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Resumen de la tesis que presenta Carmen Sanjuana Delgado Ramirez como requisito parcial para la
obtencidn del grado de Doctor en Ciencias en Ciencias de la Vida.

Analizando las vides Mision de Baja California, su asociacién con agentes de control biolégico y su
papel como reservorio de hongos patégenos de madera

Resumen aprobado por:

Dra. Rufina Hernadez Martinez Dr. Edgardo Alfredo Sepulveda Sanchez Hidalgo
Co-Director Co-Director

En Baja California la vid es uno de los cultivos perennes mds importantes, se estima hay cerca de
4,702.93 ha de vifiedos establecidos con mas de 30 cultivares. En el estado las primeras vides fueron
traidas por los espafnoles en 1669, el cultivar introducido fue 'Listan Prieto,' conocido como 'Misién.'
Actualmente existe interés en aprovechar este cultivar, debido a las caracteristicas de su vino. Sin
embargo, en estas vides se han observado sintomas asociados con de enfermedades de la madera, lo
cual podria afectar la reproduccidn generalizada. Ademas, dado que las vides 'Misidon' se han
mantenido establecidas en condiciones de aridez es probable que las plantas mantengan una
interaccion con microorganismos benéficos que esten influyendo en su capacidad para resistir las
condiciones adversas en las que crecen. El objetivo de este trabajo fue investigar la presencia de
hongos causantes de enfermedades de la madera asociados con la vid 'Misidn' e identificar
microorganismos endofitos con potencial para usarse como agentes de control biolégico para
controlar hongos causantes de enfermedades de la madera de vid en vifledos comerciales.
Inicialmente se colectaron muestras de vides 'Misién' de vifiedos de Baja California. A partir de las
muestras analizadas se obtuvieron 78 hongos y 135 bacterias. De los aislados fungicos se seleccionaron
13, los cuales se identificaron molecular y morfolégicamente como Diaporthe ampelina y Diplodia
seriata, siendo esta Ultima la especie mas prevalente. Todas las cepas tuvieron temperaturas éptimas
de crecimiento entre 25y 28°C. En cuanto a la patogenicidad, la cepa de D. ampelina presentd niveles
de virulencia intermedia, mientras que las cepas de D. seriata mostraron baja virulencia. Para
identificar agentes de biocontrol, se determind la actividad antagdnica cualitativa de aislados
obtenidos de vides 'Misidn', asi como de 35 cepas de Trichoderma aisladas de vid sobre el hongo de
madera L. brasiliensis MXBCL28. A partir de este ensayo se seleccionaron once aislados los cuales se
identificaron molecularmente como pertenecientes a los géneros Bacillus y Trichoderma. Las cepas
identificadas molecularmente mostraron la capacidad de inhibir al hongo por competencia por
espacio, la produccidn de compuestos volatiles y no volatiles, y adicionalmente las cepas de
Trichoderma mostraron actividad de micoparasitismo. Al evaluar la actividad de biocontrol de once
cepas sobre L. brasiliensis MXBCL28 en ensayos de invernadero y campo se observé que las plantas
inoculadas con aislados de Bacillus y Trichoderma mantuvieron un efecto inhibitorio sobre el hongo;
ya que, las plantas inoculadas con estos microorganismos benéficos presentaron lesiones de menor
tamafio con respecto a las plantas inoculadas solo con el hongo patdgeno. Este trabajo proporciona
informacidn importante sobre el papel de las vides 'Mision' como reservorio de hongos de madera de
vid y de agentes de biocontrol, lo cual permitird apoyar decisiones futuras sobre la reproduccion,
gestidén de estas vides en la region y sobre el manejo de enfermedades de la madera en vifiedos
comerciales.

Palabras clave: Vides 'Mision', hongos de madera, agentes de control bioldgico, control biolégico,
enfermedades de madera de vid
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Analyzing Mission grapevine of Baja California, its association with biological control agents, and
its role as a reservoir for trunk diseases fungi

Abstract approved by:
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The grapevine is one of the most important perennial crops in Baja California. There are about 4,702.93
ha. of established vineyards with over 30 cultivars. The first vines in the state were brought by the
Spanish in 1669. The cultivar introduced was 'Listan Prieto,' known as 'Mission.' There is interest in
taking advantage of this cultivar due to its wine's characteristics. However, symptoms associated with
grapevine trunk diseases have been observed in these grapevines, which could affect general
reproduction. In addition, since the 'Mission' grapevines have remained established in arid conditions,
it is likely that the plants maintain an interaction with beneficial microorganisms that are influencing
their ability to resist the adverse conditions in which they grow. This work aimed to investigate the
presence of grapevine trunk diseases fungi associated with 'Mission' grapevine and identified
endophytic microorganisms with the potential to use as biological control agents for controlling
grapevine trunk diseases fungi in commercial vineyards. Initially, samples of 'Mission' grapevines were
collected from Baja California vineyards. From the analyzed samples, 78 fungi and 135 bacteria were
obtained. From the fungal isolates, 13 were selected, which were molecularly and morphologically
identified as Diaporthe ampelina and Diplodia seriata, the latter being the most isolated species. The
strains had optimal growth temperatures between 25 and 28°C. Regarding pathogenicity, it was
observed that the D. ampelina strain has intermediate virulence levels, and the D. seriata strains have
low virulence. To identify biocontrol agents, the antagonistic activity of all isolates obtained from
'Mission' grapevines, as well as of 35 Trichoderma strains isolated from grapevines on the fungus L.
brasiliensis MXBCL28, was qualitatively determined. Eleven isolates were selected from these tests,
which were molecularly identified as belonging to Bacillus and Trichoderma genera. The identified
strains showed the ability to inhibit the fungus L. brasiliensis MXBCL28 through competition for space,
by producing volatile and non-volatile compounds, and the Trichoderma strains also showed
mycoparasitic activity. When evaluating the biocontrol activity of eleven strains on L. brasiliensis
MXBCL28 in greenhouse and field trials, it was observed that plants inoculated with Bacillus and
Trichoderma isolates maintained an inhibitory effect on the fungus, since plants inoculated with these
beneficial microorganisms presented smaller lesions with respect to plants inoculated only with the
pathogenic fungus. This work provides important information on the role of 'Mission' grapevines as a
reservoir of grapevine wood fungi and biocontrol agents, which will support future decisions on the
reproduction and management of these grapevines in the region and on the management of grapevine
trunk diseases.

Keywords: 'Mission' grapevine, grapevine trunk fungi, biological control agents, biological control,
grapevine trunk diseases
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Chapter 1. Introduction

The grapevine (Vitis vinifera) is one of the most important perennial crops worldwide. Its fruit has a high
commercial value and can be consumed fresh, as raisins, or used to produce wine, juices, and musts
(Gramaje et al., 2018). During 2022, 7.3 million hectares of vineyards were established worldwide, with
50% concentrated in five countries: Spain (13.1%), France (11.2%), China (10.8%), Italy (9.9%), and Turkey
(5.6%) (OIV, 2021; OIV 2022).

Mexico ranks 26th in grape production worldwide. The country's surface area of vineyards is around
36,861.48 ha, with the majority dedicated to table grape production. Sonora has the largest share of
vineyards for table grape production (90.4%), followed by Zacatecas (6.6%), Aguascalientes (2.0%), and
Baja California (1.4%) (SIAP, 2022b; SIAP, 2022c). In terms of grape production for industrial use, Zacatecas
leads with the highest yields (38.13%), followed by Baja California (32.91%) and Aguascalientes (11.45%)
(SIAP, 2022a; SIAP, 2022b). Raisin grape production is mainly concentrated in two states, Zacatecas (97.1%)
and Baja California (2.9%) (SIAP, 2022b; SIAP, 2022c). At the national level, vine production creates around
500,000 jobs in agricultural areas and an additional 11,000 jobs, both directly and indirectly, making it the

second-highest job-generating crop (SIAP, 2022a).

Baja California is one of the leading wine producers nationwide. This state is characterized by its arid
climate, with maximum temperatures of 26.5°C, minimums of 13.4°C, and an annual rainfall of 99.1 mm.
However, these climatic conditions have not limited grape production (SIAP, 2022b; SIAP, 2023). Currently,
the state has 4,702.93 ha planted with grapevines, distributed in six regions: Guadalupe Valley, Tule
Region, Ojos Negros Valley, Ejido Uruapan, Santo Tomas Valley, and San Vicente Valley (Gonzalez-Andrade
and Fuentes-Flores, 2013; SIAP, 2023). More than 30 grapevine varieties are established in this area, with
'Cabernet Sauvignon, ' 'Merlot, ' Tempranillo, ' 'Chenin Blanc, ' 'Chardonnay, ' and 'Sauvignon Blanc'
comprising the largest cultivated areas. Other cultivated varieties include 'Mission' and 'Rosa del Perd, '

also known as patrimonials (SEFOA, 2011; SIAP, 2022b).

In Mexico, the Spanish introduced the grapevine in the 16th century. Jesuit and Dominican friars
disseminated grapevine cultivation in the country (Crowley, 1989). The introduced variety was Listan
Prieto, now known as Mission in Mexico (Lépez Franco, 2012; Gongora Rosado, 2016). This is a red variety
considered rustic and semi-erect. Its cluster is funnel-shaped and compact, while its berries are spherical,

medium size, and blue-black epidermis coloration (Figure 1) (Rodriguez-Torres, 2017; Magoni, 2021).
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In Baja, California, vineyards currently established with 'Mission' cultivar plants have grapevines over 40
years old, obtained from the first grapevines introduced in the state by the missionaries. Throughout the
state, only 37.96 ha of vineyards are established with 'Mission' grapevines in rainfed conditions and have
limited agricultural management. Even so, yields are approximately 3.5 tons per hectare. From the fruits
harvested from this variety, natural or sparkling wines are produced, known as missionary wines (Magoni,

2009; Gonzalez-Andrade and Fuentes-Flores, 2013; SEFOA, 2011; Magoni, 2021).

Figure 1. 'Mission' grapevines in Ejido Uruapan, Baja California. A) 'Mission' grapevines established under rainfed
conditions. B-C) 'Mission' grapevine specimens showing a free-forming and unsupported pattern. D) Green grape
cluster obtained from a 'Mission' plant. E) Mature grape cluster obtained from a 'Mission' grapevine.

Globally, grapevine trunk diseases (GTDs) constitute one of the most significant challenges in vineyards.
GTDs are a complex that include black foot, Botryosphaeria dieback, Esca, Eutypa dieback, and Petri
disease (Urbez-Torres et al., 2012). Currently, 133 fungal species distributed among 34 genera have been
identified as causal agents of these diseases (Gramaje et al., 2018). Symptoms typically manifest several
years after infection, including wood necrosis, cankers, foliar discoloration, cordon dieback, and plant

death (Gramaje et al., 2018; Niem et al., 2020). The pathogens primarily enter the plant through wounds



made during the pruning season (Pollard-Flamand et al., 2022).

Botryosphaeria dieback is one of the most important GTDs. In total, 28 different fungal species are
associated with this disease, belonging to the genera Botryosphaeria, Diplodia, Dothiorella, Lasiodiplodia,
Neofusicoccum, Neoscytalidium, Sphaeropsis, and Spencermartinsia (Gramaje et al., 2018). These
pathogens typically initiate infection by entering the plant, often through pruning wounds. The first
symptoms of the disease, including leaf spots, fruit rots, dieback and necrosis in the shoots, wood
discoloration, and canker formation, become noticeable usually years after the initial infection (Urbez-

Torres, 2012; Billions-Baaijens and Savocchia, 2019; Blundell and Eskalen, 2022).

Various species of the family Botryosphaeriaceae have been identified in the primary grapevine-producing
regions of Mexico. In commercial vineyards of Baja California, the identified species are: Botryosphaeria
dothidea, Diplodia corticola, D. seriata, Lasiodiplodia brasiliensis, L. crassispora, L. exigua, L. gilanensis, L.
theobromae, Neofusiccocum australe, N. parvum, and N. vitifusiforme (Urbez-Torres et al., 2009; Candolfi-
Arballo, 2009: Rangel-Montoya et al., 2021; Rangel-Montoya et al., 2022). Regarding 'Mission' grapevines
established in vineyards of Baja California, some plants have shown symptoms associated with grapevine
trunk diseases but currently lack a clear identification of the fungi causing the observed symptoms. This
lack of knowledge could be problematic, as these plants may serve as a reservoir of pathogenic

microorganisms that infect other grapevine cultivars.

In general, the management of GTDs is complex, with no curative treatments available. Therefore,
management strategies primarily revolve around implementing cultural and preventive measures, with
each approach depending on the extent of damage to the plant, the specific pathogens involved, and the
geographic region (Gramaje et al., 2018). These strategies commonly involve protecting pruning wounds
by applying paints, pastes, fungicides, or beneficial microorganisms to prevent the entry of
phytopathogenic fungi into the plant (Mondello et al., 2018; Gramaje et al., 2018; Billions-Baaijens et al.,
2019).

While chemical fungicides can rapidly control many fungal diseases, their effectiveness in managing wood
diseases in grapevines has been limited. Following the ban on sodium arsenite, products containing active
ingredients from the carbamates or benzimidazoles group have demonstrated the highest efficacy in
controlling pathogens from the Botryosphaeria and Eutypa genera (Andreolli et al., 2016; Gramaje et al.,
2018; Mondello et al., 2018). As a result, the use of microorganisms as biocontrol agents has been

considered a relevant alternative for managing these diseases. Microorganisms typically employ diverse
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mechanisms to inhibit the growth of pathogens, promote plant growth, and colonize woody tissues, while
consistently maintaining a broad-spectrum antagonistic activity (Mondello et al., 2018; Dini-Andreote,

2020; Jacob et al., 2020).

Various reports have shown that plants in arid conditions form associations with microorganisms,
including bacteria and fungi, which can enhance stress resistance against the negative impacts of drought
through various mechanisms. These mechanisms include improving the absorption of water and nutrients
by inducing changes in root morphology, protecting against oxidative damage, regulating phytohormone
levels, and suppressing phytopathogens, like those responsible of GTDs (Poudel et al., 2021; Riseh et al.,
2021). Considering the time since their establishment and the complex climatic conditions in which the
'Mission' grapevines are found, characterized by a dry to very dry climate with an average annual rainfall
of 99 mm per year (SIAP, 2023), it is probable that they maintain associations with beneficial

microorganisms that allow them to survive in these adverse conditions.

Endophytic microorganisms from the genera Bacillus, Paenibacillus, Pseudomonas, Streptomyces,
Epicoccum, and Trichoderma have been identified with antagonistic activity on Diplodia seriata (Almeida
et al., 2020; Silva-Valderrama et al.,, 2021), Phaeomoniella chlamydospora (Haidar et al., 2016),
Phaeoacremonium aleophilum (Del Frari et al., 2019), Dactylonectria sp., llyonectria sp.,
Phaeoacremonium minimum (Alvarez-Pérez et al., 2017), N. parvum (Silva-Valderrama et al., 2021) and
Lasiodiplodia theobromae (Rezgui et al., 2016). Although these microorganisms have demonstrated
antagonistic activity against trunk disease fungi under in vitro conditions, their biocontrol effectiveness

does not always translate well when applied in the field.

Their success depends on various factors, including the ability of the microorganisms to survive and
efficiently colonize plant tissues, the nature of the biocontrol agent, the specