2014a).

Agricultural diversification promoted by ICLS influences the ecosystem
properties and pathogen growth can either be facilitated or inhibited, depending on the
particular requirements of the organism, so that generalizations about reduction in
plant disease are difficult (MATSON, 1997). Little is known about the influence of
different arrangements of ICLSs in plant disease occurrence or progress, particularly
when the forestry component is added (GAMBLE et al., 2014; SCHROTH et al., 2000).

Disease suppression is frequently associated to soil microbiota (BONILLA et
al., 2012). Microorganisms present in a particular soil are not well known and have
been underexplored in agriculture (STOCKDALE; BROOKES, 2006; VAN DER
HEIJDEN; WAGG, 2013). An exception is the genus Trichoderma, reported as an
antagonist of several plant pathogens by different mechanisms of action (LORITO et
al., 2010).
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Soils suppressive to plant pathogens are found throughout the world and can
be defined as an inhospitable soil, that limits either the survival or the growth of the
pathogens in a general or specific way (GARBEVA; VAN VEEN; VAN ELSAS, 2004).
Although the mechanisms by which soil are suppressive to different pathogens can
involve biotic and abiotic factors (GHINI; MORANDI, 2006), microorganisms play key
roles in suppressing soil-borne pathogens (GARBEVA; VAN VEEN; VAN ELSAS,
2004). Soil suppressiveness to pathogens is a relevant attribute of healthy soils
(GARBISU; ALKORTA; EPELDE, 2011; LARKIN, 2015). Research on soil
suppressiveness to plant pathogens in production systems that integrate grain
production, livestock, and forestry is still limited.

The presence of trees in a production system can also implies in a drastic
modification of the microclimate, including light intensity, temperature and relative
humidity (RH) and its consequences on dew formation and leaf wetness duration
(DIETZ et al., 2007; LUO; GOUDRIAAN, 2000). Leaf wetness promoted by dew is
favored by low nocturnal temperature, more common during clear-sky nights
(ROWLANDSON et al., 2015). And the RH is higher below the tree canopy than outside
then (DIETZ et al., 2007; KOECH; WHITBREAD, 2006).

The microclimate is relevant for powdery mildew (PM) and several
microclimatic characteristics have been studied. Particularly, leaf wetness and RH are
important components for spore germination and infection. PM is one of the most
frequent and important disease for a variety of summer and winter cereals, fruit and
vegetable crops (GLAWE, 2008).

White mold is an ancient and important plant disease, caused by Sclerotinia
sclerotiorum, a cosmopolitan plant pathogen (BOLTON; THOMMA; NELSON, 2006),
hosted by more than 500 species of 75 botanical families (SAHARAN; MEHTA, 2008).
Sclerotia produced by the pathogen are the central component of epidemics as they
are the primary long-term survival structures and survive in the soil for one to eight
years, depending on several factors as the soil biology, chemical and physical
characteristics, the presence of susceptible plants, depth of sclerotial burial in the soil
and soil atmosphere (ADAMS; AYERS, 1979; COLEY-SMITH; COOKE, 1971; REIS;
TOMAZINI, 2005; SAHARAN; MEHTA, 2008; WU; SUBBARAO, 2008).

The decline in population of sclerotia in the soil can be predominantly attributed
to their germination or decomposition by microorganism, both influenced by physical

and chemical characteristics of the soil and atmosphere (MERRIMAN, 1976;
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WILLIAMS; WESTERN, 1965). The carpogenic germination of sclerotia is favored after
passing through a cold period, near to 10 to 15 °C (COLEY-SMITH; COOKE, 1971)
and is stimulated by the light incidence (SUN; YANG, 2000; VENTUROSO et al.,
2013).0ne or more apothecia arise from the sclerotia (GRAU, 1989; LIU; PAUL, 2007).
Ascospores germination requires an external nutrient source, typically provided by
plant tissue under decomposition, hence the relation between the bloom and the
beginning of the epidemic (ABAWI; GROGAN, 1979; DANIELSON; NELSON; HELMS,
2004).

In summary, ICLSs modifies the soil biology and the microclimate, and these
modifications can influence plant diseases. For this reason, the objective of this study
was to assess the influence of agricultural diversification promoted by ICLSs on plant
diseases, using some important plant pathogens and microorganisms as models. In
the chapter 3 it was shown the soil suppressiveness to soybean damping-off caused
by R. solani, the biotic influence on this suppressiveness, and also how ICLSs
influence the native Fusarium and Trichoderma densities in the soil. Chapter 4 explores
the PM severity on oats and soybean, related to the microclimatic characteristics of the
production systems. And the chapter 5 presents a low survival period of sclerotia of S.
sclerotiorum, buried and in the soil surface, in ICLSs. Agropastoral (AP) and
agrosilvopastoral (ASP) systems were compared to a not integrated crop (CO) in a
long term ICLS experiment in the Ponta Grossa municipality of the Campos Gerais

region of Parana State, in the Brazilian subtropics.
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2 LITERATURE REVIEW

2.1 AGRICULTURAL DIVERSIFICATION PROMOTED BY INTEGRATED CROP-
LIVESTOCK SYSTEMS

Over the decades agriculture have become more specialized and focused on
each production component separately, which has caused larger economic scale and
resulted in the uncoupling of many crop and livestock production enterprises
(TANAKA; KARN; SCHOLLJEGERDES, 2008). Diversity provides the key to
overcoming many problems associated with monoculture in cropping systems
(ALTIERI, 1999), and one way of increasing diversity in agricultural systems is through
integration of crops and livestock - a sustainable intensification way to approach the
increasing demand for food production with reduced land availability (GODFRAY et al.,
2010; THORNTON; HERRERO, 2001).

The integration of agricultural practices like crops and animals grazing in the
same area are longstanding production systems and considered the main form of
agricultural land use in the world, occupying a total of about 25 M Km? of land (BELL;
MOORE, 2012; HAAN; STEINFELD; BLACKBURN, 1997; THORNTON; HERRERO,
2001), and responsible for more than a half of food production in the world, mainly in
developing countries (HERRERO et al., 2010). These production systems are included
in the definition of Integrated Crop-Livestock System (ICLS), as proposed by FAO
(2010) and Moraes et al. (2014a). Studies in this subject have been intensified in recent
years (CARVALHO et al., 2014) due to its benefits when compared to the monoculture.

Examples of the benefits that ICLSs can bring to farmers and also to the
environment include reductions in costs and risks, increase in the efficiency of land
and machinery use, reductions in plant diseases and weed incidence, increased
profitability and incomes, increased diversity and greenhouse gas mitigation (ALTIERI,
1999; BELL; MOORE, 2012; CARVALHO et al., 2010; RYSCHAWY et al., 2012).
These benefits are referred as emergent properties resulting from the synergy among
the soil, plants, animals, and atmosphere (MORAES et al., 2014b) and the soil is the
compartment in the system that best expresses these results (CARVALHO et al.,
2010). Natural resources are better used in ICLS, where crop residues contribute to
the diet for animals, and animal manure provide nutrient inputs to crops, freshwater is

more efficiently used and risks are spread across several enterprises, what is
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especially important in smallholder systems under certain climate change scenarios
(WRIGHT et al., 2012).

ICLSs can assume different arranges depending on the region and on the
objectives of the land exploration. In the subtropical region of Brazil, ICLSs are
characterized by annual rotation of pastures and crops in the same area, under a direct
seeding system. Most common systems comprise rotation or succession of summer
crops, such as soybean (Glycine max), corn (Zea mays), bean (Phaseolus vulgaris),
or rice (Oryza sativa), with annual winter pastures, such as black oat (Avena strigosa)
and annual ryegrass (Lolium multiflorum), alone or mixed (MORAES et al., 2014b). In
Brazil’s tropical region, the proposed arrangements of ICLSs include permanent
pastures (Brachiaria and Urochloa genres) for two years, rotated with one or two years
of soybean or corn in the summer and Brachiaria or black oat in winter (SALTON et
al., 2014).

Even that trees are encompassed in the definition of ICLS (CARVALHO et al.,
2014; FAO, 2010), their inclusion in such production systems is still not common
(MORAES et al., 2014a), probably due to difficulties in the implementation and
maintenance of trees. For this reason, little is known about the influence of this
component in the production system (GAMBLE et al., 2014; SCHROTH et al., 2000).
Competition for resources across the crop-tree interface was observed by Miller and
Pallardy (2001). The authors discuss the use of root barriers, especially in regions
subject to depletion of soil water. Aboveground, the presence of trees in a production
system can implies in microclimatic modifications, including light intensity, temperature
and relative humidity and its consequences on dew formation and leaf wetness
duration (DIETZ et al., 2007; LUO; GOUDRIAAN, 2000), what can influence plant
diseases. Agricultural intensification promoted by ICLS influences the ecosystem
properties and, especially about plant diseases, pathogen growth can either be
facilitated or inhibited, depending on the particular requirements of the organism, so
that generalizations are difficult (MATSON, 1997).
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FIGURE 2.1 - AGROSSILVOPASTORAL SYSTEM DURING THE AGROFORESTRY PHASE
(UPPER) AND SILVIPASTORAL PHASE (LOWER)
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SOURCE: the author (2016).

2.2 SOIL SUPPRESSIVENESS TO PATHOGENS

Alternative methods to chemical means of disease control can decrease
dependence on fungicides, reduce costs, and mitigate damage to the environment,
especially in the absence of resistant cultivars. One of such alternative methods of
disease control is the induced or natural soil suppressiveness to pathogens. Although
agricultural diversification promotes changes in the environment, little is known about
the influence of different arrangements of ICLSs in soil-borne pathogens and benefic

microorganisms, particularly when the forestry component is added.
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Soils suppressive to plant pathogens are found throughout the world and can
be defined as an inhospitable soil, that limits either the survival or the growth of the
pathogens in a general (broad range of pathogens) or specific (only one or a few
pathogens) way (GARBEVA; VAN VEEN; VAN ELSAS, 2004). Although the
mechanisms by which soil are suppressive to different pathogens can involve biotic
and abiotic factors (GHINI; MORANDI, 2006), microorganisms play key roles in
suppressing soil-borne pathogens (GARBEVA; VAN VEEN; VAN ELSAS, 2004)

ICLS can increase crop health and productivity (FRANZLUEBBERS, 2007).
The biological components of soil are critical to soil health (LARKIN, 2015). Disease
suppression is frequently associated to soil microbiota, such as microbial biomass and
the abundance of specific microbial groups (BONILLA et al., 2012). Microorganisms
present in a particular soil are not well known and have been underexplored in
agriculture, even though they are responsible for the function of agricultural and natural
ecosystems (STOCKDALE; BROOKES, 2006; VAN DER HEIJDEN; WAGG, 2013).
An exception is the genus Trichoderma, reported as an antagonist of several plant
pathogens (LORITO et al., 2010; VERMA et al., 2007) by different mechanisms of
action (DENNIS; WEBSTER, 1971; SIVAN; CHET, 1989) and also involved in
promoting plant growth (MARIN-GUIRAO et al., 2016; PEREIRA et al., 2014) and
stress resistance (MASTOURI; BJORKMAN; HARMAN, 2010).

As a benefic microorganism, Trichoderma is frequently associated with quality
or healthy soils (GARBISU; ALKORTA; EPELDE, 2011; LARKIN, 2015; LIU; GLENN;
BUCKLEY, 2008) and responsible for natural or induced soil suppressiveness to
several pathogens (JANVIER et al., 2007; WELLER et al., 2002), including the well
documented suppressiveness to Rhizoctonia solani (ANEES et al., 2010; GROSCH et
al., 2006; LEWIS; LUMSDEN, 2001; LORITO et al., 2010; PEREIRA et al., 2014).

Soil suppressiveness to pathogens is a relevant attribute of healthy soils
(GARBISU; ALKORTA; EPELDE, 2011; VAN BRUGGEN et al., 2015). The terms soill
health and soil sustainability indicate the capacity of a soil to function as a vital living
system, to sustain biological productivity, promote environmental quality and maintain
plant and animal health (DORAN; ZEISS, 2000). And soil organisms are frequently
used as indicators of soil quality and health (DORAN; ZEISS, 2000).
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2.3 MICROCLIMATE IN AGRICULTURAL DIVERSIFICATION SYSTEMS AND ITS
INFLUENCE ON POWDERY MILDEW

Agricultural diversification can lead to environment modifications, which can
increase or decrease plant diseases, depending on the particular requirement of the
organisms (MATSON, 1997). But there is a lack of studies on the mechanisms
governing these effects (MALEZIEUX et al., 2009), and little is known about the
influence of different arrangements of ICLSs in plant disease occurrence or progress,
particularly when the forestry component is added (GAMBLE et al., 2014; SCHROTH
et al., 2000). The presence of trees in a production system can implies in a drastic
modification of the microclimate, including light intensity, temperature and relative
humidity (RH) and its consequences on dew formation and leaf wetness duration
(DIETZ et al., 2007; LUO; GOUDRIAAN, 2000).

In a meta-analysis to evaluate effects of agroforestry on pest, disease and
weed control (PUMARINO et al., 2015), only one paper (KOECH; WHITBREAD, 2006)
was about disease. This work showed lower bean rust (Uromyces appendiculatus)
inside an alley cropping than outside them and results were related with microclimate,
especially diurnal RH and leaf wetness duration, which were less favorable to the
disease inside low spacing alleys.

Powdery mildew (PM) is one of the most frequent and important disease for a
variety of summer and winter cereals, fruit and vegetable crops (DEAN et al., 2012,
GLAWE, 2008; KANG; MIAN, 2010; TWOMEY et al., 2015). Although the diversity of
PM is underestimated in many parts of the world, the geographical distribution of some
species appear to be expanding (GLAWE, 2008). This disease is caused by obligate
biotroph ascomycetes. This biotrophic lifestyle is also present in very distantly related
phytopathogens such as the rust fungi (basidiomycetes) and downy mildews
(oomycetes) (KEMEN; JONES, 2012; PANSTRUGA; SPANU, 2014).

The microclimate is relevant for PM and several microclimatic characteristics
have been studied. Particularly, leaf wetness and RH are important components for
spore germination and infection. Leaf wetness promoted by dew is favored by low
nocturnal temperature, more common during clear-sky nights (ROWLANDSON et al.,
2015). And the RH is higher below the tree canopy than outside then (DIETZ et al.,
2007; KOECH; WHITBREAD, 2006). Leaf wetness occurs predominantly due
precipitation/irrigation or dew formation (ROWLANDSON et al.,, 2015). Since
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precipitation does not occur every day but dew is frequent in humid tropical regions
(DIETZ et al., 2007), dew plays an important role in the leaf wetness. Experimental and
observational results shown that duration and amount of dew is higher on the exposed
than on covered surfaces, either in forest (DIETZ et al., 2007) or in cereals (LUO;
GOUDRIAAN, 2000).

PMs can be divided in two groups according their ability to germinate on free
water: one group with germination in water comparable to that on the leaf surface and
the other showing poor germination (SIVAPALAN, 1993). The author also observed
that growth and conidia production of Blumeria graminis was lower after conidia that
originated the pustules were in contact with free water. Earlier results (GRAINGER,
1947; MANNERS; HOSSAIN, 1963) suggest that a saturated atmosphere provides
optimum conditions for spore germination in B. graminis if care is taken to exclude
liquid water. The production of conidia by pustules of B. graminis which had been
wetted with a few drops of water was reduced less than a half (WARD; MANNERS,
1974). If pustules were kept for a second day after wetting, the sporulation returned to
normal, so there seemed to be no permanent damage on germination for wetting. In
soybean eight hours of leaf wetness was the ideal period to the progress of PM
(Microsphaera diffusa) in Brazil (ALVES et al., 2009).

Radiation also promotes great influence on PM. Shaded environment
increased severity of Erysiphe necator on grapevine and this result was related to the
reduction of ultraviolet (UV) radiation and temperature provided by the shadow
(AUSTIN; WILCOX, 2012). PM on Poa and Festuca spp. have been reported with
greater severity in shaded environment (SMILEY; DERNOEDEN; CLARKE, 1992).
High light intensity reduced germination and hyphal growth of Sphaerotheca macularis
f. sp. fragariae on strawberry (AMSALEM et al., 2006) and shaded environment was
more favorable for spore germination and mycelial growth of the Uncinula necator
(WILLOCQUET et al., 1996). The light spectra has also influence on PM: cucumber
plants grown under red light were more resistant to Sphaerotheca fuliginea while plants
grown under other monochromatic spectra were less resistant than plants grown under
white light (WANG et al., 2010).

Although B. graminis develops in a wide range of temperature, the optimum
temperature for spore germination is near 20 °C (CHEREWICK, 1944; MANNERS;
HOSSAIN, 1963). Better development of M. diffusa on soybean plants was observed
at temperatures of 23 and 24 °C in Brazil, depending on the cultivar (ALVES et al.,



2009), in accordance with previous reported (MIGNUCCI, 1989).

SOURCE: the author (2016).
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24 SURVIVAL AND GERMINATION OF SCLEROTIA OF SCLEROTINIA
SCLEROTIORUM

White mold (WM) is an ancient and important plant disease, caused by
Sclerotinia sclerotiorum (Lib.) de Bary, one of the most devastating and cosmopolitan
plant pathogen (BOLTON; THOMMA; NELSON, 2006), hosted by more than 500
species of 75 botanical families, mainly Asteraceae, Fabaceae, Brassiccease and
Solanaceae (BOLAND; HALL, 1994; SAHARAN; MEHTA, 2008). The disease results
in variable productivity damages that may be as high as 100% (GRAU, 1989; KAMAL
et al., 2016; MEYER et al., 2014; WRATHER et al., 2001). WM incidence in soybean
is increasing in Brazil since 2008, with an estimation of 23.7% of the cultivated area
infested in the 2012/2013 crop season (MEYER et al., 2014).

Sclerotia produced by the pathogen are the central component of epidemics
as they are the primary long-term survival structures and survive in the soil for at least
one, with references of more than eight years, depending on several factors as the soil
biology, chemical and physical characteristics, the presence of susceptible plants,
depth of sclerotial burial in the soil and soil atmosphere (ADAMS; AYERS, 1979;
BRUSTOLIN et al., 2016; COLEY-SMITH; COOKE, 1971; REIS; TOMAZINI, 2005;
SAHARAN; MEHTA, 2008; WU; SUBBARAO, 2008). The production of secondary
sclerotia is reported for several authors, but with no significant importance in epidemics
(WILLETTS; WONG, 1980; WILLIAMS; WESTERN, 1965). Although better humidity
and temperature for sclerotia germination vary depending on the geographical origin
of sclerotia, moisture and soil temperature are critical factors in germination and
production of apothecia, and this usually occurs after the closing lines of the host
culture, when shading contributes to low temperature and high soil moisture (BOLTON;
THOMMA; NELSON, 2006; MILA; YANG, 2008; SUN; YANG, 2000).

A sclerotium is a hyphal aggregate with an outer rind of cells containing
melanin, a compound that is believed to play an important role in protection from
adverse conditions and microbial degradation in many fungi (HENSON; BUTLER,;
DAY, 1999; SAHARAN; MEHTA, 2008; SHARMA et al., 2015). Infection can occur
either by miceliogenic or carpogenic germination of sclerotia, although for S.
sclerotiorum ascospores released in the air after carpogenic germination is the more

important inoculum (ABAWI; GROGAN, 1979). The carpogenic germination is favored
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after passing through a cold period, near to 10 to 15 °C (COLEY-SMITH; COOKE,
1971).

Carpogenic germination of S. sclerotiorum was not observed in soil depths
exceeding 4 cm (WU; SUBBARAO, 2008) and sclerotia survival period was higher
when buried to 10 cm depth (36 months) than when left on the soil surface (14 months)
in the subtropical region of Brazil (REIS; TOMAZINI, 2005). No differences were
observed in sclerotia survival at depths of 5 and 15 cm (ALEXANDER; STEWART,
1994). Sclerotia kept on the soil surface after soybean harvest lost their viability after
12 months in the subtropical region of Brazil, with black oats (Avena strigosa) cultivated
in the winter (BRUSTOLIN et al., 2016). Twenty-seven percent of sclerotia buried at
15 cm depth were recovered after 11 month, and only 50% of they were viable to
germinate miceliogenicaly in a New Zealand horticultural soil (ALEXANDER;
STEWART, 1994). With information provided by grower’s experience (ADAMS;
AYERS, 1979), sclerotia of S. sclerotiorum survive in nature for about 4 to 5 years.

The above examples indicates that extrapolations on longevity between
different types of sclerotia and soils cannot be made (MERRIMAN, 1976; MERRIMAN
et al., 1979). Nevertheless, the rates of sclerotia of S. sclerotiorum decline were not
different in an survival evaluation carried out in four fields located in two different
regions with different annual temperature, rainfall, soil type and crop sequence (BEN-
YEPHET; GENIZI; SITI, 1993). In this experiment, smallest sclerotia (near 0.2 mm
diameter) were predominant at the end of evaluation time (five or six years, depending
on the field), with rates over than 70 %.

The decline in population of sclerotia in the soil can be predominantly attributed
to their germination or decomposition by microorganism, both influenced by physical
and chemical characteristics of the soil and atmosphere (MERRIMAN, 1976; SHARMA
et al., 2015; WILLIAMS; WESTERN, 1965). Germinability of recovered sclerotia was
not affected during a seven year evaluation, while the number and size of recovered
sclerotia declined (BEN-YEPHET; GENIZI; SITI, 1993). Despite the recovering rates
of sclerotia after 11 month varied between 21 to 50 % depending on the depth buried
(5 to 15 cm), 98 to 100 % of control sclerotia kept in plastic bags in the dark at room
temperature were still viable, showing that degradation of sclerotia in the soil is the
main reason for the inoculum reduction (ALEXANDER; STEWART, 1994).

A rapid decline in sclerotinia wilt incidence was noted during a six-year

monocroping of sunflower even with the re-infestation of the soil with additional
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sclerotia at each seeding period (HUANG; KOZUB, 1991). This result was attributed
to the hyperparasitism of biological control agents. Similar results were observed for
other plant pathogens like Gaeumannomyces graminis (LEBRETON et al., 2004) and
Rhizoctonia solani (ANEES et al., 2010).

One or more apothecia arise from the sclerotia (GRAU, 1989; HAO,;
SUBBARAO; DUNIWAY, 2003; KOHN, 1979; LIU; PAUL, 2007). The ascospores are
continuously discharged from the asci for about 10 to 15 days in optimal conditions,
and one apothecium can produce more than one million ascospores, which can fall in
the same crop or be transported by air for several kilometers (CLARKSON et al., 2003;
LIU; PAUL, 2007).

Ascospores germination requires an external nutrient source, typically
provided by plant tissue under decomposition, hence the relation between the bloom
and the beginning of the epidemic, due to senescence parts of flowers that fall on the
leaves, petioles and stems of the plants (ABAWI; GROGAN, 1979; DANIELSON;
NELSON; HELMS, 2004; GRAU, 1989; MC LEAN, 1958; TURKINGTON; MORRAL,
1993). As the flowering in soybean plants is close to the complete closure of lines and
soil shading, the source of nutrient for germination of ascospores is available when
conditions are more favorable f