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RESUMO

A soja (Glycine max L.) é uma das culturas mais importantes para a economia mundial,
com o Brasil sendo lider global em producdo. No entanto, a cultura sofre com varios problemas
que causam perdas de produtividade, como problemas climéticos, nutricdo, adaptabilidade
genética e doencas, sendo esta Ultima o fator essencial apds o plantio. Existem muitas doencas
que afetam a cultura, como mofo branco causado por Sclerotinia sclerotiorum, mancha parpura
da semente (Cercospora kikuchii) e ferrugem-asiatica (Phakopsora pachyrhizi), todas, doencas
fangicas que causam grandes danos. O desafio relativo a elas é a selegdo de patdgenos
resistentes causadas pelo uso recorrente de produtos quimicos com mesmo mecanismo de acéo,
diminuindo sua eficicia. Desse modo, conduzimos dois experimentos usando rotacdo de
produtos bioldgicos: o primeiro usando Bacillus spp. para controlar a ferrugem (Phakopsora
pachyrhizi) na soja; e o segundo usando Trichoderma spp. para controlar o mofo branco
(Sclerotinia sclerotiorum). No primeiro experimento, verificamos que na primeira época de
semeadura a combinacdo dos produtos Twixx seguido do Bioimune, embora ndo apresentem
diferencas no controle da doenca aumentaram a produtividade e concequentemente um maior
lucro, por outro lado, na segunda época, ndo ouve diferenca estatistica no quesito produtividade
para os tratamentos Bioimune; Twixx_Bioimune; e Bioimune Twixx, embora a primeira
combinacéo tenha apresentado maior valor absoluto para produtividade e tenha proporcionado
um lucro maior. No segundo experimento, embora tenha havido um efeito da aplicacdo de
Trichoderma sobre o rendimento, em comparagdo com o controle, a rotacdo de Trichoderma
ndo teve diferenca entre si; a viabilidade dos esclerddios foi reduzida pelo uso do controle
biol6gico, mas o parasitismo foi baixo, indicando a presenca de outros organismos que podem
ser recrutados pela aplicacdo de Trichoderma. Os experimentos nos mostram que cada
patossistema sofre diferentes tipos de interferéncia do manejo com produtos bioldgicos e em
alguns casos o posicionamento de diferentes produtos bioldgicos podem ser benéficos ou
neutros.

Palavras-chave: manejo biol6gico; manejo da resisténcia; recrutamento microbiano.



ABSTRACT

Soybean (Glycine max L.) is one of the most important crops for the global economy,
with Brazil being the global leader in production. However, the crop suffers from various
problems that cause productivity losses, such as weather-related issues, nutrition, genetic
adaptability, and diseases, the latter being the essential factor post-planting. There are many
diseases that affect the crop, such as white mold caused by Sclerotinia sclerotiorum, purple seed
stain (Cercospora kikuchii), and Asian rust (Phakopsora pachyrhizi), all fungal diseases that
cause significant damage. The challenge related to them is the selection of resistant pathogens
caused by the recurrent use of chemicals with the same mechanism of action, decreasing their
effectiveness. Thus, we conducted two experiments using biological product rotation: the first
using Bacillus spp. to control rust (Phakopsora pachyrhizi) in soybean; and the second using
Trichoderma spp. to control white mold (Sclerotinia sclerotiorum). In the first experiment, we
found that in the first planting season, the combination of Twixx followed by Bioimune,
although not showing differences in disease control, increased productivity and consequently
higher profits. On the other hand, in the second season, there was no statistical difference in
productivity for the Bioimune treatments; Twixx_Bioimune; and Bioimune_Twixx, although
the first combination showed a higher absolute value for productivity and provided higher
profits. In the second experiment, although there was an effect of Trichoderma application on
yield compared to the control, Trichoderma rotation showed no difference among treatments;
scleroid viability was reduced by biological control use, but parasitism was low, indicating the
presence of other organisms that can be recruited by Trichoderma application. The experiments
show us that each pathosystem suffers different types of interference from biological product
management and in some cases the positioning of different biological products can be beneficial
or neutral.

Keywords: biological management; resistence management; microbial recruitment.



IMPACT INDICATORS

Soybean is a very important crop world wide, it has many souces of protein, oil and
carbohydrates. It is the main source of cooking oil, and protein for animal nutrition; and its
production increases every year more and more. The present work was developed because of
many questions that the farmers had about the position of the products in disease management.
Concerning biological control which is the main subject of this work, helps to bring balance to
the environment and fewer chemical applications, bringing more life quality to the farmer.

The results we obtained can help to reduce the application of chemical products, and
improve the use of biological ones, by utilizing or not different followed products into the
agricultural system. This decrease of use, helps to establish a balance of the environment and

build a system more self sustainable.



INDICADORES DE IMPACTO

A soja € uma cultura muito importante mundialmente, possuindo muitas fontes de
proteina, 6leo e carboidratos. E a principal fonte de 6leo de cozinha e proteina para a nutricéo
animal; e sua producdo aumenta a cada ano. O presente trabalho foi desenvolvido devido a
muitas davidas que os agricultores tinham sobre a posi¢do dos produtos no manejo de doencas.
Em relacdo ao controle bioldgico, que é o principal assunto deste trabalho, ele ajuda a trazer
equilibrio ao ambiente e reduz a necessidade de aplicagdes quimicas, proporcionando mais
qualidade de vida ao agricultor.

Os resultados que obtivemos podem ajudar a reduzir a aplicacdo de produtos quimicos
e melhorar o uso dos biolégicos, utilizando ou ndo diferentes produtos em sequéncia no sistema
agricola. Essa diminuicdo do uso contribui para estabelecer um equilibrio ambiental e construir

um sistema mais autossustentavel.
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INTRODUCTION
Soybean (Glycine max L.) is a commodity of global importance, it is produced in all

continents but Brazil and United States as larger producers, accounting for approximately 69%
of the global production of soybean in 2022/23; it can be used for various purposes, such as a
source of food for humans and animals raised for meat consumption, as well as for the
production of oils and biofuels (UNITED STATES DEPARTMENT OF AGRICULTURE
FOREIGN AGRICULTURAL SERVICE ARGENTINA RAMPS UP SOYBEAN IMPORTS
FROM PARAGUAY AND BRAZIL, 2023). The crop was introduced in Brazil in 1882 by
Gustavo Dutra, who brought it from the United States, where the Agronomic Institute of
Campinas (IAC) conducted the initial research to select cultivars adapted to the local climate
(CAVALCANTI, 1892).

The crop is cultivated throughout Brazil, driven by production technologies such as
developing new cultivars, opening new agricultural frontiers, and constant improvements
(ANA PAULA OLIVEIRA NOGUEIRA et al. 2015). Grain production has steadily increased
in Brazil, for example, in the state of Rio Grande do Sul, where, according to the Instituto Rio
Grandense do arroz, 39.2% of areas designated exclusively for rice production are now also
used for soybean production, resulting in a 205.8% increase in the soybean cultivated area
compared to the 2009/10 to 2020/21 crops (IRGA, 2021).

Although economically viable with a comprehensive global market, this crop still faces
various diseases that affect its productivity and diminish its commercial value. Examples of
fungal-caused diseases include Asian rust (Phakopsora pachyrhizi), White Mold (Sclerotinia
sclerotiorum), Purple Seed Stain (Cercospora kikuchii), Red Root Rot (Fusarium solani species
complex, mostly Fusarium brasiliensis, F. tucumaniae, F. crassistipitatum), Charcoal Rot
(Macrophominaspp.), among others (L. AMORIM et al., 2016).

Among the options to control soybean diseases, chemical fungicide is the predominant
control strategy. Despite its effectiveness, the successive use of these products can lead to the
selection of a population of microorganisms resistant to the main fungicide groups(CLAUDIA
VIEIRA GODOY et al., 2020); Another form of control is genetic resistance; as an alternative
to these methods of control, there is the use of multisite fungicides: mancozeb, chlorothalonil,
and copper-based (KOEFENDER et al., 2023). Biological control of soybean diseasse has
improved as an alternative to be applied in the field (). This method is unlike to exerta selection
pressure due to thevarious mechanisms of action through which they act (CATELLI et al.,
2009; MEYER et al., 2022).
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Indeed, the biocontrol products act through competition for space and nutrients,
parasitism, production of active or toxic compounds acting as bio-stimulants or antibiotics, and
biofilm production, among others, and with no significant effects againts humans (those used
in agriculture), this tool is increasingly gaining ground and establishing itself in the
market(FLAUSINO DE FARIA et al., 2022; KASPAR et al., 2019; MARINES PEREIRA
BOMFIM et al., 2010; WANG et al., 2018; YOU et al., 2016).

Considering that the multiple mechanisms of biological products are already
established, and their individual use has been proven effective, the objective of this work is to
verify whether the alternate use of different biological products influences two important
diseases in soybean cultivation (Glycine max): Asian rust (Phakopsora pachyrhizi) and White

Mold (Sclerotinia sclerotiorum).

LITERATURE REVIEW
SOYBEAN (Glycine max L.)

Most of the plants cultivated today have undergone both artificial and natural selection
over the millennia since the sedentarization of humans. The soybean crop (Glycine max L.) is
no exception. Even today, we have "perennial™ soybeans, considered a spontaneous invasive
plant in many locations, with a creeping growth habit, developing near lakes and rivers (EULA
MARIA SIQUEIRA SANTOS MOZZAQUATRO et al., 2017). Its place of origin is central-
eastern China, and its domestication occurred in the north-central part of China around the 11th
century B.C. (EMIDIO RIZZO BONATO AND ANA LIDIA VARIANI BONATO, 1987).

Soybeans undergo development stages categorized into vegetative and reproductive
stages. The vegetative stages are marked with the letter "V," ranging from "V1" to "Vn," where
"n" is the number of nodes above the cotyledonary node. There are also two earlier stages:
"VE," indicating cotyledon emergence, and "VC," indicating complete cotyledon opening. The
reproductive stage is marked by the letter "R," ranging from "R1" to "R8," where "R1" indicates
the beginning of flowering, and "R8" signifies complete soybean maturation for harvesting
(NEUMAIER et al., 2020). Understanding the plant's developmental stages is crucial for
recognizing the crop's needs and, consequently, directing proper management, especially for
fertilization and applications of products for pest and disease control.

Among the various climatic factors that can affect the commodity, and more
detrimentally its productivity, are temperature, water availability, and photoperiod.

Temperatures below 20°C are not suitable for seeding as they impede seed germination rates.
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The ideal temperature range for soybean development is 20—30°C, with temperatures below
10°C unsuitable for cultivation and temperatures above 40°C affecting productivity. A critical
factor related to temperature is flowering, which is induced only at temperatures above 13°C.
Photoperiod is directly related to cultivar development. Despite being considered a short-day
plant,” cultivars produced in locations with a smaller photoperiod amplitude can still produce
normally, only delaying flowering. These cultivars have the characteristic of a long juvenile
period and are used for cultivation in locations closer to the Equator. Water availability for
soybean cultivation is critical during two main periods: germination-emergence and flowering-
filling. Therefore, the concentration of rain during these moments in a homogeneous manner is
essential for final productivity (JOSE RENATO B. FARIAS et al. (2007) e NEUMAIER et al.
(2020)).

The expansion of soybean cultivation began in the 1970s, mainly in southern states,
with cultivars and techniques coming from foreign countries where cultivation was established.
Subsequently, due to the work of breeders, cultivars adapted to tropical regions were developed,
making it possible to cultivate soybeans throughout the national territory (LOPES et al., 2009).
The development of genetic improvement work allowed an expansion in the soybean
cultivation area, leading to increased crop stability and improvements in the production chain
(CORREA et al., 2017).

Today, Brazil is the world's largest soybean producer, along with the United States
(USDA, 2023), which necessitates extensive studies on how to better work with the crop and
address the problems associated with large-scale cultivation.

There are three different types of growth habits in soybeans: determinate, semi-
determinate, and indeterminate. Indeterminate varieties can compensate for damage caused by
various factors that may influence the crop's final productivity and cause losses, such as water
stress, defoliation, or pests (ANDRE LUIS THOMAS, 2018). Among these factors are plant
diseases, potential agents causing plant damage that will impact the harvest. These diseases can
be caused by fungi, bacteria, nematodes, viruses (biotic), or by stress generated by nutrient
deficiencies, environmental factors (abiotic) (L. AMORIM et al., 2018).

Within these biotic diseases, those caused by fungi in soybean cultivation have the
potential to cause significant damage. Notable diseases include Purple Seed Stain (Cercospora
kikuchii), Frogeye Leaf Spot (Cercospora sojina), Rust (Phakopsora pachyrhizi), and White
Mold (Sclerotinia sclerotiorum), the latter causing damage in higher-altitude locations
(Amorim et al., 2016).
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In this study, the focus will be on the control of Rust (Phakopsora pachyrhizi) and White

Mold (Sclerotinia sclerotiorum).

ASIAN RUST (Phakopsora pachyrhizi)

Originally identified in Taiwan, the fungus causing Soybean Asian Rust, Phakopsora
pachyrhizi, was first discovered in South America, specifically in Brazil, in 1979 (AMORIM
et al., 2016); The first epidemic of the disease in Brazil occurred in 2001, causing significant
damage to both the Brazilian and Paraguayan soybean crops (YORINORI et al., 2005). This
obligate plant parasitic Basidiomycete fungus is aggressive and can result in yield reductions
of up to 90%, affecting soybean grain production (GODQY et al., 2009).

Although the fungus has the potential to infect more than 31 species of 17 legume
genera, in Brazil, it is only capable of infecting soybean crops. Belonging to the class
Urediniomycetes, the fungus presents teliospores with thin, pale-colored walls, irregular
shapes, and multiple layers. The epidemic, however, is caused by urediniospores, anamorphic
spores that can vary from 2-10, with 4-8 being the most common. These spores originate
epidermally, may appear superficial, surrounded by paraphyses, and can have a cup or bowl-
shaped to spherical form. At opportune moments, they develop an opening through which the
spores are released. They exhibit a yellowish to pale brown color (ONO et al., 1992).

uredosorus formed on the no sporufation on
TR lower side of a host leaf nonhost plants

4 nonhost interaction

host interaction &
on Arabidopsis

on soybean

LY. <1 Y o | Aud 15, 5
formation of infected soybean leaf with no accelerated hyphal
a feeding organ lesions and uredosori growth into the mesophyll
b B
germinating uredospore the penetrated epidermal

forms an appressorium cell dies after penetration

Source: (Goellner et al., 2010).

Infection by this fungus begins with direct penetration through the cuticle. Once

established, the fungus produces its spores, which are wind-disseminated. A period of 6 hours
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of leaf wetness is required for infection to occur (under optimal temperatures of 15-25°C), and
this can increase with temperature variations. Symptoms can appear at any phenological stage
of the crop, and their severity depends on the initial inoculum present in the field. However,
symptoms typically begin to appear when canopy closure occurs, establishing a more favorable
microclimate (AMORIM et al., 2016; ANDRADE and ANDRADE, 2002; CARVALHO and
FIGUEIREDO, 2000).

Symptoms initiate as tiny darker spots than healthy tissue on the adaxial leaf surface,
ranging from grayish to greenish and evolving into a brown color. Tan-colored lesions indicate
susceptibility, while reddish-brown (RB) lesions indicate resistance. Lesions on the adaxial part
usually have an angular shape delimited by the vein, and uredinia on the corresponding abaxial
part of the lesion (ANDRADE and ANDRADE, 2002).

In regions where winter is mild, such as Brazil and the southern United States, there is
no inoculum breakdown or host death. Therefore, disease development on different hosts
increases the disease inoculum, resulting in higher field infection pressure (KELLY et al.,
2015).

Controlling the fungus in Brazil, where it survives only on soybean plants, primarily
involves crop rotation, spontaneous soybean plant control, implementation of a sanitary break
(ranging from 60 to 90 days, depending on the region), and the use of early-cycle cultivars
combined with timely planting. Monitoring the disease through spore collection and field
evaluations is indispensable, although fungicides are used preventively (AMORIM et al.,
2016).

Another critical and highly sought-after form of control is chemical control, which can
be achieved using site-specific fungicides such as triazoles (demethylation inhibitors - DMI),
strobilurins (quinone outside inhibitors - Qol), and carboxamides (succinate dehydrogenase
inhibitors - SDHI); or multisite fungicides such as Mancozeb, chlorothalonil, and copper
oxychloride. Additionally, a mechanism used for resistance management is the rotation of
active ingredients in different fungicides (GODOY et al., 2020).

According to (EMBRAPA, 2019) , 90% of the DNA sequences of Phakopsora
pachyrhizi consist of non-coding repetitive DNA sequences, ensuring adaptability to the
pathogen, particularly the development of populations resistant to control measures currently
on the market and varietal resistance breakdown. As noted by Juliatti et al. (2019) , many
products once recommended by the Ministry of Agriculture, Livestock and Supply for disease

control are no longer effective due to reduced efficacy of commonly used active ingredients.
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Finally, other types of controls used for disease management include the use of
alternative controls such as essential oils, plant extracts, homeopathic medicines, resistance
inducers, and biological control. However, only products based on microorganisms (biological
control) are registered for controlling this disease, specifically products formulated with
bacteria of the genus Bacillus sp. (MEYER et al., 2022).

LATE SEASON DISEASES (Cercospora kikuchii and Septoria glycine)

The fungi Cercospora kikuchii (Matsu. & Tomoyasu) and Septoria glycine (Hemmi) are
constantly associated to each other in soybean fields, causing the late season diseases complex
(MARTINS et al., 2004); the first usually cause more damage under 23-27°C and high moisture
levels (HENNING et al., 2014). The first pathogen provokes symptoms of dark to brownish
spots that gather and form bigger spots; the main characteristic of this fungus is to promote a
purple spot in soy grains (ENCISO-MALDONADO and FERNANDEZ-GAMARRA, 2021),
and usually can be visualized only after R6 to R7 stages, after causing the real damage, where
this disease causes around 30% of yield losses in the crop due to defoliation (AMORIM et al.,
2016).

Although the main species related to late season disease in soybean from the Genus Cercospora
is Cercospora kikuchii, other species as C. cf. flagellaris and C. cf. sigesbeckiae are also related
to this disease complex symptoms (SOARES et al., 2015)

Septoria glycine is another widespread pathogen that causes losses in soybean, causing
a disease named brown spot (ALLEN et al., 2017). It infects the plant in early stages, making
a brown spot on the leaf surface, the spot starts smalls, and then grow according to the
development of the disease. In advanced stages it causes defoliation on the crop. The minimum
leaf wetting time needed is 6 hours, under a temperature of 15 — 30°C, where its pycnidia is the
primary and secondary inoculum. The spore germinates and develop one or more germinating
tubes (HENNING et al., 2014). The losses it causes in the crop are also around 27% (LIN et
al., 2021).

