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ABSTRACT

PEREIRA, Caio Mattos, D.Sc., Universidade Federal de Vigosa, July, 2025.
Evaluation of antagonistic fungi of Hemileia vastatrix as biocontrol agents for
coffee leaf rust and asian soybean rust (Phakopsora pachyrhizi). Adviser:
Robert Weingart Barreto.

Coffee leaf rust (CLR, Hemileia vastatrix) is the most important disease affecting
coffee cultivation and threatens the livelihood of approximately 100 million people
worldwide. Recommended and formerly effective measures for disease management
have shown limitations. Therefore, innovative and sustainable strategies for CLR
management are urgently needed. Since 2015, a search for fungal antagonists of H.
vastatrix has been carried out in Africa (Cameroon, Ethiopia) and South America
(Brazil and Paraguay), and some isolates belonging to Aspergillus, Calonectria,
Clonostachys, Cordyceps, Fusarium, and Trichoderma stood out by reducing disease
severity in in vitro assays and in greenhouse trials. The objective of this thesis was to
assess these most promising isolates under field-related conditions for CLR control
and to investigate whether their antagonistic activity could also extend to other
agronomically important rusts. Experiments included: () trials in potted coffee plants
maintained outdoors under shade and inoculated with H. vastatrix; (Il) trials in
experimental coffee fields; (lll) in vitro assays testing the isolates against other rust
pathogens; and (IV) trials with soybean plants grown in pots and inoculated with
Phakopsora pachyrhizi. Coffee plants grown in pots and treated with fungal
antagonists exhibited reductions in the area under the disease progress curve for
incidence (AUDPC,, ) — up to 47% — and severity (AUDPCg,) — up to 80%. In field
experiments, a reduction of up to 43% in AUDPCg.,, was observed. In in vitro assays,
urediniospores of Austropuccinia psidii, Puccinia recondita, P. pachyrhizi, and
Uromyces appendiculatus had significant reductions in germination rates, with
inhibition reaching up to 51%. On soybean plants, fungal antagonists reduced Asian
soybean rust AUDPCg., by up to 52%. These results indicate that Clonostachys
spp., Cordyceps cateniannulata, and Fusarium coffeibaccae hold potential for CLR
management under field conditions and may also be effective against other diseases
caused by Pucciniales, such as Asian soybean rust. These findings reinforce the
potential of fungal antagonists as promising tools for the sustainable management of
plant diseases.

Keywords: field experiment; severity; endophytes; mycoparasites; Pucciniales



RESUMO

PEREIRA, Caio Mattos, D.Sc., Universidade Federal de Vigosa, julho de 2025.
Avaliacao de fungos antagonistas de Hemileia vastatrix como agentes para o
biocontrole da ferrugem do cafeeiro e ferrugem asiatica da soja (Phakopsora
pachyrhizi). Orientador: Robert Weingart Barreto.

A ferrugem do cafeeiro (FC, Hemileia vastatrix) € a doenga mais importante da
cafeicultura e ameacga o sustento de cerca de 100 milhdes de pessoas em todo o
mundo. As medidas recomendadas, e até entdo eficazes, para o manejo da doenca
tém apresentado limitacées. Assim, formas inovadoras e sustentaveis de manejo da
FC tornam-se necessarias. Desde 2015, uma busca por fungos antagonistas de H.
vastatrix foi conduzida na Africa (Camardes, Etidpia) e na América do Sul (Brasil e
Paraguai), e isolados de Aspergillus, Calonectria, Clonostachys, Cordyceps,
Fusarium e Trichoderma se destacaram por reduzir a severidade da doenga em
testes in vitro e em casa de vegetacdo. O objetivo desta tese foi avaliar esses
isolados mais promissores em condicdes de campo para o controle da FC e
investigar se sua atividade antagbnica também poderia se estender a outras
ferrugens de importdncia agronémica. Os experimentos incluiram: (l) testes com
plantas de café mantidas em vasos ao ar livre sob sombra e inoculadas com H.
vastatrix; (ll) testes em cafezais experimentais; (lll) testes in vitro testando os
isolados contra outros agentes causais de ferrugens; e (IV) testes com plantas de
soja e inoculadas com Phakopsora pachyrhizi. Plantas de café cultivadas em vasos
e tratadas com os antagonistas fungicos exibiram reducdes na area abaixo da curva
de progresso da doenga para incidéncia (AACPD ) — até 47% — e severidade
(AACPDgg,) — até 80%. Em experimentos de campo, redugdo de até 43% na
AACPDg, foi observada. Em ensaios in vitro, urediniésporos de Austropuccinia
psidii, Puccinia recondita, P. pachyrhizi e Uromyces appendiculatus tiveram
reducdes significativas nas taxas de germinagdo, com inibicdo atingindo até 51%.
Em plantas de soja, os antagonistas fungicos reduziram a AACPD., da ferrugem
asiatica da soja em até 52%. Os resultados indicam que Clonostachys spp.,
Cordyceps cateniannulata e Fusarium coffeibaccae possuem potencial para o
manejo da FC em condi¢cdes de campo e também para o manejo de outras doencas
causadas por Pucciniales, como a ferrugem asidtica da soja. Tais evidéncias
reforcam o potencial de fungos antagonistas como ferramentas promissoras para o
manejo sustentavel de doencas de plantas.

Palavras-chave: ensaio de campo; severidade; endofiticos; micoparasitas;
Pucciniales
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General Introduction

1. Introduction

More than 3 billion cups of coffee are consumed around the world every day, making
coffee the second most popular beverage (after bottled water) and a placing it among the main
agricultural commodities traded globally (GUERRA-GUIMARAES et al., 2023; MUNOZ-
PAJARES et al., 2023; SILVA et al., 2022). Coffee belongs to the genus Coffea (Rubiaceae),
which includes more than 100 species. However, only two species, Coffea arabica and Coffea
canephora, are economically relevant, accounting for approximately 60% and 40% of global
coffee production, respectively (MUNOZ-PAJARES et al., 2023; SILVA et al., 2022). Coffee
supports a global industry worth US$ 200 billion annually (BERTRAND et al., 2023; DAVIS
et al., 2020) and also provides income for more than 120 million people, mainly in developing

countries (MAGHULY et al., 2020; RHINEY et al., 2021).

However, global coffee production is at risk due to the plant vulnerability to a variety
of plant pests and diseases, exacerbated by climate change, which is projected to negatively
impact many of the current coffee growing areas by reducing coffee yields and increasing coffee
exposure and susceptibility to pests and diseases (KOUTOULEAS et al., 2022; MAGHULY et
al., 2020; MAGRACH; GHAZOUL, 2015).

Diseases are considered to be the main limiting factor in coffee production, and nearly
26% of the world's annual coffee production is lost to diseases. Among the fungal diseases,
coffee leaf rust (CLR — Hemileia vastatrix), coffee berry disease (CBD — Colletotrichum
kahawae), and coffee wilt disease (CWD — Fusarium xylarioides) are of major concern
(KOUTOULEAS et al., 2023; MAGHULY et al., 2020). Nevertheless, only CLR has escaped

from its original range in Africa.

CLR has been studied by plant pathologists for more than 150 years (KOUTOULEAS
et al., 2024). In addition to H. vastatrix, H. coffeicola (both belonging to the family
Zaghouaniaceae), is also capable of attacking cultivated Coffea, but is still mostly neglected by
researchers and (questionably) regarded as having limited economic importance, mostly
because it is still restricted to the African continent (RITSCHEL, 2005). Losses attributed to
Hemileia vastatrix are estimated to be around US$ 1-2 billion (KAHN, 2019; MCCOOK,
2006).

The first (anecdotal) report of CLR dates back to 1861, when the disease was observed
in East Africa, near Lake Victoria (GUERRA-GUIMARAES et al., 2023; TALHINHAS et al.,
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2017). In 1869, the causal agent, H. vastatrix (BERKELEY; BROOME, 1869), was formally
described, and the first registered epidemic of CLR broke out in Ceylon (now Sri Lanka),
leading to the destruction of coffee plantations in that former British colony, with disastrous
economic and social consequences (GUERRA-GUIMARAES et al., 2023; MCCOOK;
VANDERMEER, 2015).

By 1950, H. vastatrix had spread to coffee-producing countries in Africa and Asia, and
arrived in the Americas in 1970 (SILVA et al., 2022). Initially, the pathogen was observed in
Brazil, and from there it reached all coffee-growing regions of Latin America by the mid-1980s,
(MCCOOK; VANDERMEER, 2015). Recent reports indicate the presence of the pathogen in
Hawaii, USA —the last significant coffee-growing region which was free of CLR (KEITH et
al., 2022) — as well as in Florida, USA (URBINA; AIME, 2023). Thus, the disease is now

present in all coffee-producing regions.

In the last decades, a series of CLR epidemics, known as “The Big Rust” (BAKER,
2014) occurred in Americas, negatively impacting coffee production on the continent. The rust
outbreaks began in 2008 and caused significant losses in Colombia, until 2011, reducing the
country's coffee production by 31% (AVELINO et al., 2015). In the following years, between
2012 and 2013, the “Big Rust” event expanded to Central America and Mexico, and between
2014 and 2015, the impacts of the epidemics were also registered in Ecuador and Peru
(MCCOOK; VANDERMEER, 2015). Losses varied between affected countries, but it
estimated that between 2012 and 2014, coffee production in Central America was reduced by

17% (MCCOOK; VANDERMEER, 2015).

Given the heavy dependence on this agricultural cash-crop, farmers and workers
involved in coffee industry in Latin American countries saw their main source of income
severely hit by H. vastatrix. The “Big Rust” economic and social consequences were severe
(GUERRA-GUIMARAES et al., 2023), and contributed to the mass caravan migrations
through Mexico towards the United States (WARD et al., 2017).

There are recognized limitations in the main management measures currently available
for CLF. The use of resistant cultivars, considered the most effective and durable practice
(TALHINHAS et al., 2017), has in certain occasions failed, due to the emergence of pathogen
races capable of suppressing the resistance genes commonly used (MUNOZ-PAJARES et al.,
2023). Most currently resistant C. arabica cultivars are derived from ‘Hibrido de Timor’ (HDT)

and its progeny. However, over the last years, resistance of some of these cultivars has been



12

supplanted by races of H. vastatrix in some countries (MUNOZ-PAJARES et al., 2023; SERA
et al., 2022; SILVA et al., 2022). A recent example is the cultivar “Lempira”, an HDT

derivative particularly important in Honduras, whose resistance was reported to have been

overcome in 2017 (MORALES; GRAJEDA, 2021; ZAMBOLIM; CAIXETA, 2019).

Coffee cultivation at high altitudes (above 1,000 m) had been considered an effective
practice for escaping CLR (BELACHEW et al., 2020); however, with climate change
(particularly the increase in global temperatures), the disease has become more severe in

highland platations (AVELINO et al., 2015; GUERRA-GUIMARAES et al., 2023).

The use of fungicides is broadly adopted for managing CLR in more industrialized
farms. However, this measure faces increasing limitations and objections due to the high cost,
the environmental impact, the risk of the emergence of H. vastatrix populations resistant to
systemic fungicides, and the increasing demand for coffee beans free of pesticide residues (LE

et al., 2023; MUNOZ-PAJARES et al., 2023).

The humanitarian problem posed by the “Big Rust” and the difficulty of managing the
disease properly are promoting the search and implementation of more sustainable crop
protection strategies. These include advanced approaches, such as the use of RNA interference
(RNAI1) using spray-induced gene silencing (SIGS) and nanoparticles (SALAZAR-NAVARRO
et al., 2024), and more traditional, but poorly investigated methods of management of CLR,

particularly the biological control (KOUTOULEAS et al., 2023).

The search for biological control agents has revealed promising strains of some bacterial
genera, such as Achromobacter, Bacillus, Brevibacillus, Luteibacter, Pseudomonas,
Paenibacillus, and Rhodococcus (CRUZ et al., 2024; MAFFIA et al., 2009; OGATA-
GUTIERREZ et al., 2024; SILVA et al., 2012). In connection, there are now commercial
products, in Brazil, registered for CLR management. Examples are: a B. velezensis-based
product (Bio-Imune®, Vittia) and a product based on the combination of B. pumilus, B. subtilis
and B. velezensis (Bombardeiro®, Biotrop). Serenade® (Bayer), also based on B. velezensis, is

registered in Mexico for CLR control.

In contrast, there are few studies evaluating the potential of fungi for the management
of CLR. Thus, much remains to be explored, including the possibility of performing the
classical biological control (EILENBERG et al., 2001; SCOTT, 1995) with antagonists of H.

vastatrix obtained from the native regions of H. vastratix in Africa. Also, little has been
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investigated on the diversity and biocontrol potential of fungal antagonists of H. vastatrix

present in the Americas which might be used for mycofungicide development.

Prior to the publications of our research group, H. vastatrix was already known to be a
host of different groups of fungicolous fungi, some of which were recognised as mycoparasites.
According to (MAFFIA et al., 2009), Akanthomyces lecanii (syn. Lecanicillium lecanii) would
be the fungal species most commonly associated with the pathogen's pustule. However, this
was elucidated by COLMAN (2018), as several other genera also fit into the white forming-
colony fungi complex on CLR pustules, including Acremonium, Iljuhya, Lecanicillium,

Ovicillium, Pleurodesmospora, Sarocladium, and Simplicillium, among others.

Few of the earlier studies have attempted to precisely identify the mycoparasites of H.
vastatrix. The pioneering example was that of Carrion and Rico-Gray’s publication (2002). A
survey of fungi growing on uredia of H. vastatrix in Mexico, yielded specimens of five fungal
species. These were identified as Acremonium byssoides, Calcarisporium arbuscula, C.
ovalisporum, Sporothrix guttuliformis, and Fusarium pallidoroseum. Nevertheless, no
molecular data was included in this paper and these identifications, based on morphology alone,

are now regarded as dubious.

More recently, renewed interest in potential fungal antagonists of H. vastatrix resulted
in novel surveys and publications. In samples collected from Mexico and Puerto Rico, 15
putative mycoparasitic fungi were identified on leaf discs containing CLR lesions. Based on
single-molecule DNA sequencing, fungi belonging to the family Cordycipitaceae
(Lecanicillium sp. and Simplicillium spp.) and the order Tremellales (Bullera sp. and
Fellomyces spp.) were the most frequently detected (JAMES et al., 2016). Until now, based on
internal transcribed spacer region (ITS) sequences, Akanthomyces, Bulleribasidium,
Ceramothyrium, Cladosporium, Didymella, Fusarium, Hannaella, Meira, Neoceratosperma,
Trichothecium have been identified in association with CLR lesions in Ecuador (CRUZ et al.,
2024). In Hawaii (USA), Akanthomyces, Cladosporium, Clonostachys, Fusarium, and
Simplicillium have also been reported (LUIZ et al., 2024).

In 2015, with funding from World Coffee Research (WCR), a project was initiated to
investigate fungal antagonists of H. vastatrix. More than 1,500 fungal strains were obtained
from collections in South America (Brazil and Paraguay) and in Africa (Cameroon and

Ethiopia). These strains were arbitrarily divided into two categories according to the way they
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were obtained: mycoparasitic strains (found growing on CLR pustules) or endophytic strains

(isolated from leaves, berries or stems of coffee).

A selected group of isolates obtained during the surveys in Africa and South America
as potential biocontrol agents for CLR had their identity clarified and biocontrol potential
preliminarily evaluated, namely: Calonectria hemileiae (CROUS et al., 2018; SALCEDO-
SARMIENTO et al., 2021), a cladosporioid fungus Digitopodium tectonae (COLMAN et al.,
2021), sixteen species of Trichoderma (RODRIGUEZ et al., 2021), Cryptococcus
depauperatus (GUTERRES et al., 2021), Clonostachys farinosa, C. rhizophaga and C. rosea
(KAPEUA-NDACNOU et al., 2023a), Aspergillus flavus (KAPEUA-NDACNOU et al.,
2023b), Cordyceps catennianullata (PEREIRA et al., 2024a), and twelve species of
Cladosporium (PEREIRA et al., 2024b). In addition, other groups of fungi — Alternaria spp.
(SALCEDO-SARMIENTO, 2018), Lecanicillium-like spp. (COLMAN, 2018), and Fusarium
spp. (NOBREGA, 2021), were studied in theses and dissertation, and results have been

submitted or are being prepared for publication.

During the development of these studies, results from preliminary screenings and tests,
involving the evaluation of inhibition of H. vastatrix urediniospores germination on microscope
slides or the protection of coffee plants against CLR under greenhouse conditions, have pushed
the screening towards a selection of what has been treated as “elite isolates”. This group of ten
1solates is still regarded as too large to be included in the next stage of evaluation. An important
step needed to refine and reduce the list of potential candidates and selecting the most effective
isolates for the biocontrol of H. vastatrix is that of field trials. Therefore, the general objectives

of this thesis are:

1) To evaluate selected fungal isolates in experiments under field conditions, involving
potted coffee plants maintained under shade;

2) To evaluate the most promising isolates in two experimental coffee fields.

One complementary hypothesis, stemming from the studies of fungal antagonists of
CLR, which was also contemplated in this thesis, was that fungal antagonists of H. vastatrix
might have a non-specific effect on rust fungi in general, and might be of use for controlling

other agriculturally important Pucciniales. Two additional objectives were then added:

3) To verify whether fungal antagonists of CLR can inhibit the germination of other

Pucciniales in vitro;
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4) To preliminarily assess the biocontrol potential of selected isolates for reducing

soybean rust on potted soybean plants in the field.
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Abstract

BACKGROUND: Coffee leaf rust (CLR), caused by Hemileia vastatrix, is the most
devastating disease affecting Coffea spp. worldwide. Current management strategies are
becoming increasingly limited due to the suppression of resistance genes, the risk of fungicide
resistance in pathogen populations, and climate change. Therefore, alternative approaches,
including biological control, are necessary. This study aimed to evaluate the potential of fungal
antagonists for managing CLR under two distinct conditions: potted trials in shaded
environments and field experiments in Brazil. Previously, out of 1,500 fungal isolates initially
obtained from coffee tissues and H. vastatrix uredinia, ten were selected based on their efficacy

in in vitro and greenhouse assays.

RESULTS: In potted plant assays conducted over two consecutive seasons, Fusarium
coffeibaccae and a Clonostachys-based consortium significantly reduced CLR severity (by up
to 79.8%) and incidence (by up to 47.4%) compared to the untreated control. Most fungal
antagonists outperformed a commercial Bacillus velezensis-based biofungicide. Endophytic
colonization was confirmed for most antagonists, particularly Trichoderma harzianum and
Aspergillus flavus. In field trials, Clonostachys rosea, F. coffeibaccae, and T. virens achieved
the greatest reductions in CLR severity (up to 39.1%), although all were less effective than
copper fungicide, which reduced severity by 73.4%.
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CONCLUSION: Several fungal isolates demonstrated promising biocontrol potential against
CLR in both potted plant assays and field conditions. Although none matched the efficacy of
copper fungicide in field trials, some isolates provided disease suppression comparable to that
of a commercial biofungicide, justifying further development and formulation studies. These
findings may contribute to the development of future sustainable CLR management strategies

under diverse environmental conditions.

Keywords: Coffea arabica; Aspergillus; Calonectria; Clonostachys; Cordyceps; Fusarium;

Trichoderma; disease management
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1. Introduction
Coffee leaf rust (CLR), caused by Hemileia vastatrix (Zaghouaniaceae), is the most
destructive fungal diseases, affecting coffee plantations. It may reduce coffee production by
up to 50% and is a permanent threat to a multibillion-dollar global industry, as well as the

source of income for more than 100 million people, mainly in developing countries.!™

In recent decades, particularly between 2008 and 2014, a severe wave of CLR
outbreaks occurred in Latin America, the so-called “Big Rust”.> These outbreaks were
driven primarily by socio-economic conditions, crop management decisions, and climatic
factors. In some countries, they reduced coffee production by up to 70%.° The impacts on
coffee production, harmed farms profitability in northern Latin American countries and the
livelihoods and food security of smallholder coffee producers, laborers and their families.”*
Hemileia vastatrix has been described as one of the main contributing factors to the mass
migration of peasants from Central America through Mexico towards the United States

following the “Big Rust”.%1°

The most broadly adopted measures for CLR management, such as the use of
resistant cultivars, fungicide spraying, or the cultivation of coffee plants in pathogen-free
highland areas, have faced increasing limitations due to several factors: the emergence of
H. vastatrix races that have overcome host resistance genes; the costs associated with
fungicide application, the risk of selecting resistant pathogen populations and increasing
market aversion to pesticide residues in coffee; and modified climatic patterns that have

influenced the occurrence of CLR even in areas that were mostly free of the disease.*”!!:12

Thus, alternative, innovative, and sustainable plant protection strategies have
become necessary,'? including the use of biological control agents. Although bacteria have
been more extensively studied for their potential to reduce CLR,'*!7 antagonistic fungi have
received much less attention.'® Research on fungi has mainly focused on the mycodiversity
associated with the pathogen’s uredinia.!® 2! One exception is that of a study conducted by
Sanchez-Lucio,?? who evaluated the potential of Trichoderma and Lecanicillium isolates to

reduce CLR under field conditions.

In 2015, a search for antagonistic fungi of H. vastatrix was initiated, covering
selected areas in Africa (Cameroon and Ethiopia) and South America (Brazil and Paraguay).
After three years of surveys a large and diverse assemblage of fungal isolates (more than

1,500 fungal isolates) was obtained either from healthy tissues of Coffea spp. or from
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hyperparasitized uredinia of H. vastatrix. Part of this diversity has been described in

previous publications. 82330

Approximately 600 isolates have been preliminarily evaluated for their biocontrol
potential against H. vastatrix under controlled conditions. Isolates belonging to the genera
Aspergillus, Calonectria, Clonostachys, Cordyceps, Fusarium, and Trichoderma
significantly reduced disease levels during in vitro tests and, subsequently, in greenhouse
trials. '27-32 Based on these preliminary results, the present study aimed to further evaluate
the most promising isolates under field conditions, including test on potted coffee plants
maintained in shaded areas and in experimental coffee fields. This next step of screening
aimed at further reducing the list of antagonist candidates for use in biological control based
on their actual ability to reduce CLR incidence and severity under less controlled
environmental conditions. Only fungal species that are a recognized part of Brazilian

mycodiversity were included in this study.
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2. Material and methods

2.1. Origin and selection of isolates

The isolates (Table 1) were obtained from collections conducted between 2015 and 2017
in Cameroon, Ethiopia, Kenya, and Brazil. These isolates were selected based on promising
and consistent results from in vitro and in greenhouse screenings conducted prior to this
study.!827-293132 These isolates were also selected because they were obtained in Brazil or

because they have already been documented as occurring in Brazil.

Briefly, these fungi were isolated following the methodology described by Rodriguez et
al*® and were arbitrarily classified as endophytes when obtained from fragments of healthy
leaves, stems, and fruits, which were subjected to thorough surface sterilization, or as
mycoparasites when obtained from abnormal or mycoparasitized uredinia of H. vastatrix. The
selected antagonists are kept at —85 °C in the “Cole¢ao Octavio Almeida Drummond” (COAD)
culture collection at the Universidade Federal de Vicosa (UFV).

2.2. Mass production of antagonistic fungi and preparation of inoculum

Prior to mass production, selected fungi had to be recovered from COAD. Small samples
of fragments of fungal colonies were extracted from the cryovials, transferred to the center of
plates containing potato-dextrose agar (PDA) and maintained in an incubator at 25 + 2 °C, under
a 12-hour photoperiod for seven days. The resulting colonies were checked for purity and
typical characteristics of each fungal genus, then transferred to fresh PDA plates and maintained
under the same conditions as described above. These plates were used as seeds for increased

inoculum production.

For bulk inoculum production, baking trays (30 x 20 cm) filled with parboiled rice (for
every 100 g of parboiled rice, 1 g of CaCO3, and 60 mL of deionized water were added) were
fit into polypropylene bags (60 x 40 cm) and autoclaved for 40 minutes at 1.0 atm and 121 °C.
The wrapped trays with rice were then removed from the autoclave and left at room temperature
for at least 12 hours. The rice on each of the trays was then inoculated individually, under
aseptic conditions in a laminar flow cabinet. Each bag received ten mycelial plugs (1 x 1 cm)
from the margin of the sporulating cultures. The inoculated material was placed in a growth
room at 25 + 2 °C, under a 12-hour photoperiod (light provided by a fluorescent lamp, 25 W —
127 V, and a black light lamp, 28 W — 127 V, positioned 35 cm above the trays) for seven days.
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The rice was stirred daily, and the material was gently pressed through the plastic bag to avoid
the formation of large aggregates and to ensure homogeneous colonization. Subsequently, when
the rice was fully colonized, baking trays were removed from polypropylene bags and then
transferred to white paper lunch bags (7.5 kg), and maintained under the same conditions, as
described above, for five days. Thereafter, the colonized rice was stored in new 60 x 40 cm

polypropylene bags in a fridge at 4 + 2 °C until use, for up to a maximum of 30 days.

The concentration of each batch was estimated in terms of conidia per gram of colonized
rice. For this purpose, 5 g of rice colonized by each CLR fungal antagonist isolate (at a moisture
content of 15 + 2%) was sampled and transferred to a plastic beaker containing 50 mL of a
0.05% (v/v) Tween 20 solution prepared with tap water. The material was ground in a rotary
homogenizer (MA 102, Marconi, Piracicaba, Brazil) until the rice was visually completely
crushed. The resulting suspension was filtered through a domestic sieve and then through voile
fabric. Conidial concentration in the filtered suspension was estimated with a Neubauer

chamber, and this value was used to calculate the number of conidia per gram of colonized rice.

Immediately before application, the inoculum preparation for experiments was
performed as follows. For each antagonist isolate, the amount of colonized rice required to
obtain a suspension containing 5 x 10% conidia/ mL — corresponding to an average of 1 x 108
colony-forming units per gram (CFU/g) of colonized rice — was weighed. The colonized rice
was transferred to plastic beakers containing a solution of Tween 20 (0.05% v/v) in tap water,
and the mixture was ground and filtered as described above. The resulting suspension was
checked for purity and abundance of sporulation in a microscope. Finally, adjuvants such as
moisturizing, adhesive and/or against UV-protective agents were added to fungal suspensions,

namely: 1% (v/v) glycerol, 1% (v/v) sunflower oil and 2% (m/v) skim milk powder.*=’

2.3. Urediniospores production of Hemileia vastatrix

Urediniospores of the pathogen were produced according to the method described in
Salcedo-Sarmiento et al.'8. Briefly, the abaxial side of leaves of six-month-old healthy Coffea
arabica (cv. “Caturra”) plants were sprayed until runoff with a urediniospores suspension of H.
vastatrix race II (kindly provided by the Laboratério de Biotecnologia do Cafeeiro — BioCafé,
UFV) supplemented with Tween 20 (0.05% v/v), and adjusted to a concentration of 5 x 10°
urediniospores/ mL. Subsequently, the inoculated plants were kept in a humid chamber, in the

dark, at 22 °C for 48 hours, and then transferred to benches in a room maintained at a constant
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temperature of 22 °C, under a 12-hour photoperiod. After 30 to 45 days, when sporulation was
intense, urediniospore were collected from the leaf surface using gelatin capsules and
transferred to 1.5 mL microtubes for immediate use. After each inoculation, urediniospores

viability was assessed,'® and germination rates of at least 70% were consistently achieved.
2.4. Selected antagonists vs Hemileia vastatrix: potted coffee plants
2.4.1. Design and implementation of the experiment

Coffee plants (C. arabica cv. “Catuai-vermelho” — IAC 144), were grown from seed.
These were sown in a sandbox at the Unidade de Ensino, Pesquisa e Extensao em Fitopatologia
— UEPE Viveiro de Café — of the UFV, located in Vigosa municipality, Minas Gerais state,
Brazil. After emergence, when the cotyledons had expanded, the seedlings were transferred to
plastic bags (12 x 4.5 cm) and kept in the shaded nursery. When the coffee plants reached three
to five pairs of fully expanded leaves, they were transplanted into 2-litre pots and transferred to
a shaded area, where the experiments were conducted (20°45' 11" S; 42° 52" 16” W). One week
after transplanting, the coffee plants were fertilized with Basacote® Plus OM 16-8-12(+2)

(Compo Expert, Germany) and watered whenever necessary.

Fungal antagonists were applied as conidial suspensions adjusted to 5 x 10® conidia/ mL
(corresponding to an average of 1 x 10® CFU/g of colonized rice). The suspension was sprayed
onto the aerial part of the plants, covering both sides of the leaves until run-off, using a manual
hand-pump sprayer adapted to a plastic bottle containing the suspension. A Bacillus-based
treatment (Bio-Imune®; Bacillus velezensis BV02; 3 x 10° CFU/mL; Vittia Group, Sdo Joaquim
da Barra, SP, Brazil) was sprayed at the same intervals as for fungi and using the doses

recommended by the manufacturer.

Each treatment (Table 2), except for T15 — Control, was sprayed six times at 10-day
intervals. Three applications were performed prior to inoculation with H. vastatrix, and three

were conducted after pathogen inoculation.

Hemileia vastatrix was inoculated 72 hours after the third antagonist spraying. A
suspension of urediniospores (5 x 10° urediniospores/ mL) supplemented with Tween 20
(0.05% v/v) was sprayed on the abaxial surface of the leaves of all of the plants. In order to
favor urediniospore germination and penetration of the pathogen, inoculation was carried out
in the late afternoon and the plants were covered with black plastic bags (105 L), which were

removed 48 hours after inoculation.
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The experiment was conducted in a randomized block design with 15 treatments and 20
plants per treatment, divided into four blocks, and replicated three times over distinct periods:
the first year (Y1 - pilot study) from November 2022 to February 2023; the second year (Y2)
from November 2023 to February 2024; and the third year (Y3) from November 2024 to
February 2025.

2.4.2. Assessments

2.4.3. Assessment of coffee leaf rust and plant growth parameters

Disease intensity began to be assessed 45 days after inoculation (DAI) with H. vastatrix.
Incidence and severity were recorded four times at 15-day intervals. Incidence was assessed by
calculating the percentage of leaves showing rust symptoms per plant. Disease severity was
assessed as follows: each coffee plant was considered into three sections (base, middle, and
apex), and a pair of fully expanded leaves was marked in each of those sections. These leaves

were then assessed visually using the diagrammatic scale proposed by Figueiredo et al.>®

After the last disease intensity assessment, height of each plant was measured with a
tape measure, considering the length of the orthotropic (main) stem from its base to the apical
bud. The aerial part (branches and leaves) of the five plants within each block were collected,
pooled by organ, placed in paper bags and kept in a laboratory drying oven at 70 °C for 72
hours, until reaching constant weight. Subsequently, the dry biomass of branches and leaves

was weighed separately on an analytical scale.

2.4.4. Evaluation of endophytic colonization by fungal antagonists

In addition, selected fragments of stems and leaves were collected aiming to verify the
possible endophytic colonization of fungal antagonists. An “indirect method”, as described by
Kapeua-Ndacnou et al.,?® with modifications, was adopted as follows. Marked leaves from each
third, the youngest pair of leaves, and stem fragments were sampled from each plant to form a
composite sample per tissue for each treatment. The specimens were washed in running water
and dried at room temperature. Leaves were cut into discs of approximately 5 mm in diam.
Stem fragments had their bark removed and were cut into small pieces of approximately 1 cm

in length.
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The samples were superficially disinfested under aseptic conditions, by sequential
immersion in alcohol 70% (1 min), 2% sodium hypochlorite (3 min) and two successive dips
in sterile water (2 min each) and then transferred to sterile filter paper for drying of excess
water. In sequence, the fragments were deposited on plates containing PDA supplemented with
penicillin (10 mg/ L) and Triton X-100 (15 mL/ L). Three plates were used per plant sample,
with nine fragments placed on each plate. Plates were then left under the conditions as described
above. After 10 days the percentage of positive emergence of the inoculated antagonist was
recorded. Confirmation of fungus identity was made based on colony morphology and

microscopic examination.

2.5. Selected antagonists vs Hemileia vastatrix: field trial
2.5.1. Experimental fields

Based on previous assays, selected antagonists were screened under field conditions.
The most promising isolates were brought for further evaluation of biocontrol potential in
coffee field. Two experiments were established in close but separate coffee fields, established
earlier for use in CLR biocontrol experiments. These were located at the UEPE Viveiro de Cafe,
UFV, in Vicosa, Minas Gerais, Brazil. The experimental fields (EF) had areas of approximately
0.15 ha (EF1: - 20° 44" 39" S; 42° 51" 00” W) and 0.3 ha (EF2: 20° 44’ 36" S; 42° 50" 54" W),
and included 4-year-old C. arabica cv. Catuai-vermelho (IAC 144) plants spaced by 2.5 m

between rows and 0.5 m between plants.

In each area, the experiment was arranged in a randomized block design, with 12
treatments (Table 3) and four replications (blocks). Each experimental unit contained seven
plants. Blocks were separated by an untreated coffee row. Experimental units were separated

by an untreated plant.'

The EF1 area was watered with a drip irrigation system, whereas the
EF2 area was rainfed. Before the experiment, no disease management practices had been
applied in either area; other cultural practices were conducted as needed, following specific

recommendations.>’

2.5.2. Experimental conditions

The most promising fungi were cultivated, as described above for inoculum production

and conidial suspension were prepared as previously described. Conidial suspensions were
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calibrated at 5 x 107 conidia/ mL, corresponding to an average of 1 x 10" CFU/g of colonized
rice. In addition to the biofungicide based on B. velezensis, a copper oxychloride-based
fungicide (Recop®; copper oxychloride 840 g/kg; metallic copper 50%; Albaugh Agro Brasil
Ltda., Sao Paulo, SP, Brazil) was included for comparison, following the manufacturer’s

recommendations.

Sprayings began in November 2024, and were carried out at 21-day intervals until April
2025. Treatments (Table 3) were applied using a 20-litre battery-powered backpack sprayer
(SS-20B, Brudden, Pompeia, Brazil), thoroughly covering the entire plant, with particular
attention paid to spraying the abaxial surface of the leaves in the middle third of the plants.
Applications were preferably performed in the late afternoon, avoiding spraying if rainfall was
forecast within four hours after the time of application. In this experiment, coffee plants were
naturally infected with H. vastatrix by existing inoculum already present in the plots and by

inoculum from coffee plantations maintained nearby.

2.5.3. Assessments

Disease assessments were performed at 30- to 35-day intervals from November 2024 to
June 2025. Five central plants in each experimental unit were evaluated excluding the first and
last plant in each sequence in the individual row out of the evaluation scheme. Leaves were
sampled in the 3rd or 4th node (starting from the apex of branch) of four opposite plagiotropic

branches located in the middle third of the coffee plants,**:*!

resulting in, at least, 40 leaves per
experimental unit. The leaves were collected, temporarily placed in paper bags labelled with
each experimental field, block and treatment, and brought to the laboratory for evaluation of

CLR incidence and severity.

In each experimental unit, the total number of collected leaves and symptomatic leaves
(i.e., those with at least one sporulated pustule) were quantified, and the incidence was
determined. Symptomatic leaves were then scanned (Scanjet G4050, HP, Palo Alto, USA) and

)* in order to estimate

the resulting images were processed with the p/iman package (v. 2.1.0
the severity of CLR. In each experimental unit, average severity was calculated by dividing the

sum of the estimated severity values by the total number of leaves sampled within that unit.

2.6. Data analysis
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All data processing, analyses, and graphical work were conducted with R version

4.3.3.%3 Graphics were obtained via the ggplot2 package.*

2.6.1. Pot experiment

In order to evaluate the effect of the applied treatments, data from the second and third
years were combined, and disease scores were summarized by calculating the area under the
disease progress curve (AUDPC) using the “AUDPC ()” function from the epifitter package®’
for incidence (AUDPCnc) and severity (AUDPCsgv) between 45 and 90 DAL In addition,
severity scores obtained from the last assessments (final severity) of those years were combined

and used to estimate the control efficacy of each treatment.

Generalized linear mixed models (GLMMs) were fitted using the “glmmTMB ()”
function from the glmmTMB package,*® with a Gaussian distribution and log link function for
AUDPCinc, and a Gamma distribution with log link function for AUDPCsgy. Treatment was
included as a fixed factor, whereas year, block, plant, and leaf were treated as random factors.
Model selection was based on the lowest Akaike Information Criterion (AIC) value. Residual
diagnostics were performed to assess the homogeneity of variances, normality of errors and
random effects, and residual uniformity with the “simulate residuals” function (DHARMa
package*’) and the “check_model ()” function (performance package*®). Whenever significant
differences among treatments were detected, via the “Anova ()” function (car package®),
marginal means were estimated with the “emmeans ()” function (emmeans package®), and
post-hoc comparisons were performed using the Tukey’s test (p < 0.05) with the “cld ()”

function from the multcomp package.>!

A GLMM was also fitted to final severity with Gamma distribution and log link
function. Treatment included as a fixed factor, while trial, block, plant, and leaf were treated as
random factors. Model selection and assumptions checking, and means comparison were
performed as described above. Based on the estimated means, the percentage of control efficacy
(C) was calculated by comparing each treatment with either the untreated control (T15 -

Control) or the formulation-based treatment (T14), according the following formula:

Treatment
C(%) =1—— x100
Control
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The plant height and aerial dry mass were also modelled with GLMMs, considering a
Gamma distribution with an identity link function for height, and a Gamma distribution with a
log link function for dry mass. All subsequent data processing followed the procedures

described above.

Additionally, individual analyses were conducted for each year (Supplementary Table
2-4). When necessary, values were log-transformed [log (X + 1)] to meet assumptions of
residual normality and homogeneity of variance among treatments. These assumptions were
statistically and visually assessed using the “check normality ()”” and “check heteroscedasticity
()’ functions (performance package*®), and the “simulateResiduals () function from (DHARMa
package*). Data were fitted to a linear model, subjected to analysis of variance (ANOVA), and
treatment means were back-transformed and estimated. Whenever significant differences

among treatments were detected, post-hoc comparisons were performed as described above.

2.6.2. Field experiments

Data from the two experimental fields were combined, and diseases scores were
summarized as AUDPCmc and AUDPCsgv as described above. GLMMs were fitted to both
response variables using a Gamma distribution with a log link function. Treatment was included
as a fixed factor, whereas field and block were specified as random effects. Model selection,
assumptions checking, and means comparison were performed following the procedures
described above. In addition, analysis per experimental field were conducted following the

same procedures described above (Supplementary Table 5).
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3. Results

3.1. Selected antagonists vs Hemileia vastatrix: potted coffee plants
3.1.1. Disease progress

Three preventive applications of antagonists onto coffee plants, followed by
inoculation with H. vastatrix and then by three subsequent applications of antagonists,
resulted in distinct rust levels, i.e., different disease progress curves for CLR incidence and
severity (Fig. 1a, b). From the beginning of the assessments (45 DAI), plants treated with
the fungal antagonists exhibited lower incidence and severity values compared to those
treated with the Bacillus-based product (T13) or left untreated (control, T15). This trend

persisted at subsequent evaluations at 60, 75, and 90 DAL particularly for severity.

In the combined analysis of the two assays (Y2 and Y3), the main factor — treatment
— significantly affected the variables AUDPCmcand AUDPCsgv (p < 0.01). The analysis of
the treatment effects on AUDPCinc revealed significant differences among treatments
(Table 4). Fungal antagonists led to reductions in AUDPCc values ranging from 10.7% to
47.4% relative to control. For this variable, the treatment T10 (M442 — F. coffeibaccae)
showed the lowest mean AUDPCinc (70.4) and was statistically inferior to all other
treatments, forming a distinct group (group A). The treatment T11 (Clonostachys mix)
followed, with a mean of 89.2 and was also significantly different from most of the
treatments, which had intermediate AUDPCmc values and did not differ significantly
among themselves (groups ABC to CDE). On the other hand, the Bacillus treatment (T13)
and the untreated control (T15) had the highest AUDPCinc values (131.0 and 133.8,
respectively) and were grouped together (group E). This indicated a lack of efficacy in CLR

control for the Bacillus-based product under our experimental conditions.

Significant differences between treatments were also observed for AUDPCsgv
(Table 4), which was strongly and positively correlated with AUDPCine (= 0.82, p <0.01).
Values ranged from 2.43 to 12.05, and fungal antagonists led to reductions of up to 79.8%
compared to the untreated control. Similarly to results found for CLR incidence, treatment
with F. coffeibaccae (T10 — M442) showed the lowest mean (2.43) and was statistically
different from all other treatments (group A). Treatments T11 (Clonostachys mix) and T09
(M121 — C. hemileiae) also performed well (group AB), but with slightly higher means than
T10 (2.87 and 2.91, respectively). Most of the fungal treatments also formed intermediate
groups (ranging from ABC to BC), resulting in moderate reduction in AUDPCsgy. The
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Bacillus-based product (T13) and the untreated control (T15) had the highest AUDPCsgv

values and formed a distinct group (group D).

Final severity (Table 5) showed a strong positive and significant correlation with
AUDPCince (= 0.79, p <0.01), and a very strong positive and significant correlation with
AUDPCsgv (r = 0.96, p < 0.01), with a similar trend observed across variables. Final
severity values ranged from 1.48% to 5.85%. Treatment T11 (Clonostachys mix) had the
lowest final severity and was statistically different from all other treatments (group A). This
treatment also resulted in a control efficacy of 73%. Most of the fungal treatments and the
formulation-based treatment formed an intermediate group (groups AB to BC), with control
efficacies ranging from 46.11% to 68.17% when compared with the untreated control (T15)
(Table 5). Treatments more effective than the formulation showed control efficacies ranging
from 2.63% to 44.36% when compared with the formulation-based treatment (T14) (Table
5). Plants treated with the B. velezensis commercial product (T13) showed the highest
severity score of 5.85% at the last assessment and were, under the trial conditions,
ineffective for controlling CLR, as it grouped with the untreated control (T15) (groups CD
and D) and exhibited 5.78% more disease than the control (final severity = 5.53%),

suggesting that the product, instead of controlling the disease may even worsen its impact.

3.1.2. Plant growth parameters

In contrast to disease-related parameters, higher values of plant height and aerial dry
mass (Table 4) were observed in plants treated with the B. velezensis product (T13) (29.6
cm and 4.82 g) and in the untreated control (T15) (29.5 cm and 4.62 g). Among the fungal
treatments, plants mean height ranged from 22.2 cm to 26.7 cm, whereas mean aerial dry
mass varied between 2.67 g and 4.23 g. Plant height and aerial dry mass were very strongly
and positively correlated (» = 0.86, p < 0.01). However, plant height showed a null to weak
negative correlation with disease parameters, whereas aerial dry mass exhibited no
significant correlation. Interpretation of those results is, at this stage, challenging but
deserves more careful complementary investigations, particularly for practical

consequences for coffee growth in the field and coffee productivity.

3.1.3. Endophytic colonization by fungal antagonists
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Following the final assessment, plant samples were collected and processed to
attempt reisolation of the applied fungal antagonists. The frequency of recovery varied
among treatments (Table 6), but 7. harzianum (T06 — M290) and A. flavus (TO8 — E486)
were the most frequently reisolated fungi, showing consistent rates across both experiments,
particularly from leaves in the lower and middle thirds of the plant. Clonostachys rosea, C.
rhizophaga, C. cateniannulata, F. coffeibaccae, T. virens, and T. theobromicola were all
recovered from coffee tissues, showing the ability of establishment (even if erratic) as
endophytes. Variable levels of recovery were found for those species. It depended on the
plant tissue sampled as well as by differences between experimental years (i.e., Y2 and Y3).
Calonectria hemileiae was not recovered in any attempt in either year. Among the
combination treatments, the Clonostachys-based treatment (T11) showed variable recovery,
whereas the Trichoderma-based treatment (T12) consistently yielded 7richoderma colonies

in both experimental trials.

3.2. Selected antagonists vs Hemileia vastatrix: field trial

At the beginning of the field assessments, CLR incidence was low across all
treatments (Fig. 3a). However, a few peaks in severity were observed (Fig. 3b), which may
be associated with residual symptoms from CLR epidemics that occurred during the season
prior to the experiment. In subsequent assessments, from December 2024 to February 2025,
the incidence and severity curves followed similar trends. From March onward, the mean
values of incidence and severity remained low in leaves treated with the copper fungicide

(T09), whereas disease progression was observed in all other treatments.

After estimating the AUDPC for incidence (Table 7), it was observed that the
fungicide-based treatment (T09) had the lowest mean AUDPCc, differing significantly
from all other treatments (group A) and reducing the accumulated area by 66.2% as
compared with the control (T12). Plots that received the A4. flavus isolate (T06), the solution
used in antagonist suspension alone (T11), and the C. hemileiae isolate (T07) had the
highest means of AUDPCinc and also differed significantly from the other treatments
(group B), which were statistically similar (group AB) to both the control (T12) and the
commercial product based on B. velezensis (T10). Plants treated with the bacterial product

had a reduction of the accumulated incidence area by 13.9%, whereas the best-performing
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fungal antagonists were C. cateniannulata, T. virens, and F. coffeibaccae, which reduced

AUDPCnc by 17.3%, 12.2%, and 10.3%, respectively.

Regarding the AUDPC for severity (Table 7), it was strongly and positively
correlated with AUDPCine (7 = 0.86, p < 0.01). The fungicide (T09) produced the best
results, leading to the lowest AUDPCsgv and significatively differing from all other
treatments (group A), and reducing AUDPCsgy by 73.4% as compared to the control (T12).
On the other hand, the highest AUDPCsgv was recorded for plots that received the
Aspergillus-based treatment (T06), which was statistically similar (group B) to the
Calonectria treatment (TO7), the solution used in antagonist suspension alone (T11), and
the control (T12). All other treatments were similar, having an intermediate effect.
Clonostachys rosea (TO1), F. coffeibaccae (T08), and T. virens (T03) reduced AUDPCsgv
by 39.1%, 32.8%, and 32%, respectively, compared to the control. The Bacillus-based
product (T10) reduced values by 21.1%, whereas C. cateniannulata (T05) led to reduction

in disease severity of 15.5%, as compared with the control.

Final severity (Table 8) had a weak positive but significant correlation with
AUDPCmc (r = 0.31, p <0.01) and AUDPCsgy (r = 0.31, p < 0.01). Mean final severity
values ranged from 0.07% to 0.28%. The chemical fungicide-based treatment (T09) had the
lowest final severity and was statistically different from all other treatments (group A). This
treatment also resulted in a control efficacy of 49.4%. Plants treated with A. flavus (T06)
had the highest severity (group B), being ineffective for reducing CLR severity. Other
treatments formed an intermediate group (AB), including the control (T12), the formulation
based-treatment (T11) and the B. velezensis commercial product (T10), with a control
efficacy of 2.9%. Among fungal antagonists, Clonostachys rosea (T01), F. coffeibaccae
(TOS), T. harzianum (T04), T. virens (T03), and C. rhizophaga (T02), exhibited control
efficacy higher than the biofungicide product, with values ranging between 29.2% and
9.1%. Cordyceps cateniannulata (T05) and C. hemileiae (T07) did not reduced final

severity, and had negative values of control efficacy as compared to control.
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4. Discussion

The most promising fungal isolates, selected from an original assemblage of ca.
1500, obtained during the surveys conducted between 2015-2017, were assessed for their
effect on reducing the incidence and severity of CLR in coffee plants cultivated in pots and
maintained in a shaded area. Additionally, the most promising isolates were also tested in
two experimental coffee fields. This study intended to integrate the most promising fungal
antagonists under the same experimental conditions. The initial selection of isolates was
based on results from in vitro and greenhouse screenings conducted by our research group,
which provided valuable insights to reduce the list from over 1,500 isolates to 600, and then

to 10.

Calonectria hemileiae was selected based on its proven ability to mycoparasitize
Hemileia vastatrix uredinia, inhibiting urediniospore germination by up to 80% and
reducing CLR severity by 70-90% under greenhouse conditions.'® A non-aflatoxigenic 4.
flavus isolate was included due to its significant suppression of CLR severity when applied
to leaves and soil.® Cordyceps cateniannulata, originally isolated as a coffee endophyte,
demonstrated the ability to parasitize H. vastatrix uredinia and coffee insect pests; in
addition, both its conidial suspension and culture filtrate inhibited urediniospore
germination by an average of 38%.%’ The F. coffeibaccae isolate stood out among 93
Fusarium mycoparasitic isolates due to its ability to inhibit urediniospore germination by
74%, completely suppress symptoms in leaf disc assays, and reduce CLR severity by up to
66% under greenhouse conditions.*? Trichoderma isolates, initially assessed through leaf
disc and urediniospore germination assays,*' also performed well, with the selected isolates
achieving the greatest reductions in CLR severity among the 31 evaluated isolates under
greenhouse conditions.”? Similarly, selected isolates of Clonostachys spp. consistently
inhibited urediniospore germination (94—-100%) and reduced CLR severity in greenhouse

trials.?’

Taken together, these findings supported the inclusion of these isolates in further
testing under more realistic conditions. However, some isolates exhibited variable efficacy
depending on the experimental conditions. Fusarium coffeibaccae had a good and
consistent biocontrol performance under the conditions in which the tests were conducted.
Other fungal isolates, particularly C. rhizophaga, C. rosea, and C. cateniannulata, also
provided good results, but their biocontrol effects varied between experiments and also in

pots vs. field experiments.
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Although some antagonist isolates were effective in reducing CLR intensity under
our experimental conditions, the potential effects of a broader diversity of antagonists of H.
vastatrix remain to be tested. We were able to assess only a small fraction of isolates from
our collection, and other organisms may perform even better under different environmental
conditions. Another factor that guided the selection of antagonists was the occurrence of
each species in Brazil. Only species obtained in Brazil, or having already been documented
as occurring in Brazil, were evaluated in our work. Lecanicillium hemileae is a case in point
of a mycoparasite that, seemingly broadly occurs in Africa but is absent in Brazil,>* which
was not tested during our study because it would represent a classical introduction of a

fungal species which is not known to occur in Brazil.

Fusarium coffeibaccae was found (Nobrega, unpub. results) to have a cosmopolitan
distribution in association with coffee. In a comprehensive study of the Fusarium lateritium

species complex, Costa et al.>*

analyzed isolates of F. coffeibaccae from Brazil, China,
Ethiopia, Guinea, Kenya, Malawi, New Caledonia, New Guinea, Papua New Guinea, and
Zimbabwe, obtained from different tissues of C. arabica and C. canephora plants, including
bark, fruits, leaf surface, stem, and vascular bundle. In addition, previous observations
within the scope of this project identified F. coffeibaccae as a mycoparasite of H. vastatrix
in Brazil and African countries,*® suggesting a close relationship between the antagonistic

fungus and the pathogen’s uredinia as well.

Fusarium coffeibaccae produces a red pigment on PDA ** and the isolate selected
for evaluation in our study also produced the same pigment. This pigment may be a source
of secondary metabolites with potential to reduce CLR. Nébrega® evaluated the potential
of Fusarium filtrates in in vitro assays and observed high inhibition rates of pathogen
germination, indicating anti-CLR activity by isolates of this species, but the effects of
filtrates or organic extracts and the identity of the produced metabolites still remain to be

further evaluated.

Cordyceps cateniannulata applications resulted in intermediate control levels of
CLR. However, the results obtained under in vitro conditions, which demonstrated its
mycoparasitic and antibiosis potential against H. vastatrix, as well as high mortality rates
of two major coffee pests — the coffee berry borer (Hypothenemus hampei) and the leaf
miner (Leucoptera coffeella)® — justified the continuation of the studies on this fungus in

future stages of this study. In case the recognized multitrophic activity of C. cateniannulata
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is translated into benefits for control of three, among the worst phytosanitary problems for

coffee, this species cannot be neglected in future biocontrol investigations.

Clonostachys rosea and C. rhizophaga provided moderate to high levels of CLR
reduction when applied alone or in combination (in the pot experiment). Fungi of this genus
are extensively studied for their potential as biocontrol agents against many diseases,>> with
C. rosea being among the most broadly and intensively studied fungus biocontrol species.>¢
Such studies have already resulted in commercial biofungicides, some of which are
available in Brazil, Canada, China, the European Union, Russia, and the USA.>® In Brazil
there is one product (Kamoi Pro/BioRoof®) based on C. rosea, registered for use against
Botrytis cinerea. Clonostachys rhizophaga has received less attention; however, there are a
few examples of studies indicating its potential for reducing the severity of potato early
blight caused by Alternaria grandis®’ and root rot in cocoa caused by Rosellinia spp. >
Although there are records of C. rosea and C. rhizophaga as causal agents of crop diseases
— for example, C. rosea causing root rot in soybean in the United States,*” and rot in faba
bean in Iran;*° and C. rhizophaga causing chickpea wilt in Syria,’! or root rot in lentil and
pea in France®® — it is known that the isolates evaluated in our study were capable of
colonizing coffee plants as endophytes without inducing disease symptoms, demonstrating
that in the case of C. arabica, these species, or the isolates under study, are not coffee

pathogens.?’

In pot experiments, it was observed that, compared to the control, our fungal
antagonists led to a reduction of coffee growth, reducing plant height by up to 25% and
shoot dry mass by up to 42%. Conversely, applications of the commercial product based on
B. velezensis led to an increase in plant height of 0.3% and enhanced shoot dry mass
accumulation by 4.3%. In the literature, many bacteria and fungi are reported to establish
endophytic associations with coffee plants, and in several instances enhancing coffee plant
growth.®® However, there are cases in which these microorganisms vary in their effects:
while some strains benefit coffee plants, others do not promote plant growth.!'® Furthermore,
genera better known for bringing benefits to host plants may provoke harm to some plants.
For example, Trichoderma virens is well-known as a biocontrol fungus; however, specific
strains of this species which produce the secondary metabolite gliotoxin, can negatively
impact some plants. In tomato seedlings, for instance, a decrease in total biomass
accumulation was observed due to the phytotoxicity of this metabolite.* Strains of

Clonostachys rosea and Cordyceps militaris can also produce secondary metabolites that
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are phytotoxic to plants. Dihydrovertinolide, produced by C. rosea, inhibited shoot and root
growth of lettuce by 23% and 65%, respectively, compared to untreated controls,®> whereas

cordycepin, isolated from C. militaris, inhibited the germination and growth of radish.5®

These studies suggest that purported biocontrol fungi may be, in fact, harmful to
some plants depending on the species involved, fungal strain, concentration and type of
secondary metabolites, host sensibility, and plant age. The substantial levels of reduction in
biomass observed for many associations that were evaluated demands an explanation. It
might be conjectured that such a large suppression of growth might not be observed on
mature and productive coffee plants or that coffee yield would not be harmed, but these are
matters that would require careful evaluations. It is also possible that induced systemic
resistance is at play in our CLR antagonist applications. This growth reduction-impact may
be a "price" paid for the establishment and maintenance of fungi in coffee tissues or an
energetic investment by the plant in activating its defense mechanisms, as the activation and
expression of defense pathways demands the reallocation of nutrient resources, leading to
a reduction in growth, which is described as a “growth-defense trade-off”.%” It is well
documented in the literature, for crops such as rice, tobacco, lettuce and beans that induced
systemic resistance (by acibenzolar-S-methyl applications, for example) can lead to
reduction in height, biomass and leaf area, depending on plant age, frequency of application
and dose utilized.®®%° Such objectionable effects are considered as mostly temporary and
losses in productivity may be averted through correct applications, as for commercial
acibenzolar-S-methyl products such as Bion®. Our results emphasize, nevertheless, that
special caution must be taken during further evaluations of our (or any) CLR biocontrol

candidates. There must be no room for a situation where “the cure is worse than the disease”.

Despite the negative effects observed on coffee growth in the pot experiments, it
would be premature to assume a reduction in coffee yield. Due to the time it takes for coffee
plants to reach production, and the absence of yield evaluations for our field study, we were
unable to obtain this data. However, considering the defoliation caused by CLR, it is
reasonable to hypothesize that plants with higher CLR intensity would experience a greater
impact on yield than those with less CLR, and maybe effect of fungal antagonists in CLR
control would compensate the observed growth reduction. Although we could not determine
how our antagonists reduce CLR intensity in the field, in addition to inducing plant

resistance, mycoparasitism and the production of cell wall-degrading enzymes and
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antibiotic compounds are established modes of action of biocontrol agents’®! that should

be further examined in this context.

Studies on endophytes associated with coffee plants began to emerge in the late
1990s, initially focusing on bacterial strains. Later, in 2005, research expanded to fungal
endophytes.®® Since then, most studies have focused on fungal communities’ composition

27,28,30.72-78 rather than functional

in coffee tissues from different coffee-growing regions,
traits such as growth promotion. To date, only one study has reported growth-promoting
effects of fungal endophytes (Trichoderma sp. strains) in coffee,”” while a few others have

17,80

demonstrated positive effects of Bacillus species, accordingly to our findings using the

commercial product based on B. velezensis.

The success of endophyte-plant associations can be influenced by several factors,
including fungal species or strain, inoculum concentration, timing of application, host
species, developmental stage, physiological status, tissue type, environmental conditions,
and even the sampling and isolation techniques employed.®""3? Despite inconsistencies in
our attempts to reisolate fungal endophytes from treated coffee plants, 7. harzianum (T06
— M290) and A4. flavus (TO8 — E486) were the most frequently recovered isolates in the
potted plant assays. In a previous greenhouse study, the same Aspergillus isolate also
exhibited inconsistent recovery,?® which has been attributed to the limited duration of the
evaluation, tissue sampled, and methodology utilized. In contrast, 7. harzianum appears to
be capable of establishing long-term association with different hosts. In our potted
experiments, this species was reisolated from coffee tissues up to two months after the last
antagonists’ application. Similar persistence has been reported in other crops, with T.
harzianum recovered from sweet orange tissues after eight months®® and from tomato plants

after four months.?*

In contrast to the results observed in the potted experiments, where plants treated
with the Bacillus-based commercial product had a higher AUDPCsgy than the control group,
in the field experiments this treatment reduced AUDPCsgv by 33.3% compared to the
control, indicating that, depending on the environmental conditions and inoculum pressure,
results may vary substantially. While some fungal antagonists performed similarly to the
bacterial commercial product, such as F. coffeibaccae, which reduced AUDPCsgv by
32.6%, others performed better. For example, C. rosea and C. rhizophaga reduced severity
values by approximately 42%. However, treatments based on fungal antagonists did not

result in statistically significant differences compared to the control, as AUDPCinc and
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AUDPCsgv values did not differ significantly, and the chemical fungicide was the most
effective treatment. Even though, these results indicate that some antagonists have the
potential to be used for CLR management, particularly with regard to disease severity and

especially in zero-pesticide systems of coffee production.

Studies assessing the biocontrol potential of microorganisms under field conditions
are still scarce in the literature. Some articles have focused on antagonistic bacteria, such as
those conducted in Brazil"® and Peru.®® Akanthomyces lecanii (syn. Lecanicillium lecanii)
was reported to delay incubation and latent period of CLR in greenhouse and field
conditions,® to contribute indirectly at controlling H. vastatrix in a coffee agroecosystem,?’
and more recently, there were claims of Trichoderma and Akanthomyces isolates being
effective in reducing the disease in an experimental coffee field.?? These publications were
based on studies conducted in Colombia, and, the later in Mexico, and in both cases,
unfortunately, there is no information on the correct identity of the fungal isolates at play.
The work by Sanchez-Lucio et al > was inadequate and left the identification of the isolates
only at the generic level whereas the works of Vélez and Rosillo® and Jackson et al.®’
identified the fungus as L. lecanii — a common mistake which is only now being clarified
by Colméan et al.>*. These publications provide, nevertheless, indications that antagonistic

fungi can indeed contribute to controlling CLR.

Considering the benefits that microorganisms may offer to the coffee plantations,
the use of "microbial consortia", i.e., application of mixtures of microbial species/strains,
may become a promising approach.®® During our pot experiments, an attempt was made to
test a combination of a small assemblage of Clonostachys isolates and, in separate, an
assemblage of selected Trichoderma strains of distinct species. This yielded good results
for reducing CLR incidence and severity. An approach that could be explored, besides
mixtures of biocontrol candidates with phylogenetical affinities, would be combining fungal
antagonists obtained from different ecological niches, namely: mycoparasites obtained from
H. vastatrix pustules with endophyte “bodyguards™ obtained from coffee tissues. Some
synergistic interaction might result from such combinations. Also, combining B. velezensis,
with its growth-promoting properties, with fungal antagonists might also represent an

interesting option for future investigation.

As our experiments were conducted under field conditions, we opted to use an
incipient formulation designed to protect the fungal antagonists from environmental

adversities, and, at least in the experiment with potted plants, the formulation-based
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treatment reduced disease-related parameters. Beyond its protective properties, each
component of the formulation is known to exert direct or indirect effects against

phytopathogens and plant diseases.

Sunflower oil has been reported as effective against powdery mildews, such as
Erysiphe neolycopersici, Podosphaera pannosa, and P. xanthii,*®°' and has also inhibited
urediniospore germination of rust fungi such as Uromyces appendiculatus and Puccinia
recondita, achieving up to 54% and 83% control, respectively, at 1% (v/v).** Similarly,
aqueous skim milk solutions have reduced powdery mildew severity in cucurbits.”*°

Glycerol has shown both direct antifungal activity®® and indirect effects via induction of

plant resistance,”’ including in coffee plants.”®

When urediniospores were exposed to the formulation used in our experiments, no
significant inhibition of germination was observed (Fig. S2). Similarly, fungal antagonists
cultured in the presence of the formulation exhibited no mycelial growth inhibition, and
some isolates even showed enhanced growth (Fig. S3, Fig. S4). Therefore, the disease
suppression observed in formulation-based treatments in certain assays may be attributed,
at least in part, to the indirect effects of these components. Nonetheless, a potential direct
effect against H. vastatrix cannot be discarded, and more detailed experiments are warranted

to explore these possibilities.

The results presented herein represent significant steps towards the selection and
practical evaluation of the vast and diverse range of fungi collected as potential biocontrol
agents of CLR. This long process, which followed the field surveys, included the elucidation
of the taxonomy of selected groups of taxa, in vitro and greenhouse assays and now has
reached the stage of more focused in planta studies. At each stage, details such as arbitrary
choices that were made and adopted for experiments such as coffee cultivar, plant age
concentration of inocula, frequency and mode of application, choice of isolates, and timing
of rust inoculation, may have played a critical role in the results that were obtained for CLR
control as well as plant development. Environmental conditions have certainly influenced
our results. In two instances, entire pot experiments were lost because the disease did not
establish or because the colder temperatures were favorable for severe outbreak of “Phoma

leaf spot”.

We attempted to utilize a scheme of spraying intended to favour the establishment

of the fungal antagonist population, regardless of whether this would be viable in crop
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situations. It is inevitable that a considerable component of uncertainty is involved in this
form of prospective study and we acknowledge that further studies are necessary to clarify
the mode of action of each biocontrol candidate, confirm biocontrol potential of our
antagonists which had a good performance as well as to provide additional opportunities for

those candidates which showed inconsistent results.

It is hoped that future studies will address such issues as well as investigating the
potential of microbial consortia, optimization of inoculum yield, evaluation of varying
antagonist inoculum concentrations, spraying intervals, and formulations containing
various adjuvants which may provide protective effects against adverse environmental
conditions. Effects and identity of secondary metabolites produced by fungi such as
Calonectria hemileiae, F. coffeibaccae and others, should be also explored. Practical
matters such as economic feasibility of production and use biofungicide products based on

our fungi and efficacies under field conditions should also be considered.

The wealth and diversity of fungal antagonists of H. vastatrix is still barely known
to science and it is to be expected that an expansion of the fungal surveys, particularly in
Africa, would unveil far larger list of antagonists. Perhaps it would even reveal a “holy grain
of biocontrol” — a classical biocontrol agent that would be capable, alone, to bring the
populations of H. vastatrix in the Americas down to a lower status. Nevertheless, it is
possible that, by finding the right protocol, the fungi that are already available in our

“toolbox” may become valuable options for CLR management.
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Figure 1. Combined analysis of the progression of coffee leaf rust in coffee plants (Coffea
arabica cv. ‘1AC 144°) treated with fungal antagonists and inoculated with Hemileia vastatrix
in two independent experiments (conducted from November 2023 to February 2024 and from
November 2024 to February 2025). (A) Progress curve of incidence (%) and (B) severity (%).
TO1 = Clonostachys rosea (E585); T02 = C. rhizophaga (M230); TO3 = C. rhizophaga (M267);
T04 = Trichoderma virens (E174); TO5 = T. theobromicola (E414); T0O6 = T. harzianum
(M290); TO7 = Cordyceps cateniannulata (E048); TO8 = Aspergillus flavus (E486); TO9 =
Calonectria hemileiae (M121); T10 = Fusarium coffeibaccae (M442); T11 = a mixture of
Clonostachys strains (E585 + M230 + M267); T12 = a mixture of Trichoderma strains (E174
+ E414 + M290); T13 = Bacillus velezensis; T14 = formulation; and T15 = untreated control.
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Figure 2. Coffee plants (C. arabica cv. ‘IAC 144’) 90 days after inoculation with Hemileia
vastatrix and treated with: (A) Clonostachys rosea (E585); (B) C. rhizophaga (M230); (C) C.
rhizophaga (M267); (D) Trichoderma virens (E174); (E) T. theobromicola (E414); (F) T.
harzianum (M290); (G) Cordyceps cateniannulata (E048); (H) Aspergillus flavus (E486); (1)
Calonectria hemileiae (M121); (J) Fusarium coffeibaccae (M442); (K) a mix of Clonostachys
strains (E585 + M230 + M267); (L) a mix of Trichoderma strains (E174 + E414 + M290); (M)

Commercial product based on Bacillus velezensis; (N) formulation; and (O) untreated control.
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Figure 3. Combined analysis of coffee leaf rust progression in coffee plants (Coffea arabica
cv. ‘IAC 144’) treated with fungal antagonists in two experimental fields. (A) Incidence (%)
progress curve and (B) mean severity (%). Treatments: TO1 = Clonostachys rosea (E585); T02
= C. rhizophaga (M267); TO3 = Trichoderma virens (E174); T04 = T. harzianum (M290); T05
= Cordyceps cateniannulata (E048); T06 = Aspergillus flavus (E486); TO7 = Calonectria
hemileiae (M121); TO8 = Fusarium coffeibaccae (M442); T09 = Copper oxychloride fungicide;
T10 = Commercial product based on Bacillus velezensis; T11 = formulation; and T12 =

untreated control. Green arrows indicate the timing of treatments applications.
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Figure S1. Spearman’s correlation matrix among disease-related (AUDPCinc, AUDPCsgy and
Final Severity) and plant growth variables (Height and Shoot Dry Mass) evaluated in coffee
plants treated with fungal antagonists in the potted experiments over two independent
experiments (conducted from November 2023 to February 2024 and from November 2024 to
February 2025). Correlation coefficients () are shown within each cell. Asterisks indicate
statistically significant correlations (p < 0.05 = *, p < 0.01 = **). Color scale represents the

strength and direction of correlation (blue = positive, red = negative).
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Figure S2. Mean urediniospore germination values (%) of Hemileia vastatrix with 95%
confidence intervals (error bars) after exposure to a Tween solution (Tween 20, 0.05% v/v) and
to the formulation used in the experiments, composed of Tween 20 (0.05% v/v) supplemented
with sunflower oil (1% v/v), glycerol (1% v/v), and skim milk (2% m/v). Mean germination
rates (Tween solution = 49.4%; formulation = 47.3%) were compared using a t-test, and no

statistically significant difference was observed (p = 0. 469).
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Figure S3. Mean mycelial growth values (mm) of fungal antagonist with 95% confidence
intervals (error bars) after 5 days of incubation on PDA or PDA supplemented with the
formulation used in the experiments (sunflower oil (1% v/v), glycerol (1% v/v), and skim milk
(2% m/v). TO1 = Clonostachys rosea (E585); T02 = C. rhizophaga (M230); T03 = C.
rhizophaga (M267); T04 = Trichoderma virens (E174); TOS = T. theobromicola (E414); T06 =
T. harzianum (M290); TO7 = Cordyceps cateniannulata (E048); TO8 = C. cateniannulata
(LCBPF 17); TO9 = Aspergillus flavus (E486); T10 = Calonectria hemileiae (M121); T11 =
Fusarium coffeibaccae (M442). Mycelial growth was compared using a t-test; statistically

significant differences (p < 0.01) are indicated with an asterisk (*).
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Figure S4. Mycelial growth of fungal antagonists on PDA and PDA supplemented with the

formulation (sunflower oil 1% v/v, glycerol 1% v/v, skim milk 2% m/v) after 5 days.
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Table 1. Description of the selected isolates assessed against Hemileia vastatrix in experiments in planta —field conditions.

Species Strain code  Culture collection code Origin Host Reference
Aspergillus flavus E486 COAD 3307 Cameroon Fruits of C. canephora Kapeua-Ndacnou ef al.?®
Calonectria hemileiae M121 COAD 2544 Brazil Pustules of 1. vastatrix on C. Salcedo-Sarmiento et al.'®
arabica leaves
Clonostachys rosea E585 COAD 2984 Ethiopia Stem of C. arabica Kapeua-Ndacnou et al.?’
Clonostachvs Pustules of H. vastatrix/
; ) M230 COAD 2980 Cameroon  coffeicola on C. canephora Kapeua-Ndacnou et al.?’
rhizophaga
leaves
Clonostachvs Pustules of H. vastatrix/
. ) M267 COAD 2982 Cameroon coffeicola on C. canephora Kapeua-Ndacnou et al.?’
rhizophaga
leaves
Cor‘dy ceps E048 COAD 3349 Cameroon Stem of C. arabica Pereira et al.®®
cateniannulata
Fusarium coffeibaccae M442 COAD 3041 Ethiopia Pustules OfH' vastatrix on C. Nobrega®
arabica leaves
Trichoderma virens E174 COAD 2400 Cameroon Stem of C. brevipes Rodriguez et al.>*
Trichoderma E414 COAD 2406 Cameroon Stem of C. canephora Rodriguez et al.>
theobromicola
Trichoderma harzianum M290 COAD 3672 Ethiopia Pustules of /1. vastatrix on C. Tobar (Personal obs.)

arabica leaves
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Table 2. Treatments applied to the coffee plants in the pot experiments.

Treatment Description'-?

TO1 — E585 Conidia suspension of Clonostachys rosea
T03 —M230 Conidia suspension of Clonostachys rhizophaga
T02 — M267 Conidia suspension of Clonostachys rhizophaga
TO3 -E174 Conidia suspension of Trichoderma virens
TO5 — E414 Conidia suspension of Trichoderma theobromicola
T06 — M290 Conidia suspension of Trichoderma harzianum
TO7 — E48 Conidia suspension of Cordyceps cateniannulata
TO8 — E486 Conidia suspension of Aspergillus flavus
T09 —M121 Conidia suspension of Calonectria hemileiae
T10 — M442 Conidia suspension of Fusarium coffeibaccae

T11 — Clonostachys Mix A mix of conidia suspensions of E585, M230 e M267

T12 — Trichoderma Mix A mix of conidia suspensions of E174, M414 e M290

T13 — B. velezensis Commercial product based on Bacillus velezensis®

Tween 20 solution (0,05 % v/v) + glycerol (1 % v/v) +

T14 — Formulation sunflower oil (1% v/v) and skimmed milk powder (2% m/v)

T15 — Control Just H. vastatrix applied*

!Conidial suspension calibrated at 5 x 10% conidia/mL (corresponding to an average of 1 x 10*

CFU/g of colonized rice).

2Spray volume ranged from 15 to 50 mL per plant, depending on plant size. Treatments were

applied six times at 10 day-intervals, except for T15, which remained untreated.

3The commercial product based on Bacillus velezensis was applied at a field rate of 6 L/ha.
Considering a spray volume of 400 L/ha, the corresponding concentration was 15 mL of product
per litre of spray solution (Bio-Imune®; Bacillus velezensis BV02; 3 x 10° CFU/mL; Vittia

Group, Sao Joaquim da Barra, SP, Brazil).
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4All plants were inoculated with Hemileia vastatrix 72 h after the third antagonists’ spraying,

with a suspension calibrated at 5 x 10° urediniospores/mL.
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Table 3. Treatments applied to the coffee plants in the field experiments.

Treatment Description'-?
TO1 — E585 Conidia suspension of Clonostachys rosea
T02 — M267 Conidia suspension of Clonostachys rhizophaga
TO3 - E174 Conidia suspension of Trichoderma virens
T04 —M290 Conidia suspension of Trichoderma harzianum
TOS — E48 Conidia suspension of Cordyceps cateniannulata
T06 — E486 Conidia suspension of Aspergillus flavus
T07 -M121 Conidia suspension of Calonectria hemileiae
TO8 —M442 Conidia suspension of Fusarium coffeibaccae
T09 — Fungicide Copper oxychloride-based fungicide?
T10 — B. velezensis Commercial product based on Bacillus velezensis*

Tween 20 solution (0,05 % v/v) + glycerol (1 % v/v) +

T11—Formulation sunflower oil (1% v/v) and skimmed milk powder (2% m/v)

T12 — Control Untreated plants

!Conidial suspension calibrated at 5 x 107 conidia/ mL (corresponding to an average of 1 x 10’

CFU/g of colonized rice).

2Spray volume ranged from 0.3 L to 0.5 L per plant, depending on plant canopy. Treatments
were applied every 21 days from November 2024 to April 2025, except for the T12, which

remained untreated.

3The commercial fungicide based on copper oxychloride (Recop®; 840 g/kg; 50% metallic
copper; Albaugh Agro Brasil Ltda., Sao Paulo, SP, Brazil) was applied at a rate of 3.5 kg/ha.
Considering a spray volume of 500 L/ha, the concentration was 7 g of product per litre of spray

solution.

“The commercial product based on Bacillus velezensis (Bio-Imune®; Bacillus velezensis BV02;

3 x 10° CFU/mL; Vittia Group, Sio Joaquim da Barra, SP, Brazil) was applied at a field rate of
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6 L/ha. Considering a spray volume of 400 L/ha, the corresponding concentration was 15 mL

of product per litre of spray solution.
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Table 4. Area under disease progress curve for incidence (AUDPCinc) and severity (AUDPCsgv) of coffee leaf rust, and height and shoot dry mass

of coffee plants treated with antagonists in the combined analysis of the pot experiments conducted over two distinct periods.

1 AUDPCnc? AUDPCggv? Height (cm) Shoot dry mass (g)

frenment Mean [I%i‘?UCLI]S Mean [Ei‘?)U(IZI]S Mean [I%io;/ouil]s Mean [Ei(?U(B]S
TO1 — E585 101.03 BC [69.12; 147.67] 5.24 BC [1.71; 16.02] 25.5BC [20.6; 30.5] 4.23 BC [2.08; 8.58]

T03 —M230 104.1 BCD [71.3; 151.98] 4.53 ABC [1.48; 13.87] 25.5BC [20.5; 30.4] 3.05 AB [1.5;6.2]
T02 —M267 91.59 ABC [62.43; 134.38] 3.45 ABC [1.13; 10.55] 24.5 ABC [19.5;29.4] 2.67 A [1.32; 5.42]

TO3 —E174 107.24 BCDE [73.51; 156.44] 4.7 BC [1.53; 14.37] 26.7 CD [21.7; 31.7] 3.4 ABC [1.67;6.9]
TOS5 — E414 110.63 BCDE [75.92; 161.23] 4.87 BC [1.59; 14.91] 25.5BC [20.5; 30.4] 2.94 AB [1.45;5.97]
T06 —M290 108.8 BCDE  [74.62; 158.62] 4.07 ABC [1.33; 12.46] 25.6 BC [20.6; 30.6] 2.99 AB [1.47; 6.07]
TO7 — E48 113.17 BCDE  [77.71; 164.82] 56C [1.83;17.12] 251 ABC  [20.1;30]  332ABC  [1.63;6.73]
TO8 — E486 119.43 CDE  [82.09; 173.74] 5.32BC [1.74; 16.29] 23 AB [18.1; 28] 2.68 A [1.32; 5.43]
T09 —M121 107.92 BCDE [74.01; 157.37] 291 AB [0.95; 8.89] 254 BC [20.4; 30.3] 3.57 ABC [1.76; 7.25]
T10 — M442 70.36 A [47.3; 104.65] 243 A [0.79; 7.44] 24 ABC  [19.1;289]  3.14AB  [1.55;6.38]
T11 - Clonostachys Mix 89.19 AB  [60.75;130.95]  2.87 AB [0.94; 8.77] 22A [173;27.1]  3.14AB  [1.55;6.37]
T12 — Trichoderma Mix 98.94 ABC [67.65; 144.69] 3.49 ABC [1.14; 10.69] 26.4 CD [21.4; 31.3] 4.04 BC [1.99; 8.19]
T13 — B. velezensis 130.98 DE [90.23; 190.15] 1143 D [3.73; 34.98] 29.6 D [24.6; 34.7] 4.82C [2.38;9.79]
T14 — Formulation 101.82 BC [69.69; 148.76] 4.49 ABC [1.47;13.75] 24.5 ABC [19.5;29.4] 3.53 ABC [1.74; 7.16]
T15 — Control 133.76 E [92.19; 194.09] 12.05D [3.94; 36.88] 295D [24.5; 34.5] 4.62 C [2.27; 9.37]

'TO1 = Clonostachys rosea (E585); T02 = C. rhizophaga (M230); T03 = C. rhizophaga (M267); T04 = Trichoderma virens (E174); T0O5 = T.
theobromicola (E414); TO6 = T. harzianum (M290); TO7 = Cordyceps cateniannulata (E048); TO8 = Aspergillus flavus (E486); TO9 = Calonectria
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hemileiae (M121); T10 = Fusarium coffeibaccae (M442); T11 = a mixture of Clonostachys strains (ES85 + M230 + M267); T12 = a mixture of
Trichoderma strains (E174 + E414 + M290); T13 = Commercial product based on Bacillus velezensis; T14 = formulation; and T15 = untreated

control.

2AUDPCnc = area under disease progress curve for incidence.

3AUDPCsgy = area under disease progress curve for severity.

“Values followed by the same letter are not significantly different by Tukey’s multiple range test at p < 0.05.

5CI = confidence interval, LL = lower limit; UP = upper limit.
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Table 5. Combined analysis of final severity and control efficacy of the treatments applied to coffee plants and treated with H. vastatrix in potted

plants in two distinct experiments.

Treatment! Final Severity (%) Control Efficacy (%)
Mean?> 95% CI[LL; UL]* C* 95% CI[LL; UL} C3 95% CI [LL; UL]?
TO1 — E585 2.73 AB [1; 7.44] 50.63 [50.63; 50.74] -2.63 [-2.9; -2.04]
T03 —M230 2.84 AB [1.04; 7.73] 48.64 [48.71; 48.77] -6.77 [-6.92; -6.12]
T02 —M267 1.97 AB [0.72; 5.37] 64.38 [64.37; 64.53] 25.94 [25.73;26.53]
T03 -E174 2.56 AB [0.94; 6.98] 53.71 [53.68; 53.69] 3.76 [3.46; 4.08]
TO05 — E414 240 AB [0.88; 6.53] 56.60 [56.65; 56.67] 9.77 [9.68; 10.2]
T06 —M290 2.54 AB [0.93; 6.91] 54.07 [54.15; 54.19] 4.51 [4.43;5.1]
TO7 — E48 2.98 BC [1.09; 8.11] 46.11 [46.18; 46.31] -12.03 [-12.17; -11.22]
T08 — E486 2.59 AB [0.95; 7.05] 53.16 [53.20; 53.22] 2.63 [2.49; 3.06]
T09 —M121 1.76 AB [0.65;4.79] 68.17 [67.98; 68.21] 33.83 [33.67; 33.75]
T10 — M442 1.92 AB [0.71; 5.25] 65.28 [65.02; 65.16] 27.82 [27.39; 27.55]
T11 — Clonostachys Mix 148 A [0.54; 4.04] 73.24 [73.19; 73.40] 44.36 [44.12; 44.9]
T12 — Trichoderma Mix  1.98 AB [0.73; 5.4] 64.20 [64.04; 64.17] 25.56 [25.31; 25.51]
T13 — B. velezensis 585D [2.15; 15.95] -5.79 [-5.91; -5.84] -119.92  [-120.61;-119.39]
T14 — Formulation 2.66 AB [0.98; 7.23] 51.90 [51.72; 52.02] — —
T15 — Control 5.53CD [2.03; 15.07] — — — —

'TO1 = Clonostachys rosea (E585); T02 = C. rhizophaga (M230); T03 = C. rhizophaga (M267); T04 = Trichoderma virens (E174); T0O5 = T.
theobromicola (E414); T06 = T. harzianum (M290); TO7 = Cordyceps cateniannulata (E048); TO8 = Aspergillus flavus (E486); TO9 = Calonectria
hemileiae (M121); T10 = Fusarium coffeibaccae (M442); T11 = a mixture of Clonostachys strains (ES85 + M230 + M267); T12 = a mixture of
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Trichoderma strains (E174 + E414 + M290); T13 = Commercial product based on Bacillus velezensis; T14 = formulation; and T15 = untreated

control.

2Values followed by the same letter are not significantly different by Tukey’s multiple range test at p < 0.05.
3CI = confidence interval, LL = lower limit; UP = upper limit.

4C = Control efficacy calculated relative to the untreated control (T15).

3C = Control efficacy calculated relative to the formulation treatment (T14).
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Table 6. Recovery (%) of applied antagonists to coffee plants in the pot experiment during two experiments (2023/ 24 and 2024/25).

Year 2 (2023/2024) Year 3 (2024/ 2025)
Treatment' Leaf Leaf

Lower Middle Upper Agﬁial Stem Lower Middle Upper Aé)lliial Stem

TO1 —ES85 14.8 7.4 0.0 0.0 0.0 14.8 3.7 0.0 0.0 0.0

T03 — M230 14.8 3.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

T02 — M267 14.8 7.4 7.4 7.4 0.0 0.0 3.7 0.0 0.0 0.0

T03 - E174 18.5 0.0 18.5 18.5 0.0 3.7 7.4 18.5 3.7 7.4

TOS —E414 0.0 0.0 0.0 0.0 0.0 22.2 18.5 7.4 3.7 0.0

T06 — M290 88.9 85.2 51.9 3.7 0.0 70.4 59.3 29.6 18.5 11.1

T07 — E48 22.2 11.1 11.1 11.1 0.0 14.8 0.0 0.0 3.7 11.1

TO8 — E486 29.6 22.2 3.7 0.0 14.8 100.0 100.0 96.3 100.0 7.4

T09 — M121 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

T10 — M442 7.4 0.0 0.0 0.0 7.4 0.0 7.4 3.7 3.7 5.6

T11 — Clonostachys Mix 0.0 0.0 0.0 0.0 0.0 3.7 11.1 7.4 0.0 0.0
T12 — Trichoderma Mix 92.6 85.2 81.5 3.7 3.7 37.0 22.2 18.5 0.0 3.7

IT01 = Clonostachys rosea (E585); T02 = C. rhizophaga (M230); T03 = C. rhizophaga (M267); T04 = Trichoderma virens (E174); T05 = T.
theobromicola (E414); T06 = T. harzianum (M290); TO7 = Cordyceps cateniannulata (E048); TO8 = Aspergillus flavus (E486); TO9 = Calonectria
hemileiae (M121); T10 = Fusarium coffeibaccae (M442); T11 = a mixture of Clonostachys strains (E585 + M230 + M267); T12 = a mixture of
Trichoderma strains (E174 + E414 + M290).
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Table 7. Values of the area under the disease progress curve of incidence (AUDPCinc) and

severity (AUDPCsgv) combining the results from the experiment in two experimental coffee

fields.

AUDPCinc? AUDPCsgv?

Treatment! Mean* [I9i0,A)U(IiI]5 Mean* [I9i°,/oU(IZJI]5
TO1 — ES85 269 A [12.3; 58.8] 0.05 A [0.021; 0.12]

T02 — M267 65.8 AB [32.4; 133.5] 0.114 AB [0.05; 0.26]
TO3 -E174 68.5 AB [33.9; 138.4] 0.126 AB [0.056; 0.285]
T04 —M290 69.9 AB [34.6; 141.2] 0.128 AB [0.057; 0.289]
T05 — E048 71.4 AB [35.5; 143.8] 0.147 AB [0.066; 0.332]
T06 — E486 71.6 AB [35.4; 144.5] 0.148 AB [0.066; 0.332]
T07 —M121 72.1 AB [35.7; 145.6] 0.159 AB [0.071; 0.355]
T08 —M442 79.6 AB [39.8; 159.2] 0.16 AB [0.072; 0.356]
T09 — Fungicide 85.5 AB [42.9; 170.2] 0.188 B [0.085; 0.416]

T10 - B. velezensis ~ 90.3 B [45.5; 179.3] 022 B [0.1; 0.482]
TI1 - Formulation 108 B [55; 212.1] 0231B  [0.105; 0.505]
T12 — Control 1122 B [57.3;219.7] 0.248 B [0.114; 0.54]

'TO1 = Clonostachys rosea (E585); T02 = C. rhizophaga (M267); T03 = Trichoderma virens
(E174); T04 = T. harzianum (M290); TO5 = Cordyceps cateniannulata (E048); T06 =
Aspergillus flavus (E486); TO7 = Calonectria hemileiae (M121); TO8 = Fusarium coffeibaccae
(M442); T09 = Commercial based fungicide base on copper oxychloride; T10 = commercial

product based on Bacillus velezensis; T11 = formulation; and T12 = untreated control.
2AUDPCnc = area under disease progress curve for incidence.
3AUDPCsgy = area under disease progress curve for severity.

*Values followed by the same letter are not significantly different by Tukey’s multiple range

test at p < 0.05.

>CI = confidence interval, LL = lower limit; UP = upper limit.
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Table 8. Combined analysis of final severity and control efficacy of the treatments applied to coffee plants in the assay in two experimental fields.

Final Severity (%) Control Efficacy (%)
Treatment!
Mean? 95% CI [LL; UL)? ct 95% CI [LL; ULJ? C3 95% CI [LL; ULJ?
TO1 — E585 0.109 AB [0.053; 0.223] 29.22 [29.20; 29.17] 49.37 [49.24; 49.54]
T02 — M267 0.14 AB [0.068; 0.288] 9.09 [8.57; 9.46] 34.97 [34.84; 35.12]
T03 - E174 0.133 AB [0.065; 0.273] 13.80 [13.33; 14.06] 38.34 [38.23; 38.41]
T04 — M290 0.13 AB [0.064; 0.266] 15.61 [15.55; 15.50] 39.64 [39.45; 39.81]
T05 — E048 0.155 AB [0.075; 0.317] -0.06 [-0.63; 0.26] 28.42 [28.28; 28.53]
T06 — E486 0.284 B [0.139; 0.579] -83.41 [-83.80; -83.44] -31.19 [-31.45;-30.99]
TO7 —M121 0.238 AB [0.116; 0.489] -53.93 [-55.23; -52.82] -10.1 [-10.63; -9.51]
TO8 — M442 0.121 AB [0.059; 0.249] 21.41 [20.95; 21.81] 43.79 [43.66; 43.97]
T09 — Fungicide 0.078 A [0.038; 0.161] 49.41 [48.88; 49.80] 63.82 [63.57; 64.03]
T10 — B. velezensis 0.15 AB [0.073; 0.308] 2.90 [2.22; 3.41] 30.54 [30.31; 30.79]
T11 — Formulation 0.216 AB [0.106; 0.442] -39.80 [-40.31; -39.55] - -
T12 — Control 0.155 AB [0.076; 0.315] - - - -

'T01 = Clonostachys rosea (E585); T02 = C. rhizophaga (M267); T03 = Trichoderma virens (E174); T04 = T. harzianum (M290); TO5 = Cordyceps
cateniannulata (E048); T06 = Aspergillus flavus (E486); TO7 = Calonectria hemileiae (M121); TO8 = Fusarium coffeibaccae (M442); T09 =
Commercial based fungicide base on copper oxychloride; T10 = commercial product based on Bacillus velezensis; T11 = formulation; and T12 =

untreated control.

2Values followed by the same letter are not significantly different by Tukey’s multiple range test at p < 0.05.



3CI = confidence interval, LL = lower limit; UP = upper limit.
4C = Control efficacy calculated relative to the untreated control (T15).

>C = Control efficacy calculated relative to the formulation treatment (T14).
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Supplementary Table 1. Area under disease progress curve for severity (AUDPCsgy), final severity, and height of coffee plants treated with

antagonists in the first year (pilot study) of the pot experiment.

AUDPCsgv? Final Severity (%) Height (cm)

Treatment! Mean' o Mean' ol Mean™ R
TOI - E5S85 4.94 BCD [2.07; 11.01] 2.04 AB [0.63; 5.25] 37.1 [33.7;40.4]
T02 - M230 2.74 BC [1.03; 6.35] 1.88 AB [0.55; 4.88] 36.5 [33.1; 39.8]
TO3 - M267 2.36 AB [0.85; 5.56] 142 A [0.35; 3.85] 37.1 [33.7; 40.5]

T04 - E174 2.83 BC [1.07; 6.55] 1.98 AB [0.6; 5.1] 35.6 [32.3; 39]

TOS - E414 2.42 AB [0.88; 5.67] 0.96 A [0.14; 2.8] 344 [31;37.8]
T06 - M290 5.76 CD [2.46; 12.74] 2.64 ABC [0.89; 6.59] 31.8 [28.5; 35.2]

TO7 - E048 093 A [0.18; 2.54] 095 A [0.14; 2.78] 37.3 [34; 40.7]

TOS8 - E486 4.73 BCD [1.97; 10.57] 2.27 AB [0.73; 5.75] 34.7 [31.3; 38]
T09 - M121 3.95BC [1.6; 8.92] 1.54 A [0.4;4.11] 343 [30.9; 37.7]
T10 - M442 2.47 ABC [0.9; 5.8] 1.56 A [0.41; 4.15] 33.5 [30.1; 36.8]
T11 - B. velezensis 9.3 DE [4.13;20.22] 4.69 BCD [1.8; 11.21] 35.2 [31.7; 38.7]
T12 - Formulation 4.72 BCD [1.97; 10.54] 2.28 AB [0.73; 5.77] 36.3 [32.9; 39.6]
T13 - Water + Tween I8 E [8.25; 38.62] 7.92D [3.23; 18.49] 33.8 [30.5; 37.2]

T14 - Control 9.38 DE [4.17;20.39] 6.34 CD [2.53; 14.93] 35.3 [32; 38.7]

IT01 = Clonostachys rosea (E585); T02 = C. rhizophaga (M230); T03 = C. rhizophaga (M267); T04 = Trichoderma virens (E174); T05 = T.
theobromicola (E414); TO6 = T. harzianum (M290); TO7 = Cordyceps cateniannulata (E048); TO8 = Aspergillus flavus (E486); TO9 = Calonectria
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hemileiae (M121); T10 = Fusarium coffeibaccae (M442); T11 = Commercial product based on Bacillus velezensis; T12 = formulation; T13 =

0.05% (v/v) Tween 20 solution; and T14 = untreated control.

2AUDPCsgy = area under disease progress curve for severity.

3Values followed by the same letter are not significantly different by Tukey’s multiple range test at p < 0.05.
“CI = confidence interval, LL = lower limit; UP = upper limit.

NS Means do not significantly differ by Tukey’s multiple range test at P > 0.05.
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Supplementary Table 2. Area under disease progress curve for incidence (AUDPCinc) and severity (AUDPCsgy), final severity, height and shoot

dry mass of coffee plants treated with antagonists in the second year of the pot experiment.

AUDPCnc? AUDPCsgy? Final Severity (%) Height (cm) Shoot dry mass (g)
Treatment' Mean* [ Eiof)UCLl] 5 Mean* [ zio,/oUil] 5 Mean* [ zio,/oUiI] 5 Mean* [ zi(:A)U(il] 5 Mean* [ I%iof)U(]j_,l] 5
TO1 — E585 98.4 BCD [67; 129.8] 2.75BC [1.94;3.91] 1.011 ABC [0.54; 1.68] 29.4 BC [27.4;31.4] 5.8B [4.97; 6.62]
T03 —M230 80.2 ABC  [48.7;111.6] 2.64 BC [1.86;3.74] 1.285BC [0.73;2.08] 28.2 ABC [26.2;30.3] 4.87 AB [4.04;5.7]
T02 — M267 948 BCD  [63.4;126.3] 2.71 BC [1.91; 3.84] 1.123 BC [0.62; 1.84] 29.4 BC [27.4;31.4] 4.97 AB [4.14; 5.8]
T03 -E174 854 ABCD  [54;116.8] 2.26 ABC [1.59;3.2] 0.771 ABC [0.37; 1.33] 31.9CD [29.9; 33.9] 6.58B [5.75; 7.4]
TO5 — E414 79.8 ABC  [48.3;111.2] 2.58 BC [1.82;3.66] 0.887 ABC [0.45; 1.5] 28.2 ABC [26.2;30.3] 4.66 AB [3.83;5.49]
T06 — M290 66.6 AB [35.2;98.1] 1.63 AB [1.15;2.31] 0.648 AB [0.29; 1.16] 26.1 AB [24.1;28.2] 4.73 AB [3.9; 5.55]
TO7 — E48 822 ABC  [50.8;113.6] 2.23 ABC [1.57;3.17] 0.724 AB [0.34; 1.27] 27.6 AB [25.6;29.6] 5.08 AB [4.26;5.91]
T08 — E486 93.9BCD  [62.5;125.3] 29C [2.04; 4.13] 0.955 ABC [0.5; 1.61] 26.4 AB [24.4;28.5] 4.51 AB [3.68; 5.33]
T09 — M121 73.8 ABC  [42.4;105.2] 1.61 AB [1.13;2.28] 0.58 AB [0.24; 1.06] 28.4 ABC [26.4;30.4] 5.34 AB [4.52;6.17]
T10 — M442 69.1 AB [37.7; 100.6] 2.2 ABC [1.55;3.12] 1.191 BC [0.66; 1.94] 28.6 BC [26.5;30.6] 5.13 AB [4.31;5.96]
T11 — Clonostachys Mix 60.2 A [28.8;91.6] 132 A [0.93; 1.87] 0351 A [0.08; 0.73] 24.6 A [22.5;26.6] 35A [2.68; 4.33]
T12 — Trichoderma Mix 68.3 AB [36.9; 99.7] 1.6 AB [1.13;2.27] 0.504 AB [0.19; 0.95] 29.3 BC [27.3;31.3] 6.27B [5.44;7.1]
T13 — B. velezensis 102.3CD [70.8; 133.7] 585D [4.12; 8.32] 1.773 CD [1.07;2.79] 33.8D [31.8;35.8] 10.02C  [9.19;10.84]
T14 — Formulation 76.4 ABC [45; 107.8] 2.54 BC [1.79;3.61] 1.169 BC [0.65; 1.91] 28.7BC [26.7;30.7] 6.15B [5.32;6.97]
T15 — Control 116.9D [85.5; 148.4] 736D [5.19;10.44] 2.813D [1.78; 4.29] 345D [32.5;36.6] 92C [8.37; 10.03]
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'T01 = Clonostachys rosea (E585); T02 = C. rhizophaga (M230); T03 = C. rhizophaga (M267); T04 = Trichoderma virens (E174); TO5 = T.
theobromicola (E414); TO6 = T. harzianum (M290); TO7 = Cordyceps cateniannulata (E048); TO8 = Aspergillus flavus (E486); TO9 = Calonectria
hemileiae (M121); T10 = Fusarium coffeibaccae (M442); T11 = a mixture of Clonostachys strains (E585 + M230 + M267); T12 = a mixture of

Trichoderma strains (E174 + E414 + M290); T13 = Commercial product based on Bacillus velezensis; T14 = formulation; and T15 = untreated

control.

2AUDPCinc = area under disease progress curve for incidence.

3AUDPCsgy = area under disease progress curve for severity.

*Values followed by the same letter are not significantly different by Tukey’s multiple range test at p < 0.05.

3CI = confidence interval, LL = lower limit; UP = upper limit.
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Supplementary Table 3. Area under disease progress curve for incidence (AUDPCinc) and severity (AUDPCsgy), final severity, height and shoot

dry mass of coffee plants treated with antagonists in the third year of the pot experiment.

AUDPCnc? AUDPCsgy? Final Severity (%) Height (cm) Shoot dry mass (g)
Treatment’ Mean* [ziofUCLlls Mean* [zio;/oUil]s Mean* [zi";/ouills Mean* [zi(?UCLl]s Mean* [zi(?UCLl]s
TO1 — E585 117.7 ABC [97.1; 138] 12.22 CDE [8.41;17.75] 3.33 ABC [2.09; 5.09] 21.4 ABC [19.1; 23.9] 3C [2.57;3.43]
T03 —M230 134.9 BCD [114.4; 155] 9.75 BCD [6.72; 14.15] 3.45 ABC [2.18;5.26] 22.2 ABC [19.8;24.7] 1.93 ABC [1.5;2.36]
T02 — M267 103.6 AB [83.1; 124] 4.52 AB [3.12; 6.56] 1.64 AB [0.91;2.67] 20 AB [17.7;22.3] 1.41 A [0.98; 1.85]
TO3 — E174 141.3BCD  [120.7; 162] 11.96 CDE [8.23; 17.37] 3.93 BC [2.51;5.94] 21.9 ABC [19.6;244] 171 AB [1.28;2.14]
TO0S5 - E414 148.1 BCD [127.6; 169] 11.45 CDE [7.89;16.62] 3.68 BC [2.34;5.59] 22 ABC [19.6; 24.5] 1.84 AB [1.41;2.27]
T06 —M290 155.1 CD [134.5; 176] 12.33 CDE [8.51;17.88] 545C [3.58;8.11] 23.6 ABC [21.1;26.1] 1.89 AB [1.45;2.32]
TO7 — E48 1512BCD  [130.6; 172] 15.83 CDE [10.91; 22.96] 558 C [3.67; 8.29] 22 ABC [19.7;24.5]  2.18 ABC  [1.74;2.61]
TOS — E486 153.7BCD  [133.2;174] 11.74 CDE [8.1;17.01] 4.05 BC [2.6;6.11] 19.5 AB [17.3;21.8] 1.6 AB [1.17;2.03]
T09 — M121 143.6 BCD [123; 164] 7.36 BC [5.07; 10.68] 2.78 ABC [1.71;4.31] 21.7 ABC [19.4;242] 238 ABC  [1.95;2.81]
T10 - M442 813 A [60.8; 102] 2.57 A [1.77;3.73] 1.04 A [0.49; 1.83] 19.8 AB [17.5;222]  1.93 ABC [1.5;2.36]
T11 — Clonostachys Mix 120.2 ABC [99.6; 141] 8.73 BCD [6.02; 12.65] 3.1 ABC [1.93;4.76] 192 A [17;21.5] 2.53 BC [2.1;2.96]
T12 - Trichoderma Mix 1352BCD  [114.6; 156] 10.15 BCDE [7; 14.71] 3.74 BC [2.38; 5.68] 23.1 ABC [20.7; 25.7] 2.6 BC [2.17; 3.03]
T13 - B. velezensis 175.7D [155.2; 196] 23.89 E [16.46; 34.67] 744 C [4.97; 10.94] 254C [22.9:28.1] 2.15ABC  [1.71;2.58]
T14 — Formulation 135 BCD [114.5; 156] 10.3 BCDE [7.08; 14.98] 3.97 BC [2.55; 6.01] 20.4 ABC [18.1;22.8]  2.01 ABC  [1.58;2.45]
T15 - Control 167.4 CD [146.9; 188] 19.97 DE [13.75;29.01] 6.08 C [4.02; 9] 24.6 BC [22.1;272] 222 ABC  [1.79;2.65]
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'T01 = Clonostachys rosea (E585); T02 = C. rhizophaga (M230); T03 = C. rhizophaga (M267); T04 = Trichoderma virens (E174); TO5 = T.
theobromicola (E414); TO6 = T. harzianum (M290); TO7 = Cordyceps cateniannulata (E048); TO8 = Aspergillus flavus (E486); TO9 = Calonectria
hemileiae (M121); T10 = Fusarium coffeibaccae (M442); T11 = a mixture of Clonostachys strains (E585 + M230 + M267); T12 = a mixture of
Trichoderma strains (E174 + E414 + M290); T13 = Commercial product based on Bacillus velezensis; T14 = formulation; and T15 = untreated

control.

2AUDPCinc = area under disease progress curve for incidence.

3AUDPCsgy = area under disease progress curve for severity.

*Values followed by the same letter are not significantly different by Tukey’s multiple range test at p < 0.05.

3CI = confidence interval, LL = lower limit; UP = upper limit.
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Supplementary Table 4. Values of the area under the disease progress curve of incidence (AUDPCinc) and severity (AUDPCsgy) of the assay in

coffee two experimental fields.

Experimental Field 1 Experimental Field 2
Treatment AUDPCinc? AUDPCsgv? AUDPCinc? AUDPCsgv?
Mean* [Igio;A)UCLI]S Mean* [Igio;A)UCLI]5 Mean ™ [Ei(?UCLI]S Mean ™ [zio;/ouil]s

TOI — E585 119B [74.6; 189.8] 0.229 B [0.134; 0.389] 11.8 [2.32; 57] 0.047 [0.019; 0.117]
T02 — M267 118.5B [74.3; 189] 0.335B [0.197; 0.568] 10.9 [2.13; 52.7] 0.03 [0.011; 0.077]
T03 —E174 94 B [58.9; 149.9] 0.239B [0.139; 0.409] 22.5 [4.56; 107.9] 0.057 [0.023; 0.141]
TO04 — M290 100.2 B [62.8; 159.8]  0.205 AB [0.12; 0.351] 22.2 [4.51; 106.7] 0.128 [0.055; 0.298]
TOS5 — E048 1044 B [65.4; 166.5] 0.312B [0.183; 0.528] 13.9 [2.75; 66.9] 0.065 [0.027; 0.16]
TO6 — E486 1499 B [93.4; 237.6] 0.386 B [0.229; 0.65] 63.1 [13.08; 301.6] 0.167 [0.073; 0.381]
T07 — M121 121.5B [76.2; 193.8] 0.329B [0.194; 0.559] 29.6 [6.04; 141.6] 0.174 [0.076; 0.397]
TO8 — M442 89.8 B [56.3; 143.3]  0.171 AB  [0.098; 0.296] 44.4 [9.16; 212.3] 0.103 [0.043; 0.243]
TO09 — Fungicide 19.7 A [12.3;31.4] 0.065 A [0.036; 0.115] 11.1 [2.18; 53.8] 0.035 [0.014; 0.091]
T10 — B. velezensis 942 B [59.1;150.2]  0.172 AB [0.1; 0.295] 39.6 [8.15; 189.5] 0.134 [0.058; 0.311]
T11 — Formulation 1143 B [71.6; 182.2] 0.248 B [0.145; 0.422] 80 [16.63; 382.2] 0.196 [0.087; 0.444]
T12 — Control 145.8 B [91.4; 232.5] 0.342 B [0.202; 0.576] 24.4 [4.96; 116.9] 0.093 [0.039; 0.221]

T01 = Clonostachys rosea (E585); T02 = C. rhizophaga (M267); TO3 = Trichoderma virens (E174); T04 = T. harzianum (M290); TO5 = Cordyceps
cateniannulata (E048); T06 = Aspergillus flavus (E486); TO7 = Calonectria hemileiae (M121); TO8 = Fusarium coffeibaccae (M442); T09 =
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Commercial based fungicide base on copper oxychloride; T10 = commercial product based on Bacillus velezensis; T11 = formulation; and T12 =

untreated control.

2AUDPCnc = area under disease progress curve for incidence.

3AUDPCsgy = area under disease progress curve for severity.

*Values followed by the same letter are not significantly different by Tukey’s multiple range test at P> 0.05.
3CI = confidence interval, LL = lower limit; UP = upper limit.

NS Means do not significantly differ by Tukey’s multiple range test at p < 0.05.
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Abstract

Rust fungi (Pucciniales) are among the most devastating plant pathogens worldwide, posing
serious threats to agriculture and natural ecosystems. In this study, we evaluated whether fungal
isolates originally selected for their antagonistic activity against Hemileia vastatrix could also
inhibit the germination of urediniospores from four other rust pathogens: Austropuccinia psidii
(myrtle rust), Phakopsora pachyrhizi (Asian soybean rust), Puccinia recondita (wheat leaf
rust), and Uromyces appendiculatus (bean rust). Urediniospores of each pathogen were exposed
to conidial suspensions of eleven fungal isolates under in vitro conditions. Several antagonists
significantly reduced spore germination, with the most consistent and effective inhibition
observed for Fusarium coffeibaccae (M442) and two isolates of Cordyceps cateniannulata
(E48 and LCBPF 17). These isolates achieved mean inhibition rates of up to 51%, depending
on the isolate-pathogen combination. A combined analysis confirmed their broad-spectrum
potential across all rust species tested. Although in vitro assays are conducted under simplified
and controlled conditions, they are a valuable preliminary step for identifying promising
biocontrol candidates; however, further validation under greenhouse and field conditions
remains indispensable. Our results suggest that H. vastatrix antagonists may represent a
valuable source of broad-spectrum biocontrol agents for managing multiple rust diseases in a

sustainable manner.

Keywords: Fungal antagonists - Urediniospore germination inhibition - Biological control -

Broad-spectrum - Pucciniales
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1. Introduction
Pucciniales 1s the largest group of fungal plant pathogens, encompassing biotrophic
basidiomycetes with diverse life cycle and host ranges — the rust fungi '*. These fungi are
both environmentally and economically important, being the cause of some of the most
serious losses to agriculture, forestry, and ecosystems worldwide **. Members of
Pucciniales cause diseases on numerous significant plants, such as wheat, maize, oat,

soybean, bean, coffee, apple and even entire plant families, such as the Myrtaceae .

Rusts are among the most feared plant diseases, threatening global food security,
national economies, and entire ecosystems. Examples of devastating epidemics caused by
rust fungi include the wheat stem rust "race UG99" (Puccinia graminis f. sp. tritici), the
myrtle rust (Austropuccinia psidii), and the coffee rust (Hemileia vastatrix) — the latter
responsible for a devastating outbreak, starting in 1895 in Ceylon (now Sri Lanka), and

again between 2008 and 2015 across Central and South Americas >,

The most recent wave of coffee leaf rust (CLR) epidemics, termed as “The Big
Rust” %, had a severe impact on coffee production throughout northern South America and
Central America, generating major economic, environmental, and social impact. Traditional
CLR management strategies, such as the use of resistant cultivars, cultivation in rust-free
areas (mainly above 1,000 m), and fungicides spraying are faced with increasing limitations.
Thus, alternative approaches for coffee protection against CLR must be explored, including

biological control ’.

In this context, a project launched in 2015 aimed at identifying potential biocontrol
agents for CLR management. More than 1,500 fungal isolates were obtained from African
countries (Cameroon and Ethiopia) and South America countries (Brazil and Paraguay).
Following an initial in vitro screening, the collection was narrowed from approximately 600
potentially interesting isolates to 10 selected candidates, which were evaluated against H.
vastatrix under greenhouse conditions. The most promising isolates were subsequently
tested under field conditions (results published separately). Here we preliminarily tested the
conjecture that the previously selected isolates in the CLR biocontrol studies might also

have biocontrol potential against other rust species.

Wheat, soybean, and bean are major staple food crops worldwide ®. These highly
important crops are attacked by numerous fungal pathogens, including, among their worst

pathogens the rust fungi Puccinia recondita (syn. P. triticina — wheat leaf rust), Phakopsora
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pachyrhizi (Asian soybean rust), and Uromyces appendiculatus (bean rust), respectively.
Each of these are capable of causing severe damage to their hosts under favorable conditions
712 Austropuccinia psidii (myrtle rust) is a globally invasive neotropical rust of the
Myrtaceae that came to international prominence due to the threat it poses to native
ecosystems in Hawaii, Australia, New Zealand, and other regions ', besides being the worst
pathogen of guava and also important for many cultivated eucalypt species and cultivated
hybrids '*. Given the relevance of these pathogens, and based on some promising results
previously obtained on the use of fungal antagonists against CLR "7, we conducted
preliminary experiments towards assessing the potential of fungal antagonists of H.
vastatrix at inhibiting the germination of urediniospores of A. psidii, P. pachyrhizi, P.

recondita, and U. appendiculatus in in vitro assays.
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2. Material and methods

2.1. Origin of isolates

The fungal antagonists (Table 1) used in the following assays were obtained as described
by Rodriguez et al.'®. In summary, these isolates were classified according to their source:
endophytic fungi — obtained from healthy coffee tissues leaves, stems, and fruits — and
mycoparasitic fungi — isolated from H. vastatrix uredinia showing fungal overgrowth or
abnormal appearance. Only isolates of species known to occur in Brazil or directly obtained
from Brazil were included in this study. All antagonists are kept at —85 °C in the “Colecao
Octavio Almeida Drummond” (COAD) culture collection at the Universidade Federal de

Vigosa (UFV).

2.2. Inoculum preparation

Before inoculum preparation, selected fungal isolates were recovered from the culture
collection. From cryovials, a small fungal sample of each isolate was collected and transferred
to the center of plates containing potato dextrose-agar (PDA). Plates were left at 25 +2 °C under
a 12-hour photoperiod for seven days. Colonies were checked for purity and then transferred to
fresh PDA plates, which were maintained under the same conditions. These plates were used

as seeds for bulk inoculum production.

Bulk inoculum production was conducted as follows: portions of 100 g of parboiled
rice, supplemented with 1 g of CaCOs, and hydrated with 60 mL of deionized water, were
placed in baking trays (30 x 20 cm), enclosed in polypropylene bags (60 x 40 cm), and
autoclaved for 40 minutes at 1.0 atm and 121 °C. The wrapped trays with rice were left to cool
at room temperature for at least 12 hours. The rice on each tray was then seeded, under aseptic
conditions in a laminar flow cabinet, with ten mycelial plugs (10 x 10 mm) taken from the
margins of sporulating colonies. The inoculated material was then transferred to benches in a
controlled-temperature room (25 + 2 °C, 12-hour photoperiod) under fluorescent (25 W — 127
V) and black light (28 W — 127 V) lamps positioned 35 cm above the bench. The material was
maintained under these conditions for seven days. During this period the rice was stirred daily,
and the material was gently pressed through the polypropylene bag in order to loosen the
aggregates and ensure homogeneous colonization. Once rice was fully colonized, the baking
trays were removed from polypropylene bags and transferred to white paper lunch bags (7.5

kg), and left to dry under the same room conditions for an additional five days, until reaching a
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moisture content of 15 + 2%. Finally, the material was stored in new polypropylene bags at 4 +

2 °C until use, for up to a maximum of 30 days.

Estimation of the concentration of conidia per gram of colonized rice was performed as
follows: 5 g of substrate containing each fungal isolate were weighed and transferred to a beaker
containing 50 mL of 0.05% (v/v) Tween 20 solution in tap water. The mixture was
homogenized using a rotary blender (MA 102, Marconi, Piracicaba, Brazil) until complete
blending. The suspension was filtered sequentially through a household sieve and a layer of
voile fabric. Conidial concentration in the resulting suspension were quantified with the help of
a Neubauer counting chamber, and the total concentration per gram of substrate was calculated
accordingly. At the time of the experiment setup, an amount of colonized rice was weighed to
prepare a conidial suspension adjusted to 5 x 10> conidia/mL (corresponding to an average of
1 x 10° colony-forming units per gram of colonized rice) for each fungal antagonist. The
colonized substrate was blended and filtered as described earlier. However, for the in vitro
assays, suspensions were prepared using sterile 0.05% (v/v) Tween 20 solution in deionized

water instead of tap water.

2.3. In vitro effect of fungal antagonists on the germination of selected rust fungi

In vitro tests were conducted to assess the ability of fungal antagonists to inhibit the
germination of the following rust species: Austropuccinia psidii (myrtle rust), Puccinia
recondita (wheat leaf rust), Phakopsora pachyrhizi (Asian soybean rust), and Uromyces

appendiculatus (bean rust).

Urediniospore germination was evaluated by following a methodology adapted from
Reis et al. ' and Blum et al. °. Observation of rust germination was conducted on plates which
contained special media which were prepared as follows: 5 g of fresh, healthy leaves from each
rust host (myrtle rust: Syzygium jambos; wheat leaf rust: Triticum aestivum; soybean rust:
Glycine max; and bean rust: Phaseolus vulgaris) were macerated in a domestic blender with
1,000 mL of deionized water. The resulting leaf juice was filtered through a household sieve,
and 15 g of agar was added to each diluted leaf juice. This was then autoclaved for 20 minutes
and poured into 90-mm plates. Germination of urediniospores of each rust species was

evaluated on plates containing media based on leaves of their original host.
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Urediniospores of each pathogen were obtained from different sources (Fig. 1) and
harvesting periods. For 4. psidii, urediniospores were collected in May 2025 from rose apple
plants (Syzygium jambos), inoculated for use in ongoing experiments conducted in our lab by
another group of researchers. In that case the rust spores were produced on plants kept in a
growth room under controlled conditions (22 =2 °C, 12-hour photoperiod). Urediniospores of
P. recondita were collected from plants belonging to an experimental wheat (Triticum
aestivum) plot cultivated at the “Unidade de Ensino, Pesquisa e Extensdo do Vale da
Agronomia” by the wheat breeding program of UFV between August and October 2024.
Urediniospores of P. pachyrhizi and U. appendiculatus were obtained from naturally infected
soybean (Glycine max) and common bean (Phaseolus vulgaris) plants, respectively, maintained

for teaching purposes in plots at the Infectarium of UFV (https://www.infectario.ufv.br/),

between June and August 2024.

Diseased leaves were collected and brought to the laboratory. Uredinia were inspected
for the possible presence of mycoparasites and only contamination-free samples were used.
Leaf fragments bearing uredinia were then placed into a 500 mL laboratory media bottle
containing 250 mL of a sterile 0.05% (v/v) Tween 20 solution in deionized water. Each bottle
was shaken in order to release the spores '°, and the resulting suspension was adjusted to 5 x

10° urediniospores/mL with the help of a Neubauer chamber.

Fungal antagonists spores (treatments) and rust urediniospores were mixed at a 1:1 ratio
in sterile 1.5 mL microtubes. Aliquots of 30 pL from each mixture (treatment-pathogen) were
pipetted onto four spots per Petri plate, with three replicate plates per treatment. The control
consisted of a 0.05% (v/v) Tween 20 solution mixed at a 1:1 ratio with each urediniospore
suspension. Plates were left at 22 °C for 6 hours (8 hours for A. psidii) in the dark. Germination
was interrupted by adding a drop of lactofuchsin to each suspension and then covered with a

coverslip.

Urediniospore germination was assessed under a light microscope by scanning the area
under the coverslip and ranking as germinated or not germinated the first 100 urediniospores
found during the scanning process with a careful procedure avoiding duplication of counting.
A urediniospore was considered as germinated when its germ tube was longer than twice its
diameter. The percentage of germination inhibition was then calculated. Each experiment was
performed twice for each rust fungus/antagonist combination. Evaluations were conducted in a

randomized block design, with each observer (three in total, corresponding to the blocks)


https://www.infectario.ufv.br/
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responsible for assessing the four predefined points on a plate for each treatment, thereby

ensuring consistency throughout the analyses.

2.4. Statistical analysis

Germination data for each rust fungus was assessed individually. Initially, a linear
model was applied, considering “treatment” and “experiment” as fixed factors. However, a
significant interaction between “treatment” and “experiment” was observed, along with
heteroscedasticity across experiments. Consequently, the experiments were combined in a
single model using generalized linear mixed models (GLMMs) to account for experiment-level
variability through a random effects structure. “Treatment” was modeled as a fixed factor, while
“block” and “experiment” were included as random factors. Germination data, expressed as the
number of germinated spores out of 100 observed, were modeled assuming a beta-binomial

distribution with a logit link function.

Analyses were performed with the “glmmTMB () function (glmmTMB package 2").

Model diagnostics were performed using the “simulate residuals ()” function (DHARMa
package ??) and the “check model () function (performance package >*) to assess variance
homogeneity, normality of errors and random effects, and residual uniformity. Marginal means
were estimated with the “emmeans ()” function (emmeans package 2*), and pairwise
25

comparisons were performed using the “cld ()” function from the multcomp package -,

considering Tukey’s test (p < 0.05).

The percentage of germination inhibition (PGI) was calculated based on the estimated

mean germination of each treatment and the control using the following formula:

Treatment
PGl (%) = 1——— x 100
Control

Where “Treatment” refers to the mean urediniospore germination obtained from the
antagonists mixed with the urediniospore suspension, and “Control” refers to the mean

germination of urediniospores treated with the 0.05% (v/v) Tween 20 solution.

A final combined analysis was conducted by pooling data from pathogens exposed to
the treatments and from all assays performed. A GLMM was employed, considering

“treatment” as a fixed factor, and “pathogen”, “experiment”, and “block™ as random factors.

All other procedures followed those previously described.
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R software version 4.3.3. 26 was used to analyze the data and generate the graphs (with

the ggplot2 package ?’.
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3. Results

In the combined analysis of two experiments, Austropuccinia psidii urediniospore
germination (Fig. 2, Table 2) was significantly inhibited by exposure to fungal antagonists (p <
0.01). Mean germination rates among antagonist treatments ranged from 58.3% to 67.6%,
whereas the control (Tween 20) exhibited a significantly higher germination rate of 76.6%,
differing significantly from all antagonist treatments. Inhibition percentages were calculated in
relation to the control, and moderate reductions (12—14%) were observed for A. flavus (E486),
C. hemileiae (M121), F. coffeibaccae (M442), and three Trichoderma isolates (E174, E414,
M290), with germination means ranging from 65.6% to 67.6%. Intermediate inhibition levels
(17-20%) were recorded for C. cateniannulata (E48) and C. rhizophaga (M230 and M267),
with germination between 61.5% and 63.6%. The most pronounced reductions were achieved
by C. rosea (E585) and C. cateniannulata (LCBPF 17), both showing the lowest germination
rate (58.3%), representing approximately 24% inhibition relative to the control. Although
statistical groupings overlapped, these two isolates appeared to be the most promising
candidates for suppressing urediniospore germination, based on our results. In addition, 4.
psidii urediniospore that germinated after exposure to fungal antagonists developed abnormal
germ tubes. Treatments based on C. rosea (E585), C. rhizophaga (M267), T. harzianum
(M290), an isolate of C. cateniannulata (LCBPF 17), A. flavus (E486), F. coffeibaccae (M442),
and C. hemileiae (M121) resulted in shorter germ tubes, while 7. virens (E174) and another

isolate of C. cateniannulata (E48) induced the formation of swollen germ tubes.

For Phakopsora pachyrhizi (Fig. 3, Table 3), urediniospore germination also differed
significantly among treatments (p < 0.01), ranging from 27.3% to 42.2%. Conversely the
control reached 56.0% urediniospore germination. The most effective treatment in terms of
inhibition of urediniospore germination was F. coffeibaccae (M442), with germination reduced
to 27.3% (51.3% inhibition), followed by C. cateniannulata (E48), with 31.1% germination
(44.5% inhibition). Both differed significantly from the control. Most other treatments,
including A. flavus (E486), C. rosea (E585), C. rhizophaga (M230, M267), C. cateniannulata
(LCBPF 17), and Trichoderma isolates (E174, E414, M290), resulted in intermediate inhibition
(25-36%). Calonectria hemileiae (M121) exhibited the highest germination among the treated
groups (42.2%), with the lowest inhibition (24.6%). Although fungal antagonists did not induce
the development of abnormal germ tubes in P. pachyrhizi, at least one isolate (C. rhizophaga,

M267) appeared to degrade the germ tube after its formation (Fig. 4d).
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In the case of Puccinia recondita (Fig. 4, Table 4), germination rates also varied
significantly across treatments (p < 0.01), ranging from 35.1% to 49.0%, compared to 57.9%
in the control. Fusarium coffeibaccae (M442) again demonstrated the strongest inhibitory
effect, with germination at 35.1% (39.4% inhibition). This was followed by C. cateniannulata
isolates (LCBPF 17 and E48), with germination values of 38.9% and 41.7%, respectively,
corresponding to 33% and 28% inhibition. Other treatments, such as 4. flavus, C. hemileiae,
Clonostachys spp., and Trichoderma spp., showed intermediate inhibition effects (15-26%).
While some isolates fell into overlapping statistical groups, M442 and E48 were consistently
the most effective. Beyond that, it was observed that some germinated urediniospores of
P. recondita exposed to C. rosea (E585), C. rhizophaga (M267), and C. cateniannulata (E48)

exhibited bifurcation at the tips of their germ tubes.

Results for Uromyces appendiculatus (Fig. 5, Table 5), revealed significant differences
(p < 0.01), with mean germination ranging from 44.5% to 64.7%, as compared to 77.8% for
control. Fusarium coffeibaccae (M442) led to the greatest reduction (44.5% germination;
42.8% inhibition), followed by C. cateniannulata (E48) and T. harzianum (M290), both with
inhibition above 33%. Moderate effects (22-29% inhibition) were seen for A. flavus, C.
hemileiae, C. rhizophaga (M267 and M230), C. cateniannulata (LCBPF 17), and T.
theobromicola (E414). The least effective treatments included C. rosea (E585) and T. virens
(E174), with inhibition rates below 20%. Uromyces appendiculatus urediniospore that
germinated after exposure to fungal antagonists also developed abnormal germ tubes. In this
case, isolates of C. rhizophaga (M230 and M267) and C. cateniannulata (E48 and LCBPF 17)
induced the formation of shorter germ tubes, and 7. virens (E174), F. coffeibaccae (M442), and
C. hemileiae (M121) led to swollen germ tubes.

In the global analysis (Table 6), which combined data from the four rust species, F.
coffeibaccae (M442), and both isolates of C. cateniannulata (E48 and LCBPF 17) showed
consistent performance across assays, with mean inhibition rates of 36.4%, 31.5%, and 27.8%,
respectively, all calculated relative to the overall control mean. These were followed by
intermediate-performing antagonists, including Clonostachys spp. (E585, M230, M267), T.
harzianum (M290), and A. flavus (E486), which achieved inhibition rates ranging from 21.7—
24.7%. The least effective antagonists were C. hemileiae (M121), T. theobromicola (E414), and
T. virens (E174), with inhibition below 22%. Overall, these results had a consistent pattern of
performance across rust pathogens, supporting the possibility of a broader biocontrol potential

for the fungal antagonists of CLR.
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4. Discussion

We have shown, in earlier studies, that H. vastatrix uredinia harbor a high diversity
of fungal species, many of which exhibit antagonistic activity against CLR under various
experimental conditions. In this study, a hypothesis of a broad effect across the Pucciniales
of the H. vastatrix antagonists was preliminarily tested through in vitro assays. It provided
evidence that this conjecture may be correct. It was found that the most promising fungal
isolates selected for deployment against H. vastatrix also appear to be deleterious for 4.
psidii, P. pachyrhizi, P. recondita, and U. appendiculatus. It is too early to conclude that
this represents true biocontrol potential, but it justifies the continuation of the study,
particularly taking into account the major relevance of those rust species and of rust diseases

as a whole.

Several successful biocontrol agents, such as strains of Trichoderma harzianum **

and Bacillus subtilis *°, are known to have a broad spectrum of target pathogens, being
effective against many plant pathogenic fungi and even bacteria, and nematodes too.
However, to the best of our knowledge, Bacillus velezensis B157 remains the only
antagonist originally selected for the biological control of coffee leaf rust and later evaluated
against other phytopathogens. This bacterium is a prominent biocontrol agent first isolated
from coffee leaves and assessed against H. vastatrix under various conditions, including in
vitro, greenhouse, and field experiments 3!, More recently, it was tested against Alternaria
linariae, the causal agent of tomato early blight, and was shown to reduce disease severity

under greenhouse conditions 2.

Surveys for potential biological control agents targeting rust pathogens have been
conducted over the years. For example, Chock ef al. ** isolated eleven fungal strains from
A. psidii pustules on wild and naturalized Hawaiian Myrtaceae (Syzygium jambos and
Metrosideros polymorpha) and evaluated isolates of Bionectria ochroleuca (syn.: C. rosea),
Cladosporium cladosporioides, and Clonostachys rosea for their effects on disease
development. Although most results were not statistically significant, one C. rosea isolate
reduced the average formation of 4. psidii pustules. More recently, fungal genera such as
Cladosporium, Clonostachys, Fusarium, Sarocladium, Trichoderma, and Trichothecium
have been found in association with 4. psidii in Brazil >, and selected isolates are currently
under evaluation in vitro and in planta. Some promising results are being yielded (unpub.

results, N. M. P. Silva).
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The biocontrol properties of Simplicillium lanosoniveum against P. pachyrhizi have
been studied since 2007. These have demonstrated that S. lanosoniveum is a mycoparasite,
but also inhibits urediniospore germination, and reduces both pustule formation and disease
severity in soybean 7. In addition, other microorganisms evaluated for soybean rust

11,38

control include strains of B. subtilis, B. pumilus, and B. licheniformis , as well as

Metarhizium anisopliae and M. humberi *°.

Biocontrol of bean rust has been investigated with the involvement of several
organisms with distinct modes of action. An Italian research group reported that a
Cladosporium tenuissimum isolate was capable of mycoparasitizing U. appendiculatus
urediniospores *°, and that its secondary metabolites were able to inhibit urediniospore
germination *!. Evidence of systemic resistance induction was also observed when T.
harzianum and Pseudomonas aeruginosa were applied to Phaseolus vulgaris seeds,
activating plant defense responses and reducing rust severity under greenhouse conditions
42

. In addition, other bacteria have shown potential to control the disease through

mechanisms such as mycoparasitism — Pseudomonas putida ** — and antibiosis — B. subtilis
44

Similarly, several microbial species have been tested for the control of wheat leaf
rust, including 7. harzianum, B. subtilis, Saccharomyces cerevisiae *°, Akanthomyces
lecanii (syn. Lecanicillium lecanii), Beauveria bassiana, C. cladosporioides, Cordyceps
fumosorosea, M. anisopliae °, A. attenuatus (syn. L. attenuatum) ‘2, B. megaterium *,
Penicillium brevicompactum, C. rosea, Simplicillium aogashimaense, Neoascochyta sp.,
Corniculantispora psalliotae (syn.: Lecanicillium psalliotae) and Epicoccum nigrum *',

with promising results obtained in in vitro, greenhouse, and field trials.

In vitro tests have long been a valuable tool in preliminary research on the biocontrol

potential of microbial antagonists *®

, and are commonly used as an initial step in the
screening process during the development of biological control products. This approach
allows for the rapid, cost-effective, reliable, and reproducible testing of multiple strains
against one or more pathogens. Moreover, it provides preliminary insights into the potential

mechanisms of action, especially antibiosis and mycoparasitism 454

However, some limitations must be considered. In vitro assays may produce
artefacts or lead to the premature exclusion of promising candidates due to their lack of

good performance under simplified and too artificial conditions. These assays do not
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account for complex plant—microbe—pathogen interactions that occur in natural systems.
Consequently, other modes of action involving plant responses (induced systemic
resistance), interference with different steps of the phytopathogen life cycle (competition),
or effects resulting from long-term exposure are not adequately considered in such in vitro
tests ¥¥3°, Therefore, some microbial strains that perform poorly in vitro may still prove
highly effective when used in planta. Despite these challenges, the sequential use of in vitro
screening followed by in planta validation remains a practical and informative strategy for
selecting promising biological control agents >!. This is particularly true for situations such

as faced during the evaluation of a large range of potential biocontrol candidates for CLR.

Despite variable inhibition rates across rust fungi, the fungal antagonists evaluated
in this study were selected based on their consistent and promising performance against H.
vastatrix and CLR under various conditions, including in vitro assays (Table S1). Under
controlled conditions, C. hemileiae, for instance, inhibited urediniospore germination by
80—100%. In germinated urediniospores, the germ tubes were either overgrown by C.
hemileiae mycelia or exhibited morphological abnormalities such as swelling and reduced
length '°. Similar distortions were observed when urediniospores of H. vastatrix were
exposed to conidial suspensions of Clonostachys isolates, with inhibition rates ranging from
96% to 100%. Fungal filtrates were also evaluated and caused germ tube alterations;
although slightly less effective, these treatments reduced germination by 60-79% '°. When
exposed to either conidial suspensions or fungal filtrates of C. cateniannulata,
urediniospores of H. vastatrix developed short and swollen germ tubes, and germination

was inhibited by an average of 38% !’. In addition, isolates of Fusarium spp. and their

52 53

culture filtrates “°, as well as Trichoderma spp. isolates °°, also exhibited significant

inhibition of H. vastatrix urediniospore germination.

Overall, our results indicate that antagonist fungi of H. vastatrix are capable of
reducing urediniospore germination of all four Pucciniales which were tested, thus
suggesting broad-spectrum potential. The observed inhibitory effects, as well as the
formation of shorter, swollen, or bifurcated germ tubes, point to the likely involvement of
antibiosis as an important mechanism of action. However, it remains unclear whether these
morphological abnormalities interfere with disease development. Further studies are needed
to investigate this possibility and to elucidate additional modes of action, especially under
more complex and dynamic conditions, which are essential for achieving effective and

consistent disease control *%.
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Fusarium coffeibaccae (M442) and Cordyceps cateniannulata (E48 and LCBPF 17)
consistently ranked among the most effective antagonists and are candidates for
performance validation in future greenhouse and field trials against the pathogens assessed
here. Furthermore, considering the limitations of in vitro assays, even isolates that showed
moderate or low efficacy under artificial conditions may still exhibit relevant biocontrol
activity in in planta experiments. As previously observed for CLR, these antagonists are
expected to significantly reduce disease development of other rusts, in which case they will
represent much needed tools for sustainable, biologically based strategies for disease control

across different crops.
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Figure 1. Sources of urediniospores used in the in vitro assays. (A—B) Austropuccinia psidii on
rose apple (Syzygium jambos) grown and inoculated under controlled conditions. (C-D)
Phakopsora pachyrhizi naturally infecting soybean (Glycine max) growing in plots at the
Infectarium of the Universidade Federal de Vicosa (UFV). (E-F) Puccinia recondita naturally
infecting a wheat (Triticum aestivum) stand in experimental plot at UFV. (G-H) Uromyces

appendiculatus on common bean (Phaseolus vulgaris) in plots at the Infectarium.
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Figure 2. Austropuccinia psidii urediniospores after exposure to conidial suspensions of fungal
antagonists: (A) Clonostachys rosea (E585), (B) C. rhizophaga (M230), (C) C. rhizophaga
(M267), (D) Trichoderma virens (E174), (E) T. theobromicola (E414), (F) T. harzianum
(M290), (G) Cordyceps cateniannulata (E048), (H) C. cateniannulata (LCBPF 17), (I)
Aspergillus flavus (E486), (J) Fusarium coffeibaccae (M442), (K) Calonectria hemileiae
(M121), and (L) 0.05% (v/v) Tween 20 solution (control). White arrows indicate abnormal

germ tubes, including shortened or swollen structures. Scale bars: A-L 50 um.
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Figure 3. Phakopsora pachyrhizi urediniospores after exposure to conidial suspensions of
fungal antagonists: (A) Clonostachys rosea (E585), (B) C. rhizophaga (M230), (C, D) C.
rhizophaga (M267), (E) Trichoderma virens (E174), (F) T. theobromicola (E414), (G) T.
harzianum (M290), (H) Cordyceps cateniannulata (E048), (I) C. cateniannulata (LCBPF 17),
(J) Aspergillus flavus (E486), (K) Fusarium coffeibaccae (M442), (L) Calonectria hemileiae
(M121), and (M) 0.05% (v/v) Tween 20 solution (control). Scale bars: A-M 50 um.
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Figure 4. Puccinia recondita urediniospores after exposure to conidial suspensions of fungal
antagonists: (A) Clonostachys rosea (E585), (B) C. rhizophaga (M230), (C) C. rhizophaga
(M267), (D) Trichoderma virens (E174), (E) T. theobromicola (E414), (F) T. harzianum
(M290), (G) Cordyceps cateniannulata (E048), (H) C. cateniannulata (LCBPF 17), (I)
Aspergillus flavus (E486), (J) Fusarium coffeibaccae (M442), (K) Calonectria hemileiae
(M121), and (L) 0.05% (v/v) Tween 20 solution (control). White arrows indicate bifurcated

abnormal germ tubes. Scale bars: A-L 50 um.
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Figure 5. Uromyces appendiculatus urediniospores after exposure to conidial suspensions of
fungal antagonists: (A) Clonostachys rosea (E585), (B) C. rhizophaga (M230), (C) C.
rhizophaga (M267), (D) Trichoderma virens (E174), (E) T. theobromicola (E414), (F) T.
harzianum (M290), (G) Cordyceps cateniannulata (E048), (H) C. cateniannulata (LCBPF 17),
(D) Aspergillus flavus (E486), (J) Fusarium coffeibaccae (M442), (K) Calonectria hemileiae
(M121), and (L) 0.05% (v/v) Tween 20 solution (control). White arrows indicate abnormal

germ tubes, including shortened or swollen structures. Scale bars: A-L 50 um.
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Species Strain code Culture collection code Origin Host/ substrate Reference
Aspergillus flavus E486 COAD 3307 Cameroon Fruits of C. canephora Kapeua-Ndacnou et al. >*
Calonectria hemileiae M121 COAD 2544 Brazil Pustules OfH’ vastatrix on C. Salcedo-Sarmiento et al. '
arabica leaves
Clonostachys rosea E585 COAD 2984 Ethiopia Stem of C. arabica Kapeua-Ndacnou et al. '
Pustules of H. vastatrix/
Clonostachys rhizophaga M230 COAD 2980 Cameroon coffeicola on C. canephora Kapeua-Ndacnou et al. '
leaves
Pustules of H. vastatrix/
Clonostachys rhizophaga M267 COAD 2982 Cameroon coffeicola on C. canephora Kapeua-Ndacnou et al. '
leaves
Cordyceps cateniannulata E048 COAD 3349 Cameroon Stem of C. arabica Pereira et al. 7
Cordyceps cateniannulata LCBPF 17 COAD 3809 Brazil From native soil, using 7. molitor Domingues et al. >
larvae as bait
Fusarium coffeibaccae M442 COAD 3041 Ethiopia Pustules OfH’ vastatrix on C. Nobrega
arabica leaves
Trichoderma virens E174 COAD 2400 Cameroon Stem of C. brevipes Rodrigues et al. '*
Trwh()de.rma E414 COAD 2406 Cameroon Stem of C. canephora Rodrigues et al. '®
theobromicola
Trichoderma harzianum M290 COAD 3672 Ethiopia ~ ©ustules of H. vastairix on C. Tobar (Personal obs.)

arabica leaves
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Table 2. Mean urediniospore germination (%) and percentage of germination inhibition

(%PGI) of Austropuccinia psidii after exposure to fungal antagonists under in vitro conditions.

Germination (%) Inhibition (%)
Trement s 9RO g SRCL

TO1 — E585 583 A [42.6; 72.6] 23.89 [15.68; 32.59]
T03 —M230 61.4 AB [45.7; 75.1] 19.84 [12.78; 27.69]
T02 —M267 63.6 AB [48.0; 76.8] 16.97 [10.80; 24.05]
T03 -E174 67.6 B [52.4; 79.8] 11.75 [7.32; 17.090]
TO5 —E414 673 B [52.1; 79.6] 12.14 [7.55; 17.56]
T06 —M290 67.0B [51.7; 79.3] 12.53 [7.90; 18.20]
T07 — E48 61.5 AB [45.8; 75.1] 19.71 [12.78; 27.53]
T08 — LCBPF 17 583 A [42.5; 72.6] 23.89 [15.68; 32.75]
T09 — E486 65.6 B [50.2; 78.3] 14.36 [9.06; 20.57]
T10 —M442 66.4 B [51.1; 78.9] 13.32 [8.36; 19.15]
T11 -MI121 66.2 B [50.8; 78.7] 13.58 [8.59; 19.62]

T12 — Control 76.6 C [63.2; 86.1] - -

"' T01 = Clonostachys rosea (E585); T02 = C. rhizophaga (M230); T03 = C. rhizophaga
(M267); T04 = Trichoderma virens (E174); TO5S = T. theobromicola (E414); T06 = T.
harzianum (M290); TO7 = Cordyceps cateniannulata (E048); TO8 = C. cateniannulata (LCBPF
17); TO9 = Aspergillus flavus (E486); T10 = Fusarium coffeibaccae (M442); T11 = Calonectria
hemileiae (M121); T12 = 0.05% (v/v) Tween 20 solution.

2 Values are means of two experiments.

3 Different letters indicate statistically significant differences according to Tukey’s test (p <

0.05).
* CI: confidence interval; LL: lower limit; UL: upper limit.

3 PGI: percentage of germination inhibition, calculated relative to T12 — Control.
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Table 3. Mean urediniospore germination (%) and percentage of germination inhibition

(%PGI) of Phakopsora pachyrhizi after exposure to fungal antagonists under in vitro

conditions.
Germination (%) Inhibition (%)
Treament s 9RO g oSl

TO1 — E585 36.6 BC [32.1; 41.4] 34.64 [31.90; 37.18]
T03 —M230 38.3 BC [33.7;43.1] 31.61 [29.11; 34.05]
T02 —M267 394C [34.8; 44.2] 29.64 [27.30; 31.90]
T03 -E174 38.2 BC [33.6; 43.0] 31.79 [29.28; 34.25]
T05 — E414 388 C [34.2;43.6] 30.71 [28.29; 33.07]
T06 —M290 414C [36.7;46.3] 26.07 [23.85; 28.18]
TO07 — E48 31.1 AB [26.9; 35.6] 44.46 [41.45;47.36]
T08 — LCBPF 17 413C [36.6; 46.2] 26.25 [24.01; 28.38]
T09 — E486 393C [34.7; 44.1] 29.82 [27.47; 32.09]
T10 —M442 273 A [23.4; 31.6] 51.25 [48.03; 54.21]
T11 -MI121 422C [37.4;47.0] 24.64 [22.70; 26.81]

T12 — Control 56.0 D [51.1; 60.8] - -

'TO1 = Clonostachys rosea (E585); T02 = C. rhizophaga (M230); T03 = C. rhizophaga
(M267); T04 = Trichoderma virens (E174); TOS = T. theobromicola (E414); T06 = T.
harzianum (M290); TO7 = Cordyceps cateniannulata (E048); TO8 = C. cateniannulata (LCBPF
17); TO9 = Aspergillus flavus (E486); T10 = Fusarium coffeibaccae (M442); T11 = Calonectria

hemileiae (M121); T12 = 0.05% (v/v) Tween 20 solution.

2 Values are means of two experiments.

3 Different letters indicate statistically significant differences according to Tukey’s test (p <

0.05).

* CI: confidence interval; LL: lower limit; UL: upper limit.

> PGI: percentage of germination inhibition, calculated relative to T12 — Control.
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Table 4. Mean urediniospore germination (%) and percentage of germination inhibition

(%PGI) of Puccinia recondita after exposure to fungal antagonists under in vitro conditions.

Germination (%) Inhibition (%)
Tt s R g L

TO1 — E585 490D [43.3; 54.7] 15.37 [13.72; 17.05]
T03 —M230 459 CD [40.3; 51.6] 20.73 [18.61; 22.80]
T02 —M267 47.3 CD [41.7; 53.0] 18.31 [16.40; 20.11]
T03 -E174 42.9 BCD [37.4; 48.6] 2591 [23.34; 28.35]
TO5 —E414 493D [43.6; 55.1] 14.85 [13.09; 16.48]
T06 —M290 44.6 BCD [39.1; 50.4] 22.97 [20.50; 25.10]
TO07 — E48 41.7 BC [36.2; 47.4] 27.98 [25.24; 30.65]
TO8 — LCBPF 17 38.9 AB [33.5; 44.5] 32.82 [29.81; 35.82]
T09 — E486 45.5CD [39.9; 51.2] 21.42 [19.24; 23.56]
T10 —M442 351 A [30.0; 40.6] 39.38 [35.96; 42.53]
T11 -MI121 43.8 BCD [38.2; 49.5] 24.35 [21.92; 26.82]

T12 — Control 579 E [52.2; 63.4] - -

"' T01 = Clonostachys rosea (E585); T02 = C. rhizophaga (M230); T03 = C. rhizophaga
(M267); T04 = Trichoderma virens (E174); TO5S = T. theobromicola (E414); T06 = T.
harzianum (M290); TO7 = Cordyceps cateniannulata (E048); TO8 = C. cateniannulata (LCBPF
17); TO9 = Aspergillus flavus (E486); T10 = Fusarium coffeibaccae (M442); T11 = Calonectria
hemileiae (M121); T12 = 0.05% (v/v) Tween 20 solution.

2 Values are means of two experiments.

3 Different letters indicate statistically significant differences according to Tukey’s test (p <

0.05).
* CI: confidence interval; LL: lower limit; UL: upper limit.

3 PGI: percentage of germination inhibition, calculated relative to T12 — Control.
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Table 5. Mean urediniospore germination (%) and percentage of germination inhibition

(%PGI) of Uromyces appendiculatus after exposure to fungal antagonists under in vitro

conditions.
Germination (%) Inhibition (%)
Treamant s 9RO g oSl

TO1 — E585 63.6 CD [55.9; 70.6] 18.25 [15.04; 21.82]
T03 —M230 57.8 BCD [49.9; 65.3] 25.71 [21.42;30.21]
T02 - M267 55.3 BC [47.4; 63.0] 28.92 [24.19; 33.71]
T03 -E174 64.7 D [57.1; 71.7] 16.84 [13.72;20.14]
TO5 —E414 58.0 BCD [50.1; 65.5] 25.45 [21.18;29.93]
T06 —M290 52.0 AB [44.1; 59.9] 33.16 [27.92; 38.32]
T07 — E48 51.5AB [43.6; 59.3] 33.80 [28.64; 39.02]
TO8 — LCBPF 17 56.7 BCD [48.7; 64.3] 27.12 [22.62; 31.89]
T09 — E486 60.8 BCD [53.0; 68.1] 21.85 [18.05; 25.87]
T10 —M442 445 A [36.8; 52.4] 42.80 [36.94; 48.53]
T11 -MI121 60.9 BCD [53.1; 68.2] 21.72 [17.93; 25.73]

T12 — Control 77.8 E [71.5; 83.1] - -

'TO1 = Clonostachys rosea (E585); T02 = C. rhizophaga (M230); T03 = C. rhizophaga
(M267); T04 = Trichoderma virens (E174); TOS = T. theobromicola (E414); T06 = T.
harzianum (M290); TO7 = Cordyceps cateniannulata (E048); TO8 = C. cateniannulata (LCBPF
17); TO9 = Aspergillus flavus (E486); T10 = Fusarium coffeibaccae (M442); T11 = Calonectria

hemileiae (M121); T12 = 0.05% (v/v) Tween 20 solution.

2 Values are means of two experiments.

3 Different letters indicate statistically significant differences according to Tukey’s test (p <

0.05).

* CI: confidence interval; LL: lower limit; UL: upper limit.

> PGI: percentage of germination inhibition, calculated relative to T12 — Control.
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Table 6. Summary of urediniospore germination (%) and inhibition (%PGI) across eight in vitro assays with four rust pathogens and fungal

antagonists.
Germination (%) Inhibition (%)
Treatment Species Meant:? [ Ei(:A’UiI] 3 PG [ zi(:/oUCLI] 3

T10 - M442 Fusarium coffeibaccae 43.0 A [33.1; 53.4] 36.39 [30.01; 42.63]
TO07 - E048 Cordyceps cateniannulata 46.3 AB [36.2; 56.6] 31.51 [25.82; 37.26]
T08 - LCBPF 17 Cordyceps cateniannulata 48.8 BC [38.5;59.1] 27.81 [22.54; 33.28]
T02 - M230 Clonostachys rhizophaga 509 CD [40.6; 61.2] 24.7 [19.79; 29.64]
T06 - M290 Trichoderma harzianum 51.3CD [40.9; 61.5] 24.11 [19.40; 29.12]
TO3 - M267 Clonostachys rhizophaga 51.4CD [41.1; 61.6] 23.96 [19.27; 28.77]
TOI - E585 Clonostachys rosea 52.0 CD [41.7; 62.2] 23.08 [18.48; 27.73]
T09 - E486 Aspergillus flavus 52.9CD [42.5; 63.0] 21.75 [17.43; 26.34]
T11-MI121 Calonectria hemileiae 533D [42.9; 63.4] 21.15 [16.91; 25.65]
TOS5 - E414 Trichoderma theobromicola 534D [43.0; 63.5] 21.01 [16.78; 25.48]
T04 - E174 Trichoderma virens 535D [43.1; 63.6] 20.86 [16.64; 25.30]

T12 - Control - 67.6 E [57.7;76.3] - -

"' Values are means from two independent experiments per pathogen (Austropuccinia psidii, Phakopsora pachyrhizi, Puccinia recondita, and

Uromyces appendiculatus) pooled in a combined model.
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2 Different letters indicate statistically significant differences according to Tukey’s test (p < 0.05).
3 CI: confidence interval; LL: lower limit; UL: upper limit.

* PGI: percentage of germination inhibition, calculated relative to T12 — Control.
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Table S1. Inhibition of Hemileia vastatrix urediniospore germination (%) by conidial suspensions of selected fungal antagonists in previous in

Vitro assays.

Inhibition of

Species Strain code Culture collection code germination Reference
(%)
Aspergillus flavus E486 COAD 3307 95 — 100 (fungal filtrate) Kapeua-Ndacnou et al. >
Calonectria hemileiae M121 COAD 2544 80 — 100 Salcedo-Sarmiento ef al. '°
Clonostachys rosea E585 COAD 2984 99 Kapeua-Ndacnou et al. '°
Clonostachys rhizophaga M230 COAD 2980 25 unpub. results, C.M. Pereira
Clonostachys rhizophaga M267 COAD 2982 94 Kapeua-Ndacnou et al. '°
Cordyceps cateniannulata E048 COAD 3349 37 Pereira et al. 7
Cordyceps cateniannulata LCBPF 17 COAD 3809 20 unpub. results, C.M. Pereira
Fusarium coffeibaccae M442 COAD 3041 74 Nobrega 3
Trichoderma virens E174 COAD 2400 99.5 Kapeua-Ndacnou
Trichoderma theobromicola E414 COAD 2406 100 Kapeua-Ndacnou *°
Trichoderma harzianum M290 COAD 3672 20 unpub. results, C.M. Pereira
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Chapter 3

Testing the possible biocontrol effect of fungal antagonists obtained from Hemileia
vastatrix (coffee leaf rust) on a different rust fungus: nine selected isolates vs Phakopsora

pachyrhizi (Asian soybean rust)

Prepared according to the format of the Crop Protection
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Testing the possible biocontrol effect of fungal antagonists obtained from Hemileia
vastatrix (coffee leaf rust) on a different rust fungus: nine selected isolates vs Phakopsora

pachyrhizi (Asian soybean rust)
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Foletto!, Robert Weingart Barreto!”
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Asian soybean rust (ASR), caused by Phakopsora pachyrhizi, poses a significant threat to
global soybean production, and current management strategies relying on fungicides and
resistant cultivars face limitations. This study tested nine fungal isolates — originally selected
for biocontrol of coffee leaf rust (Hemileia vastatrix) — for their capacity to suppress ASR under
semi-controlled, pot-based conditions. Soybean plants were sprayed weekly with conidial
suspensions of Aspergillus flavus, Calonectria hemileiae, Clonostachys rhizophaga, C. rosea,
Cordyceps cateniannulata, Fusarium coffeibaccae, Trichoderma harzianum, and T. virens, a
Tween 20—adjuvant formulation alone, or a commercial Bacillus velezensis biofungicide.
Seventy-two hours after the second application, plants were inoculated with P. pachyrhizi, and
disease progress was monitored at 14, 21, 28 and 35 days after inoculation to calculate the area
under disease progress curve and final severity for control-efficacy estimates; plant height,
shoot and root dry mass, and endophytic colonization were also assessed. Treatments with C.
cateniannulata and C. rosea achieved the highest control efficacies (62.4% and 62.3%,
respectively), while other isolates yielded moderate suppression (7.4-35.6%), and the B.
velezensis biofungicide failed to reduce disease. Most antagonists successfully colonized leaf
tissues endophytically. These results demonstrate that fungal antagonists selected against H.
vastatrix can also inhibit ASR, and identify C. cateniannulata and C. rosea as promising
biocontrol agents warranting further investigation of their mechanisms of action, field

performance, and integration into sustainable disease-management programs.
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Introduction

Soybean (Glycine max) is the most important cultivated legume. It is cultivated
worldwide and is now a fundamental source of protein, oil, and animal feed (Bai et al.,
2003; Hossain et al., 2025). Abiotic and biotic stresses are major threats to yields. Impact
of plant diseases — caused by numerous fungi, bacteria, viruses, and nematodes — result in
yield losses which have been estimated, for example, by Savary et al. (2019), to be of 21.4%
in reduction of the production. Among the diseases, rust, caused by Phakopsora pachyrhizi,
is considered one of the most important diseases affecting soybeans (El-Hasan et al., 2022;

Goellner et al., 2010; Hossain et al., 2024).

Phakopsora pachyrhizi causes the Asian soybean rust (ASR), which provokes rapid
defoliation of susceptible soybean plants and is capable of provoking yield losses ranging
from 10% to 100% (Chicowski et al., 2024; Yorinori et al., 2005). It is broadly regarded as
a major challenge to the global soybean sector, particularly for growers in South America
(Hossain et al., 2024). Phakopsora pachyrhizi was first recorded in 1902 in Japan, and
various Asian countries have since reported its occurrence and severe yield (Hossain et al.,
2024). ASR reached the Western Hemisphere in 1994, and was first reported on soybean in
Hawaii (Killgore and Heu, 1994). It arrived in South America in 2001, in Paraguay (Rupe
and Sconyers, 2008). It has been established in Brazil since 2002 (Freire et al., 2008), where
it causes extremely high yield losses and raised production costs dramatically, forcing
farmers to spend billions of dollars annually with fungicide applications (Chicowski et al.,

2024).

In Brazil, the current ASR management strategy includes: avoiding soybean sowing
and eliminating volunteer plants during the off-season; using early-maturing cultivars;
planting at the beginning of the legally authorized period; using cultivars with resistance
genes; monitoring for initial ASR symptoms and, most important, fungicide applications
(Godoy et al., 2020). However, these management methods face important limitations, such
as the lack of durable resistance in soybean cultivars, due to the complex gene-for-gene
interactions with P. pachyrhizi (Chicowski et al., 2024) and the emergence of fungicide-
resistant or less sensitive populations of P. pachyrhizi, resulting from the repeated use of
systemic fungicides belonging to the same chemical groups — strobilurins and triazoles

fungicides (Fontes et al., 2024).

Considering the substantial damage caused by ASR if inappropriately managed, and

the limitations and costs of current control practices, there is a need for effective and more
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sustainable alternatives. Biological control is a promising tool for managing ASR
(Twizeyimana et al., 2023) and has gained increasing attention in recent years. In Brazil,
four commercial biofungicides are currently registered for ASR management (MAPA,
2025). These products — and most published studies — have focused on species of Bacillus
(Dorighello et al., 2020, 2015; dos Santos et al., 2025; Twizeyimana et al., 2023;
Twizeyimana and Hartman, 2019), while fungal antagonists have received comparatively
less attention. Fungal species such as Corniculantispora psalliotae (syn. Verticillium
psalliotae) (Saksirirat and Hoppe, 1991), Simplicillium lanosoniveum (Gauthier et al., 2014;
Ward et al., 2012, 2011), and Trichothecium roseum (Kumar and Jha, 2002) have been
reported to affect P. pachyrhizi under various conditions, but research on these fungi has
not progressed. More recently, promising results have been reported with Trichoderma spp.

(dos Santos et al., 2025; El-Hasan et al., 2022) and Metarhizium spp. (Holz et al., 2023).

A study aimed at selecting fungal biocontrol agents to be deployed against Hemileia
vastatrix, the etiological agent of coffee leaf rust (CLR), that started in 2015, obtained over
1,500 fungal strains (Pereira et al., 2024a). Only approximately 600 isolates were brought
to a preliminary in vitro stage of evaluation of biocontrol potential. The list of isolates was
significantly reduced and only the most promising isolates were identified and tested under
greenhouse conditions (Colman et al., 2021; Guterres et al., 2021; Kapeua-Ndacnou et al.,
2023b, 2023a; Pereira et al., 2024b, 2024a; Rodriguez et al., 2021; Salcedo-Sarmiento et
al., 2021) and in coffee fields (results published separately). This effort led to the selection
of nine isolates belonging to the genera Aspergillus, Calonectria, Clonostachys, Cordyceps,

Fusarium, and Trichoderma.

A hypothesis was raised that some of these fungal isolates, with biocontrol capability
against CLR may also have antagonistic effects against other rust species. This was
preliminary tested in vitro by pairing selected H. vastatrix antagonists with Austropuccinia
psidii (myrtle rust), Puccinia recondita (syn. P. triticina — wheat leaf rust), P. pachyrhizi
(ASR), and Uromyces appendiculatus (bean rust). Those preliminary in vitro results
(published separately) indicated an antagonistic activity of the CLR potential biocontrol
agents against other rust fungi. Here we conducted a study focused on the investigation of
those antagonists’ ability to antagonize P. pachyrhizi in planta in order to further explore
the conjectured broader biocontrol effect of those isolates, and possible potential that any

isolate may have in controlling ASR.
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2. Material and methods

2.1. Fungal strains

Fungal isolates (Table 1) were obtained from collections conducted between 2015 and
2017 in Brazil, Cameroon, and Ethiopia. These isolates were originally obtained either as
endophytes from healthy coffee tissues (leaves, stems, and fruits) or as mycoparasites
associated with H. vastatrix uredinia (Rodriguez et al., 2021). Over 1,500 isolates were initially
obtained, and based on promising and consistent results from in vitro and in greenhouse
screenings conducted prior to this study (Kapeua-Ndacnou et al., 2023b, 2023a; Nobrega, 2021;
Pereira et al., 2024a; Rodriguez, 2018; Salcedo-Sarmiento et al., 2021), as well as their
documented occurrence in Brazil, these isolates were selected for evaluation against soybean
leaf rust. All fungi are preserved at —85 °C in the “Colecdo Octavio Almeida Drummond”

(COAD), the culture collection of the Universidade Federal de Vigosa (UFV).

2.2. Inoculum production and preparation

Prior to mass multiplication, selected fungal isolates stored in the COAD were recovered
and a small sample of each isolate was transferred to the center of plates containing potato
dextrose-agar (PDA). Plates were kept at 25 + 2 °C with a 12-hour photoperiod for seven days,
and were daily monitored to confirm purity and identity. After initial growth, the fungi were
sub-cultured onto fresh PDA plates and incubated under the same conditions as above. These

secondary cultures served as inoculum sources for inoculum production.

Inoculum production was carried out as described in Chapter 1. Similarly, the
procedures for estimating the number of conidia per gram of colonized rice and for preparing
conidial suspensions at the concentration of 5 X 10® conidia/mL — corresponding to an average
of 1 x 10® colony-forming units per gram (CFU/g) of colonized rice) — for each antagonist
isolate followed the same methodology previously detailed. Adjuvants such as glycerol (1%
v/v), sunflower oil (1% v/v), and skim milk powder (2% m/v), which provide moisturizing,
adhesive, and UV-protective properties (Aguirre et al., 2023; Devi et al., 2018; Grewal and
Joshi, 2022; Hemalatha et al., 2017; Posadas et al., 2012), were added as a formulation to

enhance fungal performance under field conditions, as previously described.
2.3. Control of soybean leaf rust under field conditions

2.3.1. Design and implementation
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Three seeds of an ASR-susceptible soybean cultivar (IAC Foscarin 31) were sown in
2-L plastic pots filled with a 1:1 mixture of pasteurized soil and commercial greenhouse
substrate (Tropstrato Hortaliga Plus, Vida Verde, Mogi Mirim, Brazil), composed of pine bark,
coconut fiber, vermiculite, and carbonized rice husk, enriched with macro- and micronutrients.
After emergence, seedlings were visually evaluated, and the most vigorous plant was retained
in each pot. Pots were maintained on improvised benches under open-air conditions, exposed

to natural, uncontrolled field conditions (20° 45’ 11" S; 42° 52" 16" W).

Treatments sprayings began when plants reached the V1-V2 growth stage,
characterized by the presence of one to two fully expanded trifoliolate leaves. Fungal
antagonists suspended in a Tween 20 solution containing adjuvants, the Tween 20—adjuvant
solution without fungal inoculum (hereafter referred to as the formulation), and a commercial
Bacillus velezensis-based biofungicide (Bio-Imune®; Bacillus velezensis BV02; 3 x10°
CFU/mL; Vittia Group, Sao Joaquim da Barra, SP, Brazil), used as indicated by the

manufacturer’s label, were applied at seven-day intervals.

Treatments (fungal antagonists, the formulation, and the biofungicide) were sprayed
onto the aerial part of the plants, covering both sides of the leaves until run-off, using a manual
hand-pump sprayer adapted to a plastic bottle containing the suspension. A total of four weekly
applications were performed, always in the late afternoon. The negative control consisted of

plants inoculated only with Phakopsora pachyrhizi, without any antagonist treatment.

Seventy-two hours after the second application — i.e., between the second and third
sprays — and at the V4 growth stage, plants were inoculated with a suspension of P. pachyrhizi
urediniospores. The inoculum was prepared from urediniospores obtained from naturally
infected soybean plants maintained in plots for teaching purposes at the Infectarium of UFV

(https://www.infectario.ufv.br/). Symptomatic leaves were collected and uredinia were

examined for the possible presence of mycoparasites. Only contamination-free samples were
placed in a 500 mL flask containing 250 mL of a 0.05% (v/v) Tween 20 solution in tap water.
The bottle was shaken vigorously for at least 3 minutes in order to release the spores (Reis et
al., 2022). The suspension was filtered through a household sieve and a layer of gauze, and then
adjusted to 1 % 10° urediniospores/mL using a hemocytometer. The resulting suspension was

immediately used for inoculation.

Soybean plants were inoculated with P. pachyrhizi in the late afternoon also using a

manual hand-pump sprayer adapted to a plastic bottle. The urediniospore suspension was
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applied to the abaxial leaf surface until run-off. Following inoculation, the plants were placed
in a dark room at 25 £ 3 °C for 48 hours to favour pathogen infection. After this period, plants
were returned back to raised benches, where they remained under ambient conditions until the

end of the experiment.

The experiment was conducted between January 2025 and April 2025, and followed a
completely randomized block design with 12 treatments (Table 2), four blocks, and included

five pots per block.

2.4. Assessments
2.4.1. Disease Severity

Disease severity was evaluated four times at seven-day intervals, beginning 14 days
after inoculation (DAI), when the first symptoms of soybean leaf rust appeared. Assessments
were conducted on the third and fourth trifoliate leaves of each plant using the diagrammatic

scale proposed by Franceschi ef al. (2020).

In order to quantify the effect of treatments on ASR development, severity scores were
summarized by calculating the area under the disease progress curve (AUDPCsgv) between 14
and 35 DAI, using the “AUDPC ()” function in the epifitter R-package (Alves and Del Ponte,
2021), Additionally, final severity (i.e., severity at the last assessment — 35 DAI) was used to
estimate the control efficacy (C) of each treatment in relation to either the untreated control

(T12 — Control) or the formulation-based treatment (T11), according to the formula:

Treatment
C(%) =1——— x100
Control

2.4.2. Plant Growth

Following the final assessment of disease severity, additional evaluations were carried
out to estimate the impact of treatments on plant development. Height of each plant was
measured from the basal collar to the apical meristem using a tape measure. The aerial parts
(stems and leaves) of the five plants within each treatment and block were cut, pooled, and
placed in labeled paper bags. Root systems of every plant were carefully washed under running

tap water to remove excess soil and substrate, allowed to air-dry on raised benches, and
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similarly bagged. The material was dried in a forced-air oven at 70 °C for 72 hours until a
constant weight was reached. The dry mass of each plant part was then determined using an

analytical precision balance.

2.4.3. Endophytic Colonization

In order to verify the possibility of endophytic colonization by each fungal antagonist
to which the soybean plants were exposed, we employed the “indirect isolation method”, as
described by Kapeua-Ndacnou et al. (2023b) and used in several other studies published by our
research group. Minor adjustments to the methodology were included here. Samples were taken
from each soybean plant as follows: for each antagonist-based treatment, leaflet samples were
collected from three distinct portions of the plant: the third fully expanded trifoliate leaf (from
the base), the fourth fully expanded trifoliate leaf (also from the base), and the terminal
trifoliate. For each plant portion and treatment, a composite sample was formed, consisting of
leaflets from multiple plants exposed to the same antagonist. Each composite sample was
processed individually, and 5 mm-diameter fragments were excised from the leaflets using a

cork borer.

Under aseptic conditions, leaf disc fragments were surface-disinfested by sequential
immersion in 70% ethanol (1 min), 2% sodium hypochlorite (3 min), followed by two rinses in
sterile deionized water (2 min each). The excess water of disinfected fragments was removed
by placing each fragment on pieces of sterile filter paper for 2 min, and then fragments were
transferred to plates containing PDA supplemented with penicillin (10 mg/L) and Triton X-100
(15 mL/L). For each composite sample, three plates were prepared, each containing nine leaf
fragments. Plates were left under conditions previously described, and the presence of fungal
colonies was recorded after 10 days. The emergence of colonies of the antagonists from
disinfected fragments was verified by observation of colony morphology, further confirmed by
examination of slides mounted with colony fragments under a light microscope (Olympus

BX51, Tokyo, Japan).

2.4.4. Data analysis

Linear mixed models (LMMs) were fitted to all disease-related variables using the “lmer

()” function from the /me4 package (Bates et al., 2015). “Treatment” was included as a fixed
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effect, while “block” and “plant” were initially considered as random effects to account for
variability within and between experimental units. However, when the initial model structure
indicated singularity, suggesting that one of the random effects contributed negligible variance,
the model was simplified by removing “plant” as a random term, ensuring parsimony and
improving model stability. In addition to AUDPCsgv and final severity, plant height, total dry

mass, shoot dry mass, and root dry mass were also analysed using this modelling approach.

To meet the assumptions of normality and homoscedasticity, disease-related variables
were log-transformed using the function “log (x + 1)” prior to model fitting. Model assumptions
regarding residual homogeneity, normality, and the distribution of random effects were
evaluated using the “simulate residuals ()” function from the DHARMa package (Hartig, 2016)
and the “check model ()” function from the performance package (Liidecke et al., 2021).
Analysis of variance were performed with the “Anova ()” function (car package, Fox and
Weisberg, 2018) and marginal means were estimated with the “emmeans ()” function from the
emmeans package (Lenth, 2017). Whenever significant differences were detected, post-hoc
comparisons were performed using the Tukey’s test (p < 0.05) with the “cld ()” function from

the multcomp package (Hothorn et al., 2008).

All data processing, statistical analyses, and visualizations were performed in R version
4.3.3 (R Core Team, 2024), with graphical outputs generated using the ggplot? package
(Wickham, 2016).
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3. Results

3.1. Disease severity and treatment efficacy

Severity assessment began at the onset of the first symptoms of ASR, 14 days after
inoculation (DAI) with P. pachyrhizi. In the first (14 DAI) and second (21 DAI) assessments,
all treatments showed similar mean severity values for the third and fourth trifoliate leaves
(Fig. 1). This pattern remained unaltered for the third assessment (28 DAI), with the exception
of the Bacillus-based treatment (T10), which exhibited higher mean severity as compared to all
other treatments, including untreated control (T12). In the final assessment (35 DAI) (Fig. 2),
more disease and higher severity means were again observed in plants treated with the Bacillus
product (T10), whereas fungal antagonists produced distinct results. Plants treated with the 7.
virens (T03) and F. coffeibaccae (T09) isolates displayed severity levels similar to those of the
untreated control (T12). Isolates of C. cateniannulata (T06), C. rhizophaga (T02), and A. flavus
(TO7) had severity values close to those observed in plants treated with the formulation (T11).
Isolates of C. hemileiae (T08) and 7. harzianum (T04) had comparable severity means, as did
one of the isolates of C. cateniannulata (T05) and C. rosea (TO1), which showed the lowest

severity means in this assessment.

Successive severity assessments allowed the calculation of the AUDPCsgy for each
treatment (Table 3), which was significantly affected by the treatments under non-controlled

conditions (p <0.01).

The lowest disease progress rate was observed in plants treated with C. cateniannulata
(isolate E048, T05) and C. rosea (TOl). Treatment with those candidate-antagonists led to
significantly lower AUDPCsgv values (groups A and AB, respectively) than that of the
commercial B. velezensis-based product (T10), which showed the highest AUDPCsgv (group
D). No significant differences were observed between untreated plants (T12), plants treated
with the formulation alone (T11), and those treated with A. flavus (T07), F. coffeibaccae (T09)
or T. virens (T03), all of which had intermediate to high AUDPCsgv values (group C). The
other treatments — C. rhizophaga (T02), T. harzianum (T04), C. cateniannulata (isolate
LCBPF 17, T07), and C. hemileiae (T11) — yielded intermediate to low AUDPCsgv values
(groups BC and ABC), but did not differ statistically from the untreated control.

Final severity means (Table 3) were strongly and positively correlated with AUDPCsgv
(r=0.97, p<0.01). The lowest final severities were observed in soybean plants treated with C.

rosea (T01) and C. cateniannulata (T05), which were statistically similar (group A), and
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differed from the untreated plants (T12) (group BC). These treatments yielded the highest
control efficacies, reducing disease levels by 62.46% and 62.37%, respectively, when compared
with the untreated control (T12), and by 58.47% and 58.37%, respectively, when compared

with the formulation-based treatment (T11).

In contrast, the commercial B. velezensis-based biofungicide (T10) had the highest final
severity score and was statistically similar to the untreated control (group C), providing no ASR
suppression under the conditions which this experiment was conducted. This treatment resulted
in 86.43% more disease than the untreated control. All other treatments, including other fungal
antagonists and the formulation-only treatment, yielded intermediate final severities (groups
AB and B), with control efficacies ranging from 7.4% to 35.6%, when compared with the
untreated control (T12).

3.2. Plant growth responses

Soybean plants treated with antagonists generally exhibited greater height than the
untreated control (Table 4). Treatments such as 7. virens (T03), T. harzianum (T04), A. flavus
(TO7). F. coffeibaccae (T09), and the commercial B. velezensis-based product (T10) formed a
group (letters C and BC) that resulted in significantly taller plants than the untreated plants
(T12, group A), resulting in height increases ranging from 19.95% to 31.14% compared to
untreated plants (T12). The remaining treatments constituted an intermediary group (AB and
ABC), not statistically different from the control, but still showing a numerical increase in plant

height between 10.7% and 16.78%.

Conversely, total dry mass accumulation was negatively affected by several fungal
treatments as compared to the control and showed no correlation with disease-related variables
(r <0.3). The highest total dry mass — comprising both shoot and root biomass — was recorded
for untreated control plants (T12, group B). An intermediate group including 7. virens (T03),
T. harzianum (T04), A. flavus (T07), F. coffeibaccae (T09), the biofungicide (T10), and the
formulation-only treatment (T11), showed values statistically similar to the control (group AB),
although reductions ranged from 7.16% to 21.75%. The lowest total dry mass values (group A)
were observed associated with treatments using C. rosea (T01), C. rhizophaga (T02), both
isolates of C. cateniannulata (T05 and T06), and C. hemileiae (T08), resulting in reductions of

up to 30.59% relative to the untreated plants.
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Shoot dry mass (Table 4) showed a very strong positive correlation with total dry mass
(r = 0.90, p < 0.01); however, no statistically significant differences were detected among
treatments, including fungal antagonists, the biofungicide, and the controls (»p = 0.1). Despite
the lack of statistical significance, numerical reductions of up to 17% in shoot biomass were

observed as compared to untreated plants.

Root dry mass (Table 4) had a moderate positive correlation with total dry mass (r =
0.66, p <0.01) and a weak positive but significant correlation with shoot dry mass (» = 0.35, p
<0.05). The lowest root dry mass values were associated with treatments using C. rosea (T01),
C. rhizophaga (T02), T. virens (T03), T. harzianum (T04), C. cateniannulata (T05 and T06),
C. hemileiae (TO08), and F. coffeibaccae (T09) (groups A, AB and ABC), with reductions
ranging from 51.25% to 63.89% as compared to the untreated control (T12, group D). The
remaining treatments, B. velezensis-based product (T10), 4. flavus (T07), and the formulation
(T11), showed intermediate root dry mass values and were statistically similar to the control
(groups ABCD, BCD, and CD), although reductions of 21.48%, 30.94%, and 32.66%,

respectively, were recorded.

3.3. Endophytic colonization by fungal antagonists

Most fungal antagonists applied to soybean plants were successfully reisolated from
trifoliate leaf tissues (Table 5). Exceptions were plants that received a C. cateniannulata isolate
(T06, LCBPF 17) or T. virens (T03). In general, the third trifoliate leaf was the most favorable
for reisolation, with F. coffeibaccae (T09) showing the highest recovery rate (detected from
70.4% of the foliar fragments). Moderate recovery frequencies were also observed for T.

harzianum (T04; 18.5%), C. rhizophaga (T02; 22.2%), and C. rosea (TO1; 11.1%).

Fewer isolates were recovered from the fourth trifoliate leaf, with only four treatments
yielding successful results: 4. flavus (T07), C. rhizophaga (T02), F. coffeibaccae (T09), and T.
harzianum (T04), with recovery rates of 7.4%, 11.1%, 22.2%, and 33.3%, respectively. From
apical trifoliates, colonization was minimal. Only 7. harzianum and F. coffeibaccae were

reisolated, each detected in 3.7% of samples.



133

4. Discussion

The isolates evaluated in this study were selected based on previous research targeting
H. vastatrix and the suppression of CLR under controlled conditions. From a larger collection,
fungal antagonists were prioritized for their consistent performance under in vitro and
greenhouse experiments. These included mycoparasitic fungi such as Calonectria hemileiae
(Salcedo-Sarmiento et al., 2021) and Fusarium coffeibaccae (N6brega, 2021), which inhibited
urediniospore germination and significantly reduced CLR severity, as well as isolates of
Clonostachys spp. (Kapeua-Ndacnou et al., 2023a), Trichoderma spp. (Kapeua-Ndacnou, 2022;
Rodriguez, 2018), and a non-aflatoxigenic 4. flavus isolate (Kapeua-Ndacnou et al., 2023b), all
of which showed promising disease suppression and high antagonistic activity in preliminary
trials. One isolate of C. cateniannulata, was also included due to its ability to parasitize H.
vastatrix uredinia and coffee pests, and inhibit urediniospore germination (Pereira et al., 2024a).
However, as discussed in Chapter 1, some isolates exhibited reduced efficacy under potted trials
in shaded environments or field experiments, highlighting the importance of evaluating

biocontrol candidates beyond controlled environments.

Publications involving the evaluation of potential biocontrol candidates against fungal
pathogens of plants normally focus on the antagonism of one agent against the target pathogen
to which this was obtained in nature (Adams and Ayers, 1981; Budge and Whipps, 1991; Krauss
etal., 2013; Moricca et al., 2001; Venkatesan et al., 2023). This approach has also characterized
the work of our research group, with the exception of Pereira et al. (2024a), who tested C.
cateniannulata against arthropods. All other cases involved the preliminarily evaluation of the
potential of fungi obtained as endophytes of coffee plants or as mycoparasites of H. vastatrix
as potential biocontrol agents of CLR. Here, a peripheral and innovative investigation explored
the hypothesis that the so-called “elite isolates”, previously short-listed from the CLR-
biocontrol studies and assessed against selected rust fungi (Chapter 2), might also possess

biocontrol potential against ASR.

There are some well-known examples of broad-spectrum biocontrol fungi, including
Beauveria bassiana (Mascarin and Jaronski, 2016), Clonostachys spp. (Reyes-Estebanez and
Mendoza-de Gives, 2025), Cordyceps spp. (Shrestha et al., 2016), Metarhizium spp. (St. Leger
and Wang, 2020), Pochonia chlamydosporia (Ciancio et al., 2016), Purpureocillium lilacinum
(Rigobelo et al., 2024b), and Trichoderma spp. (Sood et al., 2020) for the control of insects,
nematodes and suppression of fungal plant diseases. These are important, but nevertheless,

limited examples, considering the broad biodiversity of mycoparasites and other fungal
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antagonists of plant pathogenic fungi that exist in natural ecosystems. The question remains as
to whether fungal antagonists are in general broad-range in terms of biocontrol effect or
specialized. There is a general lack of examples of detailed investigations on the host-range of
mycoparasites and it is unclear, at this stage, whether the observed effects obtained in this study
are due to secondary metabolites produced by the isolates that were tested, by direct parasitism
of the target rust or other form of interaction. Future pathogenicity tests, inclusive following
Koch’s postulates steps, as described by Salcedo-Sarmiento et al. (2021) and Pereira et al.
(2024a), should be conducted that will help elucidating the pathological status towards P.

pachyrhizi and also other rusts.

The significant inhibition of the germination of urediniospores of A. psidii, P.
pachyrhizi, P. recondita, and U. appendiculatus (Chapter 2) justified the next-step presented
here. Conidial suspensions of Cordyceps cateniannulata (E048, T06) and C. rosea (T01) were
the most effective at reducing AUDPCsgv values of ASR by up to 50% and leading to final
severity levels of up to 60% lower than control. These results were consistent to the high in
vitro urediniospore-germination inhibition observed earlier for these two isolates (Chapter 2).
These ranked among the top three isolates at reducing the germination of P. pachyrhizi isolates
by 44% and 35%, respectively. In contrast, F. coffeibaccae, which appeared to be the most
promising fungi among isolates during the in vitro test, had limited effect under field conditions
when applied as a conidial suspension, with modest reductions in AUDPCsgy (5.66%) and final

severity (17.1%).

This inconsistency may be attributed to differences in experimental conditions. While
in vitro assays provide optimal and controlled environments that favour antagonist action, in
planta and under open-environment conditions, numerous biotic and abiotic factors can
interfere with the expression of antagonistic activity. These include interactions with the host
plant, competition with resident phyllosphere microbiota, and environmental variables such as
temperature and humidity fluctuations, wind, rain, and UV radiation, all of which may reduce
the efficacy of foliar-applied antagonists (Boland, 1990; Collinge et al., 2022; Segarra et al.,
2015; Tokas et al., 2023). Furthermore, the observed variability may be also associated with
the activity of secondary metabolites produced by this antagonist. Supporting this hypothesis,
parallel experiments indicated that F. coffeibaccae organic extracts applied at 5,000 pg/mL
inhibited P. pachyrhizi urediniospore germination by 98% in vitro, and reduced AUDPCsgy
and final severity by 57% and 59%, respectively, under potted trials (unpub. results, A.C. de
Almeida).
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The B. velezensis-based biofungicide had a poor performance under prevailing
environmental conditions under which the experiment was conducted. These results are similar
to those obtained in its evaluation as a treatment during CLR biocontrol experiments involving
coffee plants maintained under shaded conditions (Chapter 1). This limited performance may
be associated with factors such as inoculum concentration, application method, or post-
inoculation conditions that favored pathogen germination and penetration. However, consistent
with our findings, field trials conducted in Brazil during the 2020/21 and 2021/22 growing
seasons indicated only a moderate efficacy of Bacillus-based biofungicides (Godoy et al., 2021,
2022). Bacillus velezensis-based biofungicides alone (2020/21) or a consortium of B. subtilis,
B. velezensis and B. pumilus (2021/22) applications led to modest disease control efficacies —
11% and 14%, respectively. Nevertheless, when combined with systemic fungicides, control
efficacy increased to 57% (2020/21) and 56% (2021/22), although no significant yield gains
were observed compared to the chemical fungicide alone in those studies (Godoy et al., 2021,
2022). These findings highlight the need to carefully assess the cost-benefit of integrating
biofungicides into disease management programs. However, their role in managing
P. pachyrhizi resistance to site-specific fungicides provides a strong motivation for their use,
not to mention their potential for promoting plant growth and suppressing other plant pathogens

(Chinheya et al., 2017; dos Santos et al., 2024; Mosela et al., 2022; Zhou et al., 2024).

Results from the present work reinforces the experience-based knowledge that the
efficacy of biocontrol agents varies depending on inoculum pressure, experimental conditions,
environment factors, and the specific pathosystem. A valuable attribute of any biocontrol agent
is its ability to be effective across multiple hosts and environmental scenarios. In this context,
the effectiveness of C. rosea and C. cateniannulata in suppressing ASR indicates the potential
value of isolates of those two species as broad-spectrum biocontrol candidates. Their efficacy
should be further validated across different soybean cultivars and agroecological regions, and
their activity against other plant pathogens should be investigated to fully assess their potential

and reliability as biocontrol tools.

It is noteworthy that Cordyceps spp. are already recognized for their entomopathogenic
potential, and commercial formulations based on C. javanica and C. fumosorosea are available
and used for pest management. Cordyceps cateniannulata emerges as a particularly promising
candidate due to its multitrophic activity. In addition to its efficacy against ASR, this species
has demonstrated biocontrol activity against CLR (results published separately) and key coffee

pests such as Hypothenemus hampei (coffee berry borer) and Leucoptera coffeella (coffee leaf
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miner) (Pereira et al., 2024a). Further studies have also reported its effectiveness against other
economically significant arthropod pests, including Allantus luctifer (Zhang et al., 2024),
Glycaspis brimblecombei (Domingues et al., 2022), Spodoptera frugiperda (Zhou et al., 2020),
Stenoma impressella (Montes-Bazurto et al., 2020), and the mite Tetranychus urticae (Guan et

al., 2025).

To date, research and commercial biocontrol of ASR has mainly focused on Bacillus
species (Dorighello et al., 2020, 2015; dos Santos et al., 2025, 2024; Twizeyimana et al., 2023;
Twizeyimana and Hartman, 2019). However, the biocontrol effects of a few fungi have been
studied since 1991. Corniculantispora psalliotae was reported as degrading P. pachyrhizi
through the action of lytic enzymes and mycoparasitism (Saksirirat and Hoppe, 1991), and
Trichothecium roseum as inhibiting germination of urediniospores of P. pachyrhizi (Kumar and
Jha, 2002). Simplicillium lanosoniveum has also been tested against P. pachyrhizi both in vitro,
in greenhouse, and in field experiments. Promising results were obtained, and its modes of
action, including mycoparasitism and antibiosis, were documented (Gauthier et al., 2014; Ward
etal., 2012, 2011). Unfortunately, no recent progresses have been reported on the continuation

of those studies.

The rate of translation of extensive studies of potential biocontrol agents into practical
applications as biocontrol products mass-produced by the industry is notoriously low. A case
in point is that of Clonostachys rosea. Decades of intensive research led by many different
groups of researchers worldwide, as recently listed in Nagaraj and Kolanthasamy (2025),
dedicated to this seemingly biocontrol-champion species, have produced somewhat limited
practical results. There are two C. rosea-based products patented in Canada — Vectorite® and
Endofine® and, in Brazil, there is one product (Kamoi®, manufactured by Agrivalle) registered
for use against gray mold (Botrytis cinerea). Despite being listed as registered in the official
Brazilian website, AGROFIT (MAPA, 2025), this product does not appear in the product list at

Agrivalle’s website at this time. This overall situation is rather puzzling.

Other studies have also emphasized the biocontrol potential of certain fungi and their
metabolites against ASR. For example, Trichoderma isolates and their secondary metabolite 6-
pentyl-a-pyrone (6PAP) significantly reduced spore germination and rust severity (El-Hasan et
al., 2022). In vitro, 6PAP, at 200 ppm completely inhibited urediniospore germination. In
detached leaf assay, the metabolite suppressed diseased development by 98%, while conidial
suspensions reduced rust disease by an average of 78%. On attached leaves, similar reductions

were observed on treated tissues, while a lower yet notable decrease in disease was recorded on
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adjacent and untreated leaves, with reductions of 47% on average associated with Trichoderma
and 32% with 6PAP. Fungi better known as entomopathogens have also been tested against
ASR. Similarly, culture filtrates of M. anisopliae and M. humberi inhibited P. pachyrhizi
germination by up to 96% in vitro, while conidial suspensions had no effect (Holz et al., 2023).
In greenhouse trials, conidial suspensions of M. anisopliae reduced rust symptoms by 51%, and
culture filtrates of both species suppressed disease by an average of 86%. When applied to the
substrate, only M. anisopliae reduced symptoms rust symptoms (by 40%) and was reisolated

from the substrate and soybean roots.

These results suggest that, although unspecialized to P. pachyrhizi, under controlled
conditions, both Trichoderma and Metarhizium species can reduce the development of ASR via
direct (e.g., antibiosis) or indirect mechanisms (e.g., induced resistance). Considering the
performance of our antagonists, it could be conjectured that their efficacy may similarly involve
antibiosis or induced systemic resistance, and considering their original association to another
rust fungus, perhaps even mycoparasitism. However, further studies are required to elucidate

and confirm these modes of action.

Recent approaches in the biocontrol discipline have also explored the use of consortia
of biological control agents (Nunes et al., 2024). In field trials conducted over two consecutive
years (2021 and 2022), dos Santos et al. (2025) reported that bioproducts based on B. velezensis
and T. asperellum, when applied alone or in combination, significantly reduced AUDPC values
of three foliar soybean diseases: target spot (Corynespora cassiicola), brown spot (Septoria
glycines), and ASR. The best results were achieved when 7. asperellum was applied to crop
debris, followed by a foliar application of B. velezensis and use of systemic fungicide, leading
to reductions in disease severity and increases in yield. Considering this scheme of treatments,
future studies could evaluate the potential of combining our fungal antagonists with B.
velezensis-based products or chemical fungicides in the context of an integrated ASR

management scheme.

Results observed in our investigation on the effect of our fungal isolates on soybean
growth are mirrored by results obtained by authors who investigated other microbial systems
such as for Trichoderma spp. (Battaglia et al., 2024; Bononi et al., 2020), Purpureocillum
lilacinum (Rigobelo et al., 2024a), and a consortium involving Beauveria bassiana, M.
anisopliae, Pochonia chlamydosporia, P. lilacinum, and T. asperellum (Farias et al., 2018). In
our study, antagonist-based treatments slightly increased plant height but led to reductions in

dry mass as compared to the untreated plants. Notably, root dry mass decreased by up to 62.17%
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in plants treated with fungal antagonists, and by 21.48% for those treated with the
B. velezensis-based product. These reductions may result from the potential phytotoxic effects
of secondary metabolites produced by the antagonists. Some strains of the biocontrol fungi C.
militaris, C. rosea, and T. virens are known to produce compounds such as cordycepin,
dihydrovertinolide, and gliotoxin, respectively, which can inhibit plant development (Quy et

al., 2019; Supratman et al., 2021; Zaid et al., 2022).

In addition, the observed reduction in biomass may reflect the metabolically costs
associated with the establishment and maintenance of antagonists within soybean tissues, as
well as the reallocation of metabolic resources toward the activation and expression of defense
pathways (Chamnongpol et al., 1998; Walters et al., 2005). Another limiting factor involved in
our experiment could be the lack of nodulating rhizobia, which were not inoculated on our
plants and are well known to play a key role in nitrogen fixation, plant development, and yield
(Nakei et al., 2022). It is important to acknowledge that we were conducting a preliminary
study: plants were neither fertilized nor inoculated with Bradyrhizobium spp., nor grown to
reproductive stages. Our primary objective was to explore the potential of the antagonists in a
pathosystem distinct from their original target (H. vastatrix on coffee) and to observe possible
reductions in disease levels. Given the promising results we have obtained, future studies should
address the compatibility of our antagonists with Bradyrhizobium spp., the effects of rust and

biological treatments on fertilized plants, and their impact on production.

The endophytic fungal communities of soybean plants have been extensively studied in
countries such as Brazil, China, Korea, Argentina, and the USA. Alternaria, Cladosporium and
Fusarium are among the most commonly isolated genera from healthy soybean roots, stems,
leaves, and seeds, but isolates belonging to Aspergillus, Calonectria, Clonostachys, Cordyceps,
and Trichoderma have also been obtained (Impullitti and Malvick, 2013; Kim et al., 2022;
Pimentel et al., 2006; Russo et al., 2016; Stuart et al., 2018; Xiao et al., 2021; Yang et al., 2018,
2014). Some of these endophytic fungi have been evaluated for their potential to suppress seed-
borne pathogen of soybean, such as Cercospora spp., Diaporthe eres, and Septoria glycines
(Kim et al., 2022). Although endophytic fungi have already been obtained in China — the center
of origin of soybean (Sedivy et al., 2017) — to the best of our knowledge, no study has
investigated their potential to suppress P. pachyrhizi. Thus, based on the principles of classical
biological control (Eilenberg et al., 2001; Scott, 1995) and the strategy of the long-lasting
WCR-funded project aimed at CLR, searching for antagonistic fungi of P. pachyrhizi in its
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center of origin, in East Asia (Hossain et al., 2024), remains a completely untapped opportunity

that could yield co-evolved mycoparasites with high biological control potential against ASR.

During our attempts to reisolate the applied fungal antagonists from soybean tissues, a
diversity of results has been obtained. Recovery rates varied dramatically from species to
species and even between isolates of the same species and even for different isolation/ leaf
position points. In general, higher reisolation rates were obtained from the third trifoliate,
suggesting a decline in colonization or persistence toward the upper parts of treated plants. Only
two species of antagonists were reisolated from apical leaves, F. coffeibaccae and T. harzianum,
but both at low frequencies (3.7%). These results could be influenced by the sampling
methodology, the tissue from which these fungi were reisolated, when plants were processed,
or the inherent ability of each isolate to establish long-term associations with soybean tissues
or to move along following plant growth. Other factors are reported to affect recovery rates,
including plant age, environmental conditions, and soybean cultivars (Pimentel et al., 2006;

Russo et al., 2016).

Still, F. coffeibaccae and T. harzianum may have a greater capacity to colonize soybean
tissues. Although this was not directly correlated with rust control, the results expand the known
ecological niches that some selected antagonists may occupy. Finding endophytic biocontrol
isolates that might function as plant bodyguards remains one of the “holy grails” in the
biocontrol discipline. It seems that there are no examples of practical applications of such
bodyguards other than “endophyte-enhanced turfgrass” and a few other examples involving
associations of Epichloé spp. with grasses. But this has been a topic of intense research along
the last decades and the search for novel examples continues, since potential benefits include,
besides protections against pests and diseases, others such as draught resistance and growth

promotion (Murphy et al., 2018).

In conclusion, our results demonstrate that fungal antagonists obtained and selected to
be deployed against H. vastatrix, when applied to soybean plants, can also reduce ASR severity.
Results indicated that C. rosea and C. cateniannulata were the most effective and should be
further investigated. Although larger and repeated field trials are needed to validate these
findings, our experiments are of practical relevance, as they reflect environmental variability
that likely influenced the outcomes, differently from the more artificial conditions of in vitro
and greenhouse experiments. Future work should also investigate formulation development and
compatibility (including component selection and concentrations), optimization of antagonist

application (e.g., conidia concentrations and spraying intervals), evaluation of consortia of
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isolates, and potential combinations with chemical fungicides. Such efforts will be essential to
unlocking the full potential of these fungal antagonists and advancing their practical use in

sustainable ASR control strategies.
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Figure 1. Progress curve of severity (%) of Asian soybean rust in soybean plants (Glycine max
cv. ‘IAC Foscarin 31°) treated with antagonists and inoculated with Phakopsora pachyrhizi.
TO1 = Clonostachys rosea (E585); T02 = C. rhizophaga (M267); TO3 = Trichoderma virens
(E174); T04 = T. harzianum (M290); TOS = Cordyceps cateniannulata (E048); T06 = C.
cateniannulata (LCBPF 17); TO7 = Aspergillus flavus (E486); TO8 = Calonectria hemileiae
(M121); TO9 = Fusarium coffeibaccae (M442); T10 = Commercial product based on Bacillus

velezensis; T11 = formulation; and T12 = untreated control.
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TO1 - E585 TO2 - M267

TO9 - M442 T10 - B. velezensis T11 - Formulation T12 - Control

Figure 2. Soybean plants (G/lycine max cv. ‘1AC Foscarin 31°) 35 days after inoculation with
Phakopsora pachyrhizi and treated with: (A) Clonostachys rosea (E585); (B) C. rhizophaga
(M267); (C) = Trichoderma virens (E174); (D) T. harzianum (M290); (E) Cordyceps
cateniannulata (E048); (F) C. cateniannulata (LCBPF 17); (G) Aspergillus flavus (E486); (H)
Calonectria hemileiae (M121); (1) Fusarium coffeibaccae (M442); (J) Commercial product

based on Bacillus velezensis; (K) formulation; and (L) untreated control.
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Figure S1. Spearman’s correlation matrix among disease-related (AUDPCsgv and Final

Severity) and plant growth variables (Height, Total Dry Mass, Shoot Dry Mass, and Root Dry

Mass) evaluated in soybean plants treated with fungal antagonists. Correlation coefficients (7)

are shown within each cell. Asterisks indicate statistically significant correlations (p < 0.05 =

* p < 0.01 = **¥), Color scale represents the strength and direction of correlation (blue

positive, red = negative).
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Table 1. Description of the selected isolates assessed against Phakopsora pachyrhizi in soybean plants maintained in pots.

Species Strain code Culture collection code Origin Host Reference
Aspergillus flavus E486 COAD 3307 Cameroon Fruits of C. canephora Kapeua-Ndacnou et al. (2023b)
Calonectria hemileiae M121 COAD 2544 Brazil Pustules OfH‘ vastatrix on C. Salcedo-Sarmiento et al. (2021)
arabica leaves
Clonostachys rosea E585 COAD 2984 Ethiopia Stem of C. arabica Kapeua-Ndacnou ef al. (2023a)
Pustules of H. vastatrix/
Clonostachys rhizophaga M267 COAD 2982 Cameroon coffeicola on C. canephora Kapeua-Ndacnou ef al. (2023a)
leaves
Cordyceps cateniannulata E048 COAD 3349 Cameroon Stem of C. arabica Pereira et al. (2024)
Cordyceps cateniannulata LCBPF 17 COAD 3809 Brazil From native soil, using T molitor Domingues ef al. (2022)
larvae as bait
Fusarium coffeibaccae M442 COAD 3041 Ethiopia T ustules of . vastatrix on C. Nobrega (2021)
arabica leaves
Trichoderma virens E174 COAD 2400 Cameroon Stem of C. brevipes Rodriguez et al. (2021)
Trichoderma harzianum M290 COAD 3672 Ethiopia Pustules of H. vastatrix on C. Tobar (Personal obs.)

arabica leaves
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Table 2. Treatments applied to the soybean plants in the pot experiments.

Treatment Description'
TO1 — E585 Conidia suspension of Clonostachys rosea
T02 — M267 Conidia suspension of Clonostachys rhizophaga
TO3 - E174 Conidia suspension of Trichoderma virens
T04 —M290 Conidia suspension of Trichoderma harzianum
TOS — E48 Conidia suspension of Cordyceps cateniannulata
T06 — LCBPF 17 Conidia suspension of Cordyceps cateniannulata
TO7 — E486 Conidia suspension of Aspergillus flavus
TO8 —M121 Conidia suspension of Calonectria hemileiae
T09 —M442 Conidia suspension of Fusarium coffeibaccae
T10 — B. velezensis Commercial product based on Bacillus velezensis®

Tween 20 solution (0,05 % v/v) + glycerol (1 % v/v) +

T11—Formulation sunflower oil (1% v/v) and skimmed milk powder (2% m/v)

T12 — Control Just P. pachyrhizi applied*

!Conidial suspension calibrated at 5 x 10% conidia/mL (corresponding to an average of 1 x 10*

CFU/g of colonized rice).

2Spray volume ranged from 5 to 20 mL per plant, depending on plant size. Treatments were

applied six times at 7 day-intervals, except for T12, which remained untreated.

3The commercial product based on Bacillus velezensis was applied at a field rate of 6 L/ha.
Considering a spray volume of 400 L/ha, the corresponding concentration was 15 mL of
product per litre of spray solution (Bio-Imune®; Bacillus velezensis BV02; 3 x 10° CFU/mL;
Vittia Group, Sao Joaquim da Barra, SP, Brazil).

*All plants were inoculated with Phakopsora pachyrhizi 72 h after the second antagonists’

spraying, with a suspension calibrated at 5 x 10° urediniospores/mL.
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Table 3. Final severity of Asian soybean rust and control efficacy of the treatments applied to soybean plants and inoculated with P. pachyrhizi in

potted experiment.

1 AUDPCsgv? Final Severity (%) Control Efficacy (%)
fremen Mean’ [ISjSLo;/OU(iI]4 Mean’ [ESL(;A)U?]“ c [ISzSLo;A)UCLI]4 c [zio;A)U(liI]“
TO1 — E585 448 AB [0.72;16.4] 4.26A [0.32; 19.90] 62.46 [58.71; 84.73] 58.47 [54.56; 82.43]
T02 — M267 8.03 BC [1.83;27.7] 8.96B [1.50; 38.70] 21.05 [19.70; 28.57] 12.67 [11.64; 17.78]
T03 — E174 957C  [232:32.6] 1051B  [1.89; 44.80] 7.40 [7.05; 10.12] 243 [-3.44; -2.28]
T04 — M290 7.85BC [1.78;27.1] &8.93B [1.49; 38.50] 21.32 [20.12; 29.00] 12.96 [12.1; 18.28]
TO05 — E048 421 A [0.63;15.6] 427A [0.32; 20.00] 62.37 [58.50; 84.59] 58.38 [54.33; 82.26]
TO6 —LCBPF 17 7.21 ABC [1.58;25.1] 9.24B [1.57; 39.80] 18.59 [17.42; 25.29] 9.94 [9.13; 14.01]
TO07 — E486 8.48 C [1.98;29.1] 10.01 B [1.76;42.80] 11.80 [11.20; 16.11] 2.43 [2.28; 3.44]
TO8 —M121 6.61 ABC [1.39;23.2] 7.31AB [1.08;32.10] 35.59 [33.40; 48.31] 28.75 [26.71; 40.5]
T09 — M442 8.67C [2.04;29.7] 9.41B [1.61; 40.50] 17.09 [15.97; 23.25] 8.28 [7.53; 11.65]
T10 — B. velezensis  20.27D  [5.69;66.6] 21.16C  [4.56; 87.20] -86.43 [-117.07; -80.91] -106.23 [-149.86; -99.08]
T11 — Formulation 8.63C [2.02;29.6] 10.26B  [1.82;43.80] 9.60 [9.12; 13.12] - -

T12 — Control 9.19C  [22;314] 1135BC [2.10; 48.20] - - - -

'T01 = Clonostachys rosea (E585); T02 = C. rhizophaga (M267); T03 = Trichoderma virens (E174); T04 = T. harzianum (M290); T05 = Cordyceps
cateniannulata (E048); T06 = C. cateniannulata (LCBPF 17); TO7 = Aspergillus flavus (E486); TO8 = Calonectria hemileiae (M121); T09 =

Fusarium coffeibaccae (M442); T10 = Commercial product based on Bacillus velezensis; T11 = formulation; and T12 = untreated control.

2AUDPCsgy = area under disease progress curve for severity.
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3Values followed by the same letter are not significantly different by Tukey’s multiple range test at p < 0.05.
“CI = confidence interval, LL = lower limit; UP = upper limit.
3C = Control efficacy calculated relative to the untreated control (T12).

8C = Control efficacy calculated relative to the formulation treatment (T11).
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Table 4. Height, shoot and root dry mass of soybean plants treated with fungal antagonists and inoculated with Phakopsora pachyrhizi.

Height (cm) Total dry mass (g)* Shoot dry mass (g) Root dry mass (g)

Treatment! 95% CI 95% CI 95% CI1 95% CI1
Mean’ [LL; UL}* Mean’ LLs oLy Mean™ g Vo il [LL; ULJ*
TO1 — E585 48 ABC  [42.9;53.5]  8.13A [6.98; 9.29] 6.43 [5.61;7.25] 17ABC  [1.27;2.16]
T02 — M267 47.7ABC  [42.6;53.2]  837A [7.21; 9.52] 6.83 [6.02;7.65] 1.52AB  [L.11;1.97]
T03 —E174 53.9C  [48.5:;59.7]  9.04AB  [7.89;10.2] 7.53 [6.72;8.35]  1.51AB  [l.1;1.95]
T04 — M290 50.3 BC [45; 55.9] 896 AB  [7.81;10.12] 7.57 [6.75:8.39]  14AB  [0.99; 1.83]
TO5 — E048 48 ABC  [42.8;53.4]  832A [7.16; 9.48] 7.01 [6.20; 7.83] 13 A [0.91; 1.73]
TO6—LCBPF 17  455AB  [40.5;50.8]  836A [7.20; 9.52] 7.09 [6.27; 7.91] 126 A [0.87;1.69]
TO7 — E486 493BC  [44.1;54.9] 9.80AB  [8.65; 10.96] 7.37 [6.55;8.19] 2.41BCD  [1.93;2.92]
TOS — M121 47.7ABC  [42.5;53.1]  785A [6.70; 9.01] 6.48 [5.66;7.29] 138 AB  [0.98; 1.81]
T09 — M442 498 BC  [44.6;554] 8.86AB  [7.70;10.01] 7.53 [6.71; 8.35] 132A  [0.92;1.74]
T10 - B. velezensis ~ 49.9BC  [44.6;55.5] 10.50 AB  [9.35; 11.66] 7.75 [6.93;8.57]  2.74CD  [2.24;3.28]
T11 - Formulation  46.7 ABC  [41.6;52.1] 8.85AB  [7.69; 10.00] 6.48 [5.66;7.30] 2.35 ABCD [1.87;2.86]
T12 - Control 411A  [363;462]  1131B  [10.16; 12.47] 7.76 [6.94;8.58] 349D  [2.93;4.07]

T01 = Clonostachys rosea (E585); T02 = C. rhizophaga (M267); TO3 = Trichoderma virens (E174); T04 = T. harzianum (M290); TO5 = Cordyceps
cateniannulata (E048); T06 = C. cateniannulata (LCBPF 17); TO7 = Aspergillus flavus (E486); TO8 = Calonectria hemileiae (M121); T09 =

Fusarium coffeibaccae (M442); T10 = Commercial product based on Bacillus velezensis; T11 = formulation; and T12 = untreated control.
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2Total dry mass was obtained by adding shoot and root dry masses.
3Values followed by the same letter are not significantly different by Tukey’s multiple range test at p < 0.05.
*CI = confidence interval, LL = lower limit; UP = upper limit.

NS Means do not significantly differ by Tukey’s multiple range test at p < 0.05.
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Table 5. Recovery (%) of applied antagonists to soybean plants in the pot experiment.

Treatment! Trifoliate leaf
Third Fourth Apical
TO1 — E585 11.1 0.0 0.0
T02 —M267 222 11.1 0.0
T03 -E174 0.0 0.0 0.0
T04 —M290 18.5 333 3.7
TOS5 — E048 3.7 0.0 0.0
T06 — LCBPF 17 0.0 0.0 0.0
TO7 — E486 7.4 7.4 0.0
TO8 —M121 11.1 0.0 0.0
T09 — M442 70.4 22.2 3.7

'TO1 = Clonostachys rosea (E585); T02 = C. rhizophaga (M267); T03 = Trichoderma virens
(E174); T04 = T. harzianum (M290); TOS = Cordyceps cateniannulata (E048); T06 = C.
cateniannulata (LCBPF 17); TO7 = Aspergillus flavus (E486); TO8 = Calonectria hemileiae
(M121); TO9 = Fusarium coffeibaccae (M442).
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General Conclusions

Starting from an assemblage of over 1,500 fungal isolates of possible fungal antagonists of
Hemileia vastatrix (coffee leaf rust — CLR) obtained in African and South American countries,
which led to a somewhat arbitrary selection of 600 isolates to be evaluated in vitro, and
subsequently for further greenhouse in planta tests conducted by our research group, a short-

list of 10 isolates was chosen as the most promising isolates.

Such isolates were: Aspergillus flavus (E486), Calonectria hemileiae (M121), Clonostachys
rhizophaga (isolates M230 and M267), C. rosea (E585), Cordyceps cateniannulata (E48),
Fusarium coffeibaccae (M442), Trichoderma harzianum (M290), T. theobromicola (E414),
and T. virens (E174).

— Trials conducted both involving potted plants and also in experimental coffee fields
indicated that F. coffeibaccae (M442) and C. rhizophaga (M267) consistently demonstrated
biocontrol efficacy across varying environmental conditions.

— Results of potted coffee plant experiments have shown that consortia of Clonostachys or
Trichoderma isolates were able to significantly reduce the area under the disease progress
curve for severity (76% and 71%, respectively).

— Prospective investigation of a possible “broad antagonism” of the most promising isolates
to other rusts has shown, first in in vitro assays, that F. coffeibaccae (M442) and
C. cateniannulata (E48 and LCBPF 17) significantly inhibited urediniospore germination of
Austropuccinia psidii, Phakopsora pachyrhizi, Puccinia recondita, and Uromyces
appendiculatus, suggesting a partial confirmation of the conjecture. Other antagonist isolates
had a variable influence on urediniospore germination.

— As aconsequence of the results of the in vitro study, an experiment focused on P. pachyrhizi
(Asian soybean rust) was conducted. The following isolates demonstrated a good biocontrol
performance: C. cateniannulata (E48 and LCBPF 17), C. rosea (E585), and C. hemileiae
(M121). Reductions of the area under the disease progress curve of up to 54% were achieved.

— Based on the combination of the results that were obtained, four fungal isolates stood out as
the most promising antagonists: F. coffeibaccae (M442), C. cateniannulata (E48), C. rosea
(E585), and C. rhizophaga (M267).

— Fungal treatments led to significant growth reductions in coffee and soybean plants. This
needs to be clarified, particularly with respect to its impact on field productivity. This may

result from metabolic costs of fungal establishment and maintenance, resources reallocation
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toward the activation of plants defence responses, or an eventual phytotoxicity of secondary
metabolites produced by these antagonists.

Although F. coffeibaccae had previously been isolated from Coffea spp. tissues, it was not
consistently recovered as an endophyte from treated coffee plants in this study. However, it
was readily and frequently reisolated from soybean plants treated with M442 isolate. To the
best of our knowledge, this is the first-time association of this species with soybean and
suggests that F. coffeibaccae may colonize plant hosts from distinct botanical families.
Contrarily to earlier results published by our group, 4. flavus (E486) and T. harzianum
(M290) did not effectively control rust both in coffee and in soybean but these exhibited
strong endophytic colonization ability, as they were consistently reisolated from treated
coffee plants.

A continuation of this long-term study is justifiable both academically and in practical terms,
for the benefit of the discipline of biological control of plant diseases. Many important
questions still remain unanswered, but the potential of these isolates to become tools for the
management of some of the most important plant diseases threatening crop plants deserves

a close and continued evaluation.