The management concerns about crop rotation and healthy seeds manly. The chemical
products can be used in seed treatment and aerial application; the principal products applied in
the field are: benzimidazoles, triazoles, strobilurins, carboxamides and multisite (PRICE et al.,
2015); additionally biological products can be used to control these diseases, where the main
microorganism commercially used are bacteria from the genus Bacillus sp. (MEYER et al.,
2022).
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WHITE MOLD (Sclerotinia sclerotiorum)

The fungus causing White Mold, Sclerotinia sclerotiorum (Lib.) de Bary, is an
Ascomycete belonging to the Sclerotiniaceae family, with the ability to infect over 400 species
of wild and cultivated plants. Among the most affected crops are soybeans, sunflowers, and
canola (BOLAND AND HALL, 1994). The fungus can form sclerotia, clusters of melanized
hyphae, which remain viable in the soil for several years until favorable conditions arise. These
sclerotia are typically located in the top 3 cm of the soil layer and can germinate to form hyphae
or apothecia when conditions are favorable. The fungus can reproduce sexually or asexually,
with asexual reproduction occurring when it emits hyphae and infects only one plant and sexual
reproduction occurring when it forms the apothecium and releases ascospores, resulting in field
epidemics causing nearly 100% damage (WEBSTER and WEBER, 2007).

Under conditions of high humidity and temperatures between 10-21°C, sclerotia
germinate and give rise to apothecia. In apothecia, asci are produced, and a single sclerotium
can produce 15 to 20 apothecia. These apothecia, in turn, release ascospores daily for 2 to 17
days, with each apothecium capable of releasing up to 2 million ascospores. Ascospores can be
wind-dispersed (Figure 1) and reach distances of up to 100 m, serving as primary inoculum.
Alternatively, under temperatures between 20-25°C, sclerotia germinate and emit hyphae that
locally infect the host plant (JACCOUD FILHO et al., 2017).

A crucial factor in the pathogenicity of this fungus is the production of oxalic acid. This
molecule is a significant pathogenicity factor as it chelates calcium ions in the plant cell wall,
suppresses the plant's hypersensitivity response, and acidifies the infected tissue. Mutants
lacking this gene have significantly attenuated virulence (CESSNA et al., 2000; GODQY et al.,
1990; KABBAGE et al., 2013).

Figurel. Life cycle of Sclerotinia sclerotiorum.
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The symptoms of the disease begin with edema spots that progress to light brown,
accompanied by the formation of a white cottony mycelium. Infection typically originates in
the plant's flowers, the most common entry point for ascospores, but it can occur on any part of
the plant. The most critical phase for the crop is from the onset of flowering (R2) to the
beginning of pod formation (AMORIM et al., 2016).

Disease management involves proper irrigation practices, crop rotation, the use of non-
host plant residues (generally grasses), the use of healthy seeds, seed treatment, chemical
control, biological control, resistance induction, and integrated crop-livestock systems. The
main chemical fungicides are based on fluazinam, procymidone, thiophanate-methyl, and
carbendazim. Another factor influencing sclerotia germination is the use of herbicides; the
herbicide with the active ingredient lactofen induces sclerotia germination at an inopportune
time, making pathogen infection more challenging (JACCOUD FILHO et al., 2017).

There are two main microorganisms used in biological control of white mold in tropical
climates: Trichoderma spp., which has high parasitic capacity and antagonistic activity against
the fungus (FERNANDO C. JULIATTI et al., 2019); and Bacillus sp., which exhibits

antagonistic activity, competition, and resistance induction (CAWOY et al., 2011).

BIOLOGICAL CONTROL OF PLANT DISEASES
According to the definition by Cook and Baker, (1983), biological control is "the

reduction of inoculum or disease-determining activities caused by a pathogen, carried out by



20

one or more organisms other than humans". Agrios, (2005), defines it as the total or partial
destruction of a pathogen population by organisms found in nature. In the case of biological
control of diseases, a microorganism that does not cause disease in the plant exerts an
antagonistic effect against another pathogenic microorganism (AMORIM et al., 2018).

Biological control can be divided agriculturally into two different forms: classical
biological control, where organisms are introduced once and reach equilibrium with the harmful
organism, requiring no reintroduction of the beneficial organism, and applied biological
control, which involves the mass introduction of beneficial organisms into the crop, showing
significant results in the short term (PARRA, 2014).

This approach has been used as an alternative to chemical control in managing Asian
soybean rust (Phakopsora pachyrhizi), as chemical control, though commonly employed, can
have environmental consequences by contaminating soil and water systems, leading to
environmental degradation (VEIGA et al., 2006); Another influencing factor is the selection of
pathogen populations resistant to key disease control molecules, such as the fungicides
tebuconazole, cyproconazole, and azoxystrobin, caused by their repeated and non-rotational
use (GODOY et al., (2018) e XAVIER et al., (2015)).

Microorganisms used in the biological control of diseases have various mechanisms of
action that can intervene against plant pathogens, including hyperparasitism, induction of
resistance, competition for substrate, production of antagonistic volatile molecules, production
of toxic metabolites to microorganisms, production of biofilms, among others (BENNETT and
INAMDAR, 2015; MEYER et al., 2022; PEREIRA DA SILVA, 2016); The genus Bacillus is
the only one with registered products up to 2022 (Meyer et al., 2022); Bacteria of this genus
can produce various types of secondary metabolites, making it an efficient biological control
agent (Kaspar et al., 2019) , addressing the issue of developing resistant populations of the
fungus, as each microorganism is an individual capable of producing different substances, even
within the same species.

Soil-associated fungi causing diseases are among the most challenging to control
(ALABOUVETTE et al., 2005) , including white mold (BOLAND and HALL, 1994).
Biological control of this disease is achieved by different types of microorganisms, such as
Bacillus spp., Trichoderma spp., Clonostachys spp., Pseudomonas spp., Streptomyces spp., and
Coniothyrium minitans spp. (Baharlouei et al., 2011; Faria et al., 2022; Nobre et al., 2005;
Webster and Weber, 2007; Zhang, 2004). In Brazil, currently, biological products for white

mold control are limited to Bacillus spp. and Trichoderma spp.. While bacteria of the genus
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Bacillus produce antagonistic compounds against S. sclerotiorum, Trichoderma primarily
parasitize sclerotia, resulting in a reduction of up to 70% in carpogenic germination (FARIA et
al., 2022; MEYER et al., 2022).

GENUS BACILLUS

Bacteria of the genus Bacillus, such as Bacillus subtilis, are found in various places
ubiquitously, demonstrating unusual genetics and adaptability, allowing them to colonize
different types of niches (EARL et al., 2008). Some of these, however, are human pathogens,
such as B. cereus and B. anthracis, while others, like B. subtilis, pose no risks as food-borne
(MAUGHAN and VAN DER AUWERA, 2011). Among the species most used for biological
control in Brazil are B. subtilis, B. amyloliquefaciens, B. velezensis, and B. thuringiensis
(MEYER et al., 2022).

Bacteria of this genus are gram-positive, meaning they have thick peptidoglycan walls;
they have aerobic or facultative anaerobic metabolism capable of producing the catalase
enzyme; their shape is rod-like, and they can form endospores, ensuring their survival in
adverse environments (DE VOS et al., 2009).

Various mechanisms make these microorganisms effective biological control agents,
including the production of compounds from secondary metabolism, direct competition,
production of volatile compounds, antibiotics, biofilm formation, siderophore production,
resistance induction, and the production of phytohormones (WANG et al., 2018; YOU et al.,
2016).

Stein, (2005), identified that the genome of Bacillus subtilis individuals dedicates 4 to
5% to the production of secondary metabolites, with over 24 of these substances having
antimicrobial capacity.

There are various types of peptides produced by different Bacillus species, including
cyclic and linear lipopeptides, dihydroisocoumarins, bacylisins, and many others, of ribosomal
or non-ribosomal origin (KASPAR et al., 2019).

Among the lipopeptides, the cyclic ones are the most studied; their composition, formed
by a polar cyclic peptide linked to a branched or non-branched apolar chain, gives these
molecules surfactant activity. The majority, belong to three different families: Iturins,
Fengycins, and Surfactins (CAULIER et al., 2019; LUO et al., 2015).

The Surfactin family is the most studied of the three, with surfactant capabilities

extending to cancer treatments. Its high potential for causing cell lysis and easy production,
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extraction, and isolation contribute to it being the most popular family in studies. However, it
is less selective than the others, as its high surfactant capacity acts on various cell types,
including viruses (KASPAR et al., 2019).

On the other hand, Iturins have both antibacterial and antifungal abilities; they form
pores through self-assembly and are inserted into the cytoplasm. Their efficiency depends on
concentration, with an effect on a broad range of fungi starting from 10 pg mL-1, while their
efficiency against bacteria is limited to some gram-positive bacteria (MAGET-DANA et al.,
1985). There are several types of lturins, differing greatly in composition and organisms
affected (KASPAR et al., 2019).

Compared to the other two, Fengycins are less toxic to plants, showing selectivity for
filamentous fungi like Rhizoctonia solani (LOEFFLER et al., 1986); This selectivity may be
due to an "all-or-nothing™ mechanism proposed by (PATEL et al., 2011) , which has a greater
effect on the membrane permeability of filamentous fungi, possibly due to specific lipid
composition. The linear chain part of these molecules influences the types of microorganisms
they affect, their effects, and some in biofilm formation (KASPAR et al., 2019). Other peptides,
such as geopeptins, were able to inhibit the mobility of zoospores of Phytophthora capsici,
showing the broad variety of these compounds and their efficiency in controlling organisms
associated with plant diseases (TAREQ et al., 2015).

The production of enzymes is also an important mechanism of action for these bacteria,
such as the production of glucanases, proteases, and chitinases. These enzymes directly act on
the pathogen, hindering fungal penetration by acting on their cell walls and using the released
components as a carbon source for their metabolism (ARORA et al., 2007; EL-BENDARY et
al., 2016).

The activation of plant resistance is also an efficient mechanism exerted by these
Firmicutes. They can produce secondary metabolites that stimulate the expression of pathogen-
related proteins and others associated with plant defense, such as chitinase, phenylalanine
ammonia lyase, peroxidase, and polyphenol oxidase (JIAO et al., 2020) Systemic resistance
can also be activated through the jasmonic acid and salicylic acid pathways, preventing disease
development (NGUVO and GAO, 2019).

It is also worth noting other control mechanisms, such as biofilm formation and the
production of volatile organic compounds, which can act directly on the pathogen or induce
plant resistance, can also be deployed by those organisms. Biofilm, in turn, makes the bacterium

more competitive for space and nutrients, such feature assures the the buffered environmental
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to the buildup of the biocontrol population and the expression of quorum-sensing regulated
genes related to the bacterial survival and plant protection, there hampering the plant from
pathogen attack (BAIS et al., 2004; ZHANG et al., 2020).

GENUS TRICHODERMA

Trichoderma spp. is a genus of the Ascomycota phylum and the order Hypocreales.
They are characterized by forming perithecia with pale to vivid colors, although some members
do not have a known teleomorphic phase. In their anamorphic phase, they have conidiogenic
cells in the form of terminal or lateral phialides, either grouped or not. Fungi of this class have
a high parasitic capacity and produce antimicrobial compounds (WEBSTER and WEBER,
2007). The species most used in biological control in Brazil are Trichoderma asperellum, T.
harzianum T. koningopsis e T. stromaticum.

Another capability that makes this fungus interesting for use in biological control is its
ability to solubilize nutrients, such as phosphate, as well as enhance its acquisition by plants
and promote plant growth (BONONI et al., 2020).

Due to its high competitiveness, this fungus stands out for rapid growth, colonization of
various substrates, tolerance to toxic substances, and abundant sporulation. Its high parasitic
capacity occurs because the fungus can produce various types of substances antagonistic to
other microorganisms, induce resistance, and inactivate some enzymes in plants (GERALDINE
etal., 2013; HARMAN et al., 2004; SHORESH et al., 2010).

Species of Trichoderma, as mentioned earlier, are widely used in biological control in
Brazil. One of the main targets of biological control is the use of this fungus to control
Sclerotinia sclerotiorum (FARIA et al., 2022). although they show excellent growth at
temperatures of 25-28°C, some species, despite having reduced mycelial growth, are still
capable of significant growth under humidity between 55-70% (JACCOUD FILHO etal., 2017,
BOMFIM et al., 2010). Another factor that contributes to their effectiveness against this
pathogen is the secretion of lytic enzymes that cause the rupture of the fungal sclerotia cell wall
after penetrating them (GERALDINE et al., 2013).

OBJECTIVES

General objectives
To check if there is an influence of the alternating use of different biological products

on Asian rust (Phakopsora pachyrhizi), and white mold (Sclerotinia sclerotiorum) on soybean.
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Specific objectives
CHARPTER 1: “ Does the alternate Bacillus-based product sapplication has the same
performance on the disease management and plant yield as the single product
applicationin soybean?”

Analyze the interaction among Bacillus based products to control foliar diseases in
soybean, introducing them alone and in different sequences, to verify the effectiveness or

ineffectiveness of it.

CHARPTER 2: “Does alternating different Trichoderma-formulated products control
Sclerotinia sclerotiorum?”

Verify if the pattern of applications, of two different products based on Trichoderma
have a benefic, malefic, or neutral outcome, for controlling white mold in soybean, and how

the interaction of them can impact the development of the crop.
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Abstract

Biological control is has proven to reduce foliar diseases in soybeans - Phakopsora
pachyrhizi (Asian rust), Cercospora kikuchii (purple spot) and Septoria glycines (brown spot)
however little is know about the intereaction between different products. Two field assays were
conducted where severity and yield parameters were evaluated. The combination of two strains
of Bacillus amyloliguefaciens, rotated with Bacillus subtilis, showed the highest yield in the
early sowing season (Tuckey 5%), and an increase of U$98.24 per hectare in the late sowing
season, compared to the second most productive treatment. The results indicate that biological
control rotation works, but it depends on the biological products being rotated and their position

in the rotation, as it determines their efficacy.

Introduction
Soybean (Glycine max L.), one of the fourth most widely cultivated crops globally, with
a planting area of 102.77 million hectares and an annual yield of 239.36 million tons, has Brazil

and the United States as the largest world producers, responsible for approximately 69% of the
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global productivity of soybean in 2022/23 (United States Department of Agriculture Foreign
Agricultural Service Argentina Ramps Up Soybean Imports from Paraguay and Brazil, 2023;
FAO, 2020).

Many diseases affect soybean in Brazil, among them, we have Cercospora kikuchii,
Septoria glycines (both together named late season diseases) and Phakopsora pachyrhizi (rust);
these foliar diseases cause many losses in the crop every year, that can be avoided by the
application of fungicides (Brown et al., 2024; Hossain et al., 2023). The disease caused by the
fungus Cercospora sp. has many species related to the disease complex symptoms, such as:

Cercospora kikuchii, C. cf. flagellaris C. cf. sigesbeckiae (Soares et al., 2015).

Soybean rust on the other hand causes defoliation in the plant, that can be not
compensated at high levels of the disease, especially high inoculum at early stages (Primiano
and Amorim, 2023). The main alternative to avoid these losses, is the use of resistant cultivars,
saving millions of dollars per year (Ishiwata and Furuya, 2020); additionally, the disease
management is made with the use of chemical and biological control products (Meyer et al.,

2023).

Due to repeated used of the same product, chemical fungicides are losing their efficacy,
by selecting resistant individuals (Fernando Cezar Juliatti et al., 2019); the use of biological
products is an alternative to prevent this selection if used correctly in disease management, for
these tools are multisite fungicides (Meyer et al., 2022). Most biological products registered in
Brazil, belong to the genus Bacillus and Trichoderma, where Bacillus is the main one for foliar
diseases (“AGROFIT-Sistema de agrotoxicos fitossanitarios,” 2024). These Bacillus have a
variety of modes of action, caused by the presence of lipopeptides, biofilm compounds, and

volatile compounds, involved in disease management (Tran et al., 2022).

Therefore, two commercial Bacillus sp. based products were tested to control

Phakopsora pachyrhizi, Cercospora kikuchii, and Septoria glycines in soybean fields in Brazil.
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(Glycine max L.), one of the fourth most widely cultivated crops globally, with a planting area
of 102.77 million hectares and an annual yield of 239.36 million tons, has Brazil and the United
States as the largest world producers, responsible for approximately 69% of the global
productivity of soybean in 2022/23 (United States Department of Agriculture Foreign
Agricultural Service Argentina Ramps Up Soybean Imports from Paraguay and Brazil, 2023;
FAO, 2020).

Many diseases affect soybean in Brazil, among them, we have Cercospora kikuchii,
Septoria glycines (both together named late season diseases) and Phakopsora pachyrhizi (rust);
these foliar diseases cause many losses in the crop every year, that can be avoided by the
application of fungicides (Brown et al., 2024; Hossain et al., 2023). The disease caused by the
fungus Cercospora sp. has many species related to the disease complex symptoms, such as:

Cercospora kikuchii, C. cf. flagellaris C. cf. sigesbeckiae (Soares et al., 2015).

Soybean rust on the other hand causes defoliation in the plant, that can be not
compensated at high levels of the disease, especially high inoculum at early stages (Primiano
and Amorim, 2023). The main alternative to avoid these losses, is the use of resistant cultivars,
saving millions of dollars per year (Ishiwata and Furuya, 2020); additionally, the disease
management is made with the use of chemical and biological control products (Meyer et al.,
2023).

Due to repeated used of the same product, chemical fungicides are losing their efficacy,
by selecting resistant individuals (Fernando Cezar Juliatti et al., 2019); the use of biological
products is an alternative to prevent this selection if used correctly in disease management, for
these tools are multisite fungicides (Meyer et al., 2022). Most biological products registered in
Brazil, belong to the genus Bacillus and Trichoderma, where Bacillus is the main one for foliar

diseases (“AGROFIT-Sistema de agrotdxicos fitossanitarios,” 2024). These Bacillus have a
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variety of modes of action, caused by the presence of lipopeptides, biofilm compounds, and
volatile compounds, involved in disease management (Tran et al., 2022).
Therefore, two commercial Bacillus sp. based products were tested to control

Phakopsora pachyrhizi, Cercospora kikuchii, and Septoria glycines in soybean fields in Brazil.

Materials and Methods

Field Assay

The experiment was conducted on a rural property in Nepomuceno-MG, at coordinates
21°19'10.8"S 45°06'48.1"W (Early sowing 1), and the soybeans sown in the second period at
21°18'53.6"S 45°06'14.1"W (Late sowing 2), during the 2023-24 summer season. The cultivar
used was Brasmax Zeus IPRO, sown at two different moments on October 11, 2022, and
November 22, 2022. Planting was carried out with 14 seeds per meter, with a row spacing of
0.5 meters row distance. The plots consisted of 6 treatments and 4 blocks, with each plot having
an effective area of 18 square meters. Four foliar sprays of biological fungicide were made to
the soybeans sown on the first planting V4, 45 days after emergence (R1), 18 days after the last
application (R3), 28 days after the last application (R5). Bacillus subtilis (Bioimune) 2L/ha
and Bacillus amyloliquefaciens; Bacillus amyloliquefaciens (Twixx) were applied alone and
alternate to the crop. Positive control with chemicals was performed using the following
applications: 1st Application (45 days after emergence) strobirulin + pyrazole carboxamide
(Vessarya) (0.6 L/ha) + Adjuvant (Quid oil) (0.2 L/ha); 2nd application (18 days after the first
application) strobilurins + dithiocarbamate + triazole (Tridium) 2.0 L/ha + adjuvant (Strides)
0.25% v/v; and 3rd Application (36 days after the first application) triazole (Cypress) 0.3 L/ha
+ isophthalonitrile (Bravonil) 1.5 L/ha. In the late sowing, 5 applications of biological
fungicides were performed: V4, 45 days after emergence (R1), 18 days after the last application

(R3), 28 days after the last application (R5) and 42 days after the last application (R6); Bacillus
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subtilis (Bioimune) 2L/ha and Bacillus amyloliquefaciens ; Bacillus amyloliquefaciens
(Twixx) were applied alone and alternate to the crop. The positive control was performed with
the following applications: 1st (45 days after emergence) bixafem + proticonazole +
Trifloxistrobin (FoxXpro) 0.5 L/ha + Adjuvant (Aureo) 0.25% v/v; 2nd (14 days after the first
application) epoxiconazole + fluxapyroxad + pyraclostrobin (Ativum) 0,8L/ha + Adjuvant
(Mees) 0.25% v/v; 3rd (28 days after the first application) strobilurins + dithiocarbamate +
triazole (Tridium) 2.0 Kg/ha + adjuvant (Strides) 0.25% v/v; 4th (42 days after the first
application) triazole (Cypress) 0.3 L/ha + isophthalonitrile (Bravonil) 1.5 L/ha, the last one only
in the second season. Procimidone (ParrudoBR) was applied at a dose of 1L/ha to control of
Sclerotinia sclerotiorum in Area 1,

glyphosate (Roundup WG), at the dose of 2Kg/ha was applied to control weed, and
thiamethoxam + lambda-c-yalothrine (Engeo Pleno S), at the dose of 200ml/ha to control
insects when necessary. The volume of spray used was 150L/ha.

The severity of Asian rust (Phakopsora pachyrhizi) was measured (disease, according
to the scale proposed by Godoy et al., 2006, end-of-season diseases, according to the scale
developed by Martins et al., (2004)). Three assessments for disease severity were conducted
with a 15-day interval between them between R5 (beginning of seed) and R6 (full-seed) growth
stages; it was used to establish the critical point of the disease, as shown by (Barro et al., 2021).
Disease severity is expressed as mean percentage value for the plot and considers the percentage
area affected by remaining leaves and 100% for a defoliated canopy. The parameters: yield
(kg/ha), was measured by the weight of the grains collected from the main 4 lines (useful plot)
of the center of the plot with the discount of the moisture; thousand-grain weight, measured by
weighting one hundred grains 8 times and transforming it into one thousand grains weight;

number of pods, measured by counting the number of pods of the main stem; and number of
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grains per pod, measured by dividing the number of grains by the number of pods of the main
stem.
Statistical analysis
The data were submitted to Shapiro-Wilk normality test (p-value > 0.05), Bartlett's
homogeneity test (p-value > 0.05), and Dixon's test (p-value < 0.05), with the removal of
outliers if necessary. For the mean comparison, the Tukey test was conducted for the mentioned

analyses (p-value < 0.05). The software used was the program R.

RESULTS
Rust severity index
Four assessments were made to evaluate the severity of the disease. In the Figure 1, are
presented the results for Asian rust in soybean. The image A, B and C that show the first
experiment, the point that the severity rises mainly between the 3 and the 4 evaluations for the
bottom and the middle third of the canopy. We can also see a similar pattern for the late sowing.
The severity of the 4th evaluation (between R5 and R6) of each third of the canopy was
submitted to statistical analysis (Figure 2). The image A indicates that only BCA 1 differs from
BCA 2 (p = 0.014); On image B and C (Middle (p = 0.11) and superior (p = 0.51)) third of the
canopy respectively), there is no significant difference between the treatments. On the other
hand, in the late sowing, we have in the three thirds of the canopy a pattern where all treatments
differ from the negative control, where D indicates the bottom (p < 0.001), E the middle (p <
0.001) and F the superior third (p < 0.001).
Additionally, the average of the disease index from the bottom, middle and superior
third of the canopy was submitted by statistical analysis ( Figure 3). For the early sowing BCA

1 suffered from less severity compared the negative control (p = 0.01), but on the late sowing,
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the results show similar result to the separated thirds, were all treatments present less disease

severity compared to the negative control (p < 0.001).

Final cycle diseases severity index

As the rust severity was measured for rust, the same was applied for the DFC’s (Figure
4). Analogous results to the rust, a sudden increase of the disease severity occurred in the 3™
(R4) to the 4™ (R6) evaluation, in this case for all the thirds of the canopy and both sowing
times.

The severity from the material collected in the interval R5 to R6 is presented in the
Figure 5. The severity of the bottom third (image A), expresses that the treatments did not
reduce the percentage set side by side to negative control (p = 0.0016). Images B and C, middle
and superior thirds respectively did not show significant difference, for the early sowing. On
the late sowing thought, the bottom third, Image D, the treatments BCA 2, BCA 1 BCA 2 and
BCA 2_BCA 1, were better than BCA 1 and positive control, witch, in turn are superior to the
negative control (p < 0.001). The middle part of the canopy had the smallest severity when
treated with the biologicals, then whit the chemicals (positive control), which was lower than
the negative control (p <0.001). Last, in image F, the superior part of the canopy was affected
by all the treatments, except negative control.

Lastly the average of the severity taken in R5-R6 (Figure 6), in the first experiment there
was no significant difference between the treatments and the negative control (p = 0.02); in the
second one, BCA 2, BCA1 BCA 2and BCA 2 BCA 1, was better than BCA 1, that was better

than the positive control, which was better than the negative control (p < 0.001).
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Productivity parameters

The treatment BCA_1 BCA _2 resulted in the highest yield in both experiments (Figure
7) 21.2% and 8.02% yield increase respectively against the second best, while in the late sowing
moment, it was not different from the other treatments, except the negative control. In the first
experiment treatments Positive control, BCA 2, and BCA_2 BCA 1, also resulted in 26.7%,
17.92% and 19.7% increase compared to the negative control (p < 0.001). On the other hand,
in the late sowing all treatments were higher than the negative control (Positive control 26.98%,
BCA 2 27.59, BCA 1 BCA 2 36.53 and 28.43), except for BCA 1 (p = 0.0018), that in both
experiments did not differ from the negative control.

The variables bellow, in the Figure 8, present the data from both experiments, from the
two sowing seasons. In the first season there was no significant difference between the
treatments (Thousand grains weight (p = 0.08); pod number (p = 0.33); and grains per pod (p =
0.6)). In the late sowing, the variable pod number, did not show a significant difference between
the treatments (p = 0.027), while for thousand grains all the treatments had a significant effect
(p < 0.001) over negative control increasing its values. Furthermore, in grains per pod the
treatments BCA 2, BCA 1_BCA2 and BCA 2_BCA 1 (p = 0.084), did differ from the negative
control, simultaneously the treatments positive control and BCA 1, resulted ambiguity, not

differing from the following treatments.

Economic analysis

Table 1 — Economic analysis made by comparing the application values and the yield,
considering that all other management actions were the same for the treatments.
Amount (U$)

Treatments Yield (Bags) Application Profit
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Negative 34,120 | 33.61@ | oW 0@ 796,420 | 784,43
Control

Positive 51,630 | 47.90@ |86,17% | 11556® | 1118,98% | 1002,38%?
Control

BCA 1 43,730 | 44.78@ | 48,381 | 60,48@ | 972,19 | 984,59
BCA 2 45,861 | 48.22 | 105,80M | 132,25 | 964,68 | 993,181
BCA 1 _BCA | 65,500 |52.95@ | 77,090 |89,19® |1451,59% | 1146,71?
2

BCA 2_BCA | 47,030 | 48.70@ | 77,090 | 103,54® | 1020,49% | 1033,21?
1

*Considering the price of the bag U$ 23.34; WEarly sowing; @Late sowing; Where: Negative
control (Water); Positive control (Chemical fungicides treatment); BCA 1 (Bacillus
amyloliquefaciens; Bacillus amyloliquefaciens (Twixx, Agrivalle)); BCA_2 (Bacillus subtilis
(Bioimune, Vittia)); BCA_1 BCA_2 (Twixx_ Bioimune); and BCA_2 BCA_1 (Bioimune_
Twixx).

Treatment BCA 1 BCA 2 showed the highest profits in absolute and both sowing
comparisons; an increase of U$ 332.61 in the first season and U$ 113.5 in the second season,

compared to the second highest profit.

DISCUSSION
Soybean rust incidence and the level of severity of disease in field is guided by climatic
factors as: temperature, rainfall, relative humidity, leaf wetness period, and UV radiation
(Medeiros et al., 2008), inoculum pression that came from spontaneous plants infecting plants
in the early season, and inoculum that came from other areas, causing epidemics in the later

season (Dalla Lana et al., 2018). The correct management according to the developing stage of
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the plant is essential to reduce the losses and/or damage related to disease development
(Navarini et al., 2007).

We found that under lower rust inoculum pressure, the treatment BCA 1 BCA 2
(Bacillus amyloliquefaciens; Bacillus amyloliquefaciens followed by Bacillus subtilis ) resulted
in a yield rate increase of 21.2% (Figure 1), although it did not show any difference from other
treatments for any other parameter, that represent an increase of U$ 340.65 (13.87 bags), from
the second biggest yield (“melhorcambio”, 2024). Some hypotheses can be assumed for the
cause of this behavior is the concentration of the metabolites, as found by Ben Khedher et al.,
(2020) with surfactant concentration; applied in R5-R6 which is the most important stage in
grain filling (Barro et al., 2021). The product used in this stage for the treatment BCA 1_BCA
2 was B. subtilis , this genus is known for a huge variety of metabolites produced, specially
lipopeptides, ribosome produced or not (Kaspar et al., 2019).

Among these metabolites there are the exopolysaccharides and siderophores. These
molecules can help the maintenance of the ionic balance in the plant, inhibit the colonization of
pathogens thus avoid the transport of toxic ions (Radhakrishnan et al., 2017), mechanisms that
might stimulate the plant and promote its growth, enabling an increase of the yield (Figure 1).

Another growth promoters may be produced by Bacillus genus are the phytohormones,
like auxins where B. subtilis is capable of producing indole acetic acid (IAA), in high amounts
under fermentation process (Prado et al., 2019), cytokinins (Chobotarov et al., 2017),
gibberellins (Rizza and Jones, 2019) and abscisic acid (Shahzad et al., 2019): responsible to
regulate cell growth and differentiation (Gomes and Scortecci, 2021); shoot formation, vascular
proliferation and lateral root development (Wybouw and De Rybel, 2019); increase abiotic
stress tolerance and plant height (Gao and Chu, 2020); and various kinds of stress, as saline or
related to temperature (Jiang et al., 2019; Ma et al., 2015) respectively. At late sowing, although

we still have the superiority of the treatment BCA 1_BCA 2 (Bacillus amyloliquefaciens , strain
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; Bacillus amyloliquefaciens, strain followed by Bacillus subtilis ) concerning the yield (Figure
1), there was no significant difference between the biological and chemical treatments. This
might suggest that under a major inoculum pressure, the increase of yield was affected by the
severity of the disease (Navarini et al., 2007). On the other hand, this yield boost represents a
gain of 4 bags per hectare, which means U$98.24 per hectare, with no chemical products applied
for disease control (“melhorcambio,” 2024).

The remain productivity parameter (Figure 2) did not present significant difference
between the treatments in the early sowing, probably due to the low inoculum pressure (Godoy
et al., 2018), whereas on the late sowing all treatments differed from the negative control,
suggesting that the pressure directly affect these parameters (Godoy et al., 2018), except the
pod number, which suggests that the products did not had any effect under flowering
stimulation, and was only affected by the environment, the main factor that influences number
of pods (Mundstock and Thomas, 2005).

The disease evaluations made, show the development of the disease in the field, as for
rust, as for final cycle diseases (Fig. 3 and 6). Both show a buildup of the severity between the
3° to the 4° evaluation for all treatments on the 2 sowing periods, which is the crucial time for
the disease control that harm the grain filling (Barro et al., 2021), for its pattern is shown in the
three third of the canopy.

There is no disease severity difference between the treatments that justify the increase
of the yield related to the control of the pathogen (Lana et al., 2015), therefore, another
important element analogous to the yield increment is the initial concentration of the
metabolites and cells present on the formulated product, an essential aspect in disease control
(Bressan and Figueiredo, 2008; Yan and Khan, 2021). The concentration of autoinducer

molecules and the cell density determines the activation of the quorum sensing (Kalamara et
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al., 2018), that triggers the production of particles that might promote growth in the plant
(Sansinenea, 2019), and the production of biofilms (Kalamara et al., 2018).

The formulation of the products presented by the leaflet does not show the amount of
metabolites content presented on the product. Furthermore, the product Bioimune, has in its
formulation the lipopeptides: iturine, fengicine and surfactin; and the enzymes: chitinases,
lipases, proteases, and B-1, 3-glucanases (AGROFIT-Sistema de agrotoxicos fitossanitarios,
2023). These lipopeptides have an antimicrobial effect, which are also involved in the
production of biofilms (Penha et al., 2020), and act directly to the pathogen membrane
(Sheppard et al., 1991). Those enzymes also degrade the cell wall (Tran et al., 2022) and avoid
its germination (Wu et al., 2020). So, these molecules already present in the product applied in
the field act directly into the pathogen, what costs less energy of the plant to control the fungus
and can be used in the grain filling (Jinal and Amaresan, 2020).

The profit earned in BCA 1_BCA 2 (Table 1), lead us to the conclusion that in 22/23
crop, the foliar management disease could be made only with biologicals, and with higher

profits than using only chemicals.

Conclusions
Our results indicate that biological control rotation works, but it depends on which
biological we are rotating; and the inoculum pressure. Biologicals also increased the yield of
soybean, representing gain to the grower in the early and late season, despite the statistically
insignificant in late one; the rust inoculum in the late season might contribute to the yield
decrease, where severity rises at R5-R6 impacting grain filling; metabolites and cell
concentration can be the key factor to provoke yield increase; the economic analysis show that

biological treatments application cost less than chemical one, and present same disease index,
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in other words it its cheaper than chemical applications. Furthermore, Metabolomic analysis

must be evaluated to understand the interaction between plant and microorganisms.
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Figure 1. Severity of soybean rust (Phakopsora pachyrhizi). (A) Bottom third of the canopy,
early sowing; (B) Middle Third of the canopy, early sowing; (C) Superior third of the canopy,
early sowing; (D) Bottom third of the canopy, late sowing; (E) Middle third of the canopy, late

sowing; (F) Superior third of the canopy, late sowing. Where: Negative control (Water);
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Positive control (Chemical fungicides treatment); BCA 1 (Bacillus amyloliquefaciens; Bacillus

amyloliquefaciens (Twixx, Agrivalle)); BCA_2 (Bacillus subtilis (Bioimune, Vittia));

BCA_1 BCA_2 (Twixx_ Bioimune); and BCA_2 BCA_1 (Bioimune_ Twixx).
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Figure 2. Severity of soybean rust (Phakopsora pachyrhizi) of the 4th evaluation (R6). (A)

Bottom third of the canopy, early sowing; (B) Middle Third of the canopy, early sowing; (C)

Superior third of the canopy, early sowing; (D) Bottom third of the canopy, late sowing; (E)

Middle third of the canopy, late sowing; (F) Superior third of the canopy, late sowing. Where:

Negative control (Water); Positive control (Chemical fungicides treatment); BCA 1 (Bacillus

amyloliquefaciens; Bacillus amyloliquefaciens (Twixx, Agrivalle)); BCA_2 (Bacillus subtilis

(Bioimune, Vittia)); BCA_1 BCA 2 (Twixx_ Bioimune); and BCA 2 BCA _1 (Bioimune_

Twixx). *ns (shows that there was no significant difference between treatments), **Averages

followed by the same letter do not statistically different by the Tukey test (p <= 0.05).
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Figure 3. Average severity measured from individual assessment of the disease at the upper,
middle, and bottom of the plant canopy for soybean rust (Phakopsora pachyrhizi) at early (A)
and late (B) sowing. Where: Negative control (Water); Positive control (Chemical fungicides
treatment); BCA 1 (Bacillus amyloliquefaciens; Bacillus amyloliquefaciens (Twixx,
Agrivalle)); BCA 2 (Bacillus subtilis  (Bioimune, Vittia)); BCA_1 BCA 2 (Twixx_
Bioimune); and BCA 2 BCA 1 (Bioimune_ Twixx).*Means followed by the same letter do

not statistically different by the Tukey test (p <= 0.05).
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Figure 4. Severity of leaf blight (Cercospora kikuchii and Septoria glycine). (A) Bottom third
of the canopy, early sowing; (B) Middle Third of the canopy, early sowing; (C) Superior third
of the canopy, early sowing; (D) Bottom third of the canopy, late sowing; (E) Middle third of
the canopy, late sowing; (F) Superior third of the canopy, late sowing. Where: Negative control
(Water); Positive control (Chemical fungicides treatment); BCA 1 (Bacillus amyloliquefaciens
; Bacillus amyloliquefaciens (Twixx, Agrivalle)); BCA_2 (Bacillus subtilis (Bioimune,
Vittia)); BCA_1 BCA_2 (Twixx_ Bioimune); and BCA_2_BCA _1 (Bioimune_ Twixx).
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Figure 5. Severity of Final cycle diseases (Cercospora kikuchii and Septoria glycine) ) of the
4° evaluation (R6). (A) Bottom third of the canopy, early sowing; (B) Middle Third of the
canopy, early sowing; (C) Superior third of the canopy, early sowing; (D) Bottom third of the
canopy, late sowing; (E) Middle third of the canopy, late sowing; (F) Superior third of the
canopy, late sowing. Where: Negative control (Water); Positive control (Chemical fungicides
treatment); BCA 1 (Bacillus amyloliquefaciens; Bacillus amyloliquefaciens  (Twixx,
Agrivalle)); BCA_2 (Bacillus subtilis (Bioimune, Vittia)); BCA 1 BCA 2 (Twixx_
Bioimune); and BCA_2 BCA 1 (Bioimune_ Twixx). *ns (shows that there was no significant
difference between treatments), **Averages followed by the same letter do not statistically

different by the Tukey test (p <= 0.05).
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Figure 6. Average severity of the 3 thirds of the canopy of Final cycle diseases (Cercospora
kikuchii and Septoria glycine). (A) Average of the severity from the canopy thirds, early
sowing; (B) Average of the severity from the canopy thirds, late sowing. . Where: Negative
control (Water); Positive control (Chemical fungicides treatment); BCA 1 (Bacillus
amyloliquefaciens; Bacillus amyloliquefaciens (Twixx, Agrivalle)); BCA_2 (Bacillus subtilis
(Bioimune, Vittia)); BCA_1 BCA 2 (Twixx_ Bioimune); and BCA 2 BCA _1 (Bioimune_
Twixx). *ns (shows that there was no significant difference between treatments), *Averages

followed by the same letter do not statistically different by the Tukey test (p <= 0.05).
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Figure 7. (A) Soybean yield in Kg/ha harvested in the early sowing; (B) Soybean yield in Kg/ha

harvested in the late sowing. Where: Negative control (Water); Positive control (Chemical
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fungicides treatment); BCA 1 (Bacillus amyloliquefaciens; Bacillus amyloliquefaciens

(Twixx, Agrivalle)); BCA_2 (Bacillus subtilis (Bioimune, Vittia)); BCA_1 BCA_2 (Twixx_

Bioimune); and BCA_2_BCA _1 (Bioimune_ Twixx). *Averages followed by the same letter

do not

statistically different by the Tukey test (p <= 0.05).
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Figure 8. (A) Soybean thousand grain weight in grams, collected from three plants per plot,
harvested in the early sowing; (B) Soybean thousand grain weight in grams in the late sowing;
(C) Number of pods in the early sowing; (D) Number of pods, late sowing; (E) Number of
grains per pod, early sowing; (F) Number of grains per pod, late sowing. . Where: Negative
control (Water); Positive control (Chemical fungicides treatment); BCA 1 (Bacillus
amyloliquefaciens; Bacillus amyloliquefaciens (Twixx, Agrivalle)); BCA_2 (Bacillus subtilis
(Bioimune, Vittia)); BCA_1 BCA_2 (Twixx_ Bioimune); and BCA_2 BCA_1 (Bioimune_
Twixx). *ns (shows that there was no significant difference between treatments), **Averages

followed by the same letter do not statistically different by the Tukey test (p <= 0.05).
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Abstract

White mold, caused by Sclerotinia sclerotiorum, is a significant plant disease that
affects over 400 different host plants. In soybean crops, it tends to appear in regions with an
altitude higher than 600 meters, with high moisture and rainfall up to 250 mm. The disease can
be managed through cultural control, using grasses and cover crops, chemical control, with
fungicides, and biological control, using biological control agents (BCAs), such as
Trichoderma sp. It has different ways of acting against plant pathogens, specifically against
sclerotia. In the present work, Trichoderma-based products were sprayed separately at the V2
and V4 phenological stages to evaluate their effectiveness in controlling white mold in soybean.
Two field trials were conducted in different areas during the same season. We evaluated
productivity parameters such as yield (kg/ha), thousand grains weight (g), pod number, and
grains per pod. We also assessed disease parameters, including the incidence of white mold
(reproductive stage of R6), sclerotia parasitism, sclerotia germination, and the number of
apothecia from sclerotia produced in field and laboratory conditions. Although there was no

statistical difference in productivity between the BCAs treatments, all were better than the
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control. There was also no significant difference in the weight of a thousand grains, the number
of pods, and grains per pod, except between BCA 3 and the control in Area 2 for the weight of
a thousand grains. Regarding the disease parameters, all BCA treatments were found to be
different from the control in terms of incidence of white mold, while parasitism and germination
of sclerotia were enhanced with Trichoderma spray. The application of these BCAs is essential
in the production system, as they can potentially reduce the initial inoculum, colonize the
stubble, and accumulate gains for the next season, in addition to increasing the yield.

Keywords: Biological Control Agents, Trichoderma harziaunum White mold, Yield increase,

carpogenic germination.

1. Introduction

Brazil is currently the leading global producer of soybeans (USDA, 2023). The
estimated yield for the upcoming 2023/24 season is projected to be around 317.5 million tons,
grown on more than 78 million hectares of land (CONAB, 2023). However, with the expansion
of the cultivation area, there is a greater need for integrated management methods to control
diseases, weeds, and insects (Bortolotto et al. in 2015; Bueno et al. in 2021). Although the
increased yield can lead to higher input costs, it can also result in quantitative and qualitative
losses due to damage from biotic agents' actions (Bennett et al. in 2012).

One of Brazil's major fungal pathogens affecting soybean crops is Sclerotinia
sclerotiorum (Willbur et al., 2019; Macena et al., 2020) It infects the plant through carpogenic
or myceliogenic germination, causing significant losses in Brazil at elevations higher than 600m
(Boland and Hall, 1994; Meyer et al., 2016). White mold can cause damage of up to 2-6.7
bags/ha in various Brazilian states, even with chemical fungicides (Reis et al., 2020). Without

control measures, nearly 70% of losses can be incurred (Meyer et al., 2022).
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The management of white mold involves both chemical and biological control methods
since no soybean cultivars are resistant to this fungus, although their susceptibility may vary
(Kandel et al., 2018; Sumida et al., 2015). The main active ingredients commercialized in Brazil
are fluazinam, methyl thiophanate, procymidone, and carbendazim (Reis et al., 2020).
Normally, during flowering, they are sprayed at R1 and R2 with a 10-day interval between
sprays. (Lehner et al., 2017). Additionally, using different fungicides with different modes of
action helps reduce the selection of resistant pathogens populations (Pethybridge et al., 2019;
Meyer et al., 2020)

One of the ways to control plant pathogens is through biological control with
Trichoderma spp fungus. This is a multi-mechanism biological control agent (BCA) that can
reduce the damage caused by white mold in soybean. It does so by producing cell wall-
degrading enzymes, parasitizing the sclerotia, inducing systemic defense response, and
promoting growth. Several studies have described these benefits of Trichoderma spp (Geraldine
et al., 2013; Sumida et al., 2018; Macena et al., 2020; Pratap Singh et al., 2021;). It is used in
the V2 and V4 phenological stages of the plant for sclerotia viability characterization (Meyer
et al., 2016) or in time of after dessecation of soybean (Conte et al., 2022), where the canopy is
not fully developed or the dead plant, and the spray can reach the sclerotia remains in the soil
(O’Sullivan et al., 2021). Thus, using the same timing sprayed of post-emergent herbicide
(Canuto da Silva, et al., 2024) and desiccant herbicide in soybean and consequently, reducing
the coast of production besides use friendlly approach when insert Trichoderma-based products
in agroecossystm (Adetunji et al., 2020; Dutta et al., 2022)..

This study aims to evaluate the following: (i) the effects of applying Trichoderma
harzianum on white mold disease and crop parameters; (ii) the synergy resulting from the
alternate use of the formulated products; (iii) the viability of the sclerotia; and (iv) the efficacy

of controlling white mold by combining the products.



61

2. Materials and Methods

2.1 “in vivo” test

The in vivo experiment with Sclerotinia sclerotiorum was conducted in two different
locations where the disease was prevalent and sclerotia confirmed for virulence before planting,
according to (Faria et al., 2022). The first area (Area 1) was at Nepomuceno-MG (coordinates
21°19'08.9"S 45°06'41.1"W) and the second (Area 2) at Sdo Bento Abade-MG (21°34'41.6"S
45°08'29.9"W), both in Brazil. The cultivar used was Brasmax Zeus IPRO. Sowing at Area 1
occurred on 11/10/2022 and for Area 2 on 15/10/2022, sown on sorghum and maize stubble,
respectively. Planting was done with 14 seeds per meter, with a row spacing of 0.5 meters. The
plots consisted of five treatments and four blocks, with each plot having an effective area of
18m2. The treatments were: Control (water); BCA 1 (Trichoderma harzianum IBLF 006,
Ecotrich); BCA 2 (Trichoderma harzianum Natucontrol); BCA 1_BCA 2 (Ecotrich followed
by Natucontrol); and BCA 2_BCA 1 (Natucontrol followed by Ecotrich). Procimidona
(ParrudoBR) was applied at a dose of 1L/ha for the control of S. sclerotiorum starting at R1 for
all treatments and also the products Carbendazim (Carbendazim STK 500 SC-B) 500ml/ha,
Tebuconazole (Tebuconazole CCAB 200 EC) 0.75L/ha to control foliar diseases. Glyphosate
(Roundup WG), at the dose of 2Kg/ha, was applied to control weed at V2, and thiamethoxam
+ lambda-cyhalothrin (Engeo Pleno S), at the dose of 200ml/ha to control insects when
necessary.

To assess the experiments, the incidence of white mold was quantified by evaluating 80
plants of the main planting lines (the four lines of the middle) at R6. The parameters: yield
(kg/ha), was measured by the weight of the grains collected from the main 4 lines (useful plot)
of the center of the plot with the discount of the moisture; thousand-grain weight, measured by
weighting one hundred grains 8 times and transforming it into one thousand grains weight;

number of pods, measured by counting the number of pods of the main stem; and number of
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grains per pod, measured by dividing the number of grains by the number of pods of the main

stem.

2.2 Sclerotia parasitism

A test of parasitism capacity on the fungus Sclerotinia sclerotiorum was conducted. The
experiment initially took place in the field, where sclerotia were collected from the area as well
as produced in the laboratory to assess parasitism, under both conditions. The sclerotia were
then placed inside bags made of aphid-proof mesh, with only one layer covering the sclerotia.
A tray containing B horizon soil was placed in the middle of the soybean planting rows, and
the sclerotia were placed on the tray. The tray was covered with the stubble of the last crop,
concealing the sclerotia. Ten days after the second application, the sclerotia were removed from
the field and taken to the laboratory. In the laboratory, a Gerbox with autoclaved sand was
placed in a BOD at 17°C, with the sclerotia inside to stimulate the carpogenic germination of
the fungus. Weekly, the number of apothecia on each sclerotium was counted until 60 days
after the experiment was set up (Meyer et al., 2016). Cases of hyperparasitism by fungi or
colonization by bacteria that rendered the sclerotia non-viable were also counted. The
experiment was conducted with a design consisting of four blocks within the BOD, with each

shelf representing one block.

2.3 Statistical analysis
The data were tested according to the Shapiro-Wilk normality test (p-value > 0.05),
Bartlett's homogeneity test (p-value > 0.05), and Dixon's test (p-value < 0.05), with the removal
of outliers when necessary. For the comparison of means, Tukey’s test was performed for the
mentioned variables (p-value < 0.05). The software used was the R program 2023.06.1 Build

524.



63

3 Results
3.1 Disease parameters

The results obtained for the disease parameters in the first area, show us a lower
incidence in the BCAs treatments, where T. harzianum 1 (66.6% lower), T. harzianum 2 (58.2%
lower), the combinations T. harzianuml1_2 (48.9% lower) and T. harzianum 2_1 (82.3% lower)
compared to control in Area 1 (p = 0.0014), in the second area as the first, all treatments
exhibited lower incidence than control (p < 0.001), where T. harzianum 1, (94% lower); T.
harzianum 2, (84.9% lower); T. harzianum 1_ 2, (84.9% lower); and T. harzianum 2_1 (58.5%
lower) incidence for each.

The germination of the sclerotia (Figure 2) collected from the field was high, but it was
reduced by the spray of the BCAs for both areas. In area 1 the treatments reduced the
germination by more than 75%: T. harzianum 1, (94.1%); T. harzianum 2, (93.8%); T.
harzianum 1_ 2, (87.6%); and T. harzianum 2_1 (81.6% ). Area 2, T. harzianum 1, (86.6%); T.
harzianum 2, (95%); T. harzianum 1_ 2, (76.7%); and T. harzianum 2_1 (83.3%) respectively.
The parasitism (Figure 2) on the other hand occurred only in treatments T. harzianum 1 and T.
harzianum 1_2, but at a low percentage.

Sclerotia produced in the laboratory (Figure 3) on the other hand presented low
germination and low parasitism. For both areas, the highest percentage of germination occurred
in the control, but it did not exceed 23%, also there was germination under the treatment T.
harzianum 1_2 for both areas, and in area 1 T. harzianum 1. The parasitism of these sclerotia
occurred at treatments T. harzianum 1, T. harzianum 1_2, and T. harzianum 2_1, where the
highest parasitism was in area 2 under the treatment T. harzianum 1 with 12.5% parasitism.

The number of apothecium (Figure 4), for both areas and both (sclerotia collected from

the field and produced in the laboratory), the treatments with BCAs, were better than the control
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one, and statistically differed from it. Where area 1 (p < 0.001); area 2 (p < 0.001) for sclerotia
from the field; area 1 (p < 0.001) and, area 2 (p < 0.001) for sclerotia from the laboratory.
Additionally, the number of apothecia produced by the sclerotia collected from the field was
73% higher than the number produced by the laboratory sclerotia, which means 11 more

sclerotia.

3.2 Crop parameters

The crop parameters obtained after the harvest were: pod number, a thousand grans
weight, and yield. For the pod number, there was no significant difference between the
treatments for area 1 (p = 0.1645) and area 2 (p = 0.3624).

A thousand grains weight on the other hand (Figure 5), in area 1 there was no significant
difference between the treatments (p = 0.1432), but in area 2 T. harzianum 1 showed higher
weight than the control and T. harzianum 2 (p = 0.0134), the other treatments were ambiguous.

Finally, for the yield, the BCA T. harzianum 2_1 had a significant increase in the yield
compared to T. harzianum 1_2, which for instance was better than the control, along with T.
harzianum 1 and T. harzianum 2 for area 1 (p = <0.001); these numbers mean an increase of:
T. harzianum 1, (21.13%); T. harzianum 2, (26.1%); T. harzianum 1_ 2, (19.11%); and T.
harzianum 2_1 (81.6% ), where the BCA T. harzianum 2_1 produced 24 bags more than
control. For area 2 we had significant difference between the treatments and the control, where
statistically T. harzianum 1 as the highest yield, followed by T.harzianum 2 and T. harzianum
1 2, and the lowest, the control. These numbers mean a increase on the yield of: T. harzianum
1, (34,1%); T. harzianum 2, (20,81%); T. harzianum 1_ 2, (22,03%); and T. harzianum 2_1

(31,97% ), where the BCA T. harzianum 1 produced 29 bags more than control
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4. Discussion

Sclerotinia sclerotiorum the causal agent of white mold disease, is a moisture and
temperature-dependent pathogen. Its optimal carpogenic germination rates occur under 10-
20°C, and high moisture conditions (Wu and Subbarao, 2008), which is the stage responsible
for causing an epidemic in crops (Purdy, 1979). In the present work, the rates of carpogenic
germination of the sclerotia collected from the field for the control was higher than the treatment
ones (Figure 4); on the other hand, there was not much difference between the carpogenic
germination of the laboratory sclerotia (Figure 6). According to INMET - Instituto Nacional de
Meteorologia, (2024), the data collected from Lavras weather station, the average minimum
temperature from October/22 to February/23 was 17 degrees, the optimum temperature for
apothecia germination, where the sclerotia from the field were previously under this
temperature, and the laboratory ones were not. The superior germination rate might be due to
the accumulation of the formation of the sclerotia collected from the field under optimum
temperature, and its adaptation to the local environment (Huang and Kozub, 1991).

The sclerotia parasitism thought (Figures 4 and 6), did show a parasitism percentage for
treatments BCA 1 and BCA 1_BCA 2, in both sclerotia collected from the field and produced
in lab. The main mechanism of action of Trichoderma against Sclerotinia sclerotiorum is
hyperparasitism through hyphal penetration (Montalvao et al., 2023) and the production of
chitinolytic enzymes (Guilger-Casagrande et al., 2019), which was not showed in all treatments
and did not follow the yield pattern (Figure 1). One alternative mechanism that can be present
in this situation is microbial selection, altering the community of the soil (Umadevi et al., 2018);
this may lead to a suppressiveness of the soil against the disease (Wang et al., 2019), causing a
reduction of the incidence of the disease between the biological treatments and the control

(Figure 3).
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Since the treatment control was treated with fungicides, the statistical difference
between the control and the other treatments indicates a growth-promoting action by
Trichoderma; It has the capability to enhance growth in plants by matching direct and indirect

mechanisms, including microbial recruitment (Hang et al., 2022).

5. Conclusions
This work allows us to conclude: sclerotia collected from the field produced more
apothecia than the sclerotia produced in laboratory, due to the temperature at which they were
formed and the adaptability of the sclerotia from the area; There was no difference in the
rotation of the products tested, probably because of their mode of action that works on sclerotia;
As parasitism was low, but sclerotia unviability was high the application of Trichoderma in
conditions not favorable for it, probably provoked a microbial recruiting that acted over the

sclerotia and avoided the sclerotia germination.
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7. Legends and figures
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Figure 1. White mold incidence (%), taken from 80 plants per plot, considering the presence
or absence. Where: Control (Water); T. harzianum 1: Trichoderma harzianum IBLF 006
(Ecotrich, Ballagro); T. harzianum 2: Trichoderma harzianum (Natucontrol, Biotrop); T.
harzianum 1 _2: Ecotrich_ Natucontrol; and T. harzianum 2_1: Natucontrol_ Ecotrich.
*Averages followed by the same letter are not statistically different by the Tukey test (p <=

0.05).
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Figure 2. Germination (%) and parasitism (%) of sclerotia collected from the field. Where:

Control (Water); T. harzianum 1: Trichoderma harzianum IBLF 006 (Ecotrich, Ballagro); T.

harzianum 2: Trichoderma harzianum (Natucontrol, Biotrop); T. harzianum 1_2: Ecotrich_

Natucontrol; and T. harzianum 2_1: Natucontrol_ Ecotrich.
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Figure 3. Germination (%) and parasitism (%) of sclerotia produced in the laboratory. Where:

Control (Water); T. harzianum 1: Trichoderma harzianum IBLF 006 (Ecotrich, Ballagro); T.

harzianum 2: Trichoderma harzianum (Natucontrol, Biotrop); T. harzianum 1_2: Ecotrich_

Natucontrol; and T. harzianum 2_1: Natucontrol_ Ecotrich.
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Figure 4. Number of apothecia grown from the sclerotia collected from the field and produced
in the laboratory. Where: Control (Water); T. harzianum 1: Trichoderma harzianum IBLF 006
(Ecotrich, Ballagro); T. harzianum 2: Trichoderma harzianum (Natucontrol, Biotrop); T.

harzianum 1_2: Ecotrich_ Natucontrol; and T. harzianum 2_1: Natucontrol_ Ecotrich.
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Figure 5. Soybean thousand-grain weight in grams, collected from 3 plants per plot. Where:
Control (Water); T. harzianum 1: Trichoderma harzianum IBLF 006 (Ecotrich, Ballagro); T.
harzianum 2: Trichoderma harzianum (Natucontrol, Biotrop); T. harzianum 1_2: Ecotrich_

Natucontrol; and T. harzianum 2_1: Natucontrol_ Ecotrich.
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Figure 6. Soybean yield, measured in soybean harvest. Where: Control (Water); T. harzianum
1. Trichoderma harzianum IBLF 006 (Ecotrich, Ballagro); T. harzianum 2: Trichoderma
harzianum (Natucontrol, Biotrop); T. harzianum 1_2: Ecotrich_ Natucontrol; and T. harzianum

2_1: Natucontrol_ Ecotrich.
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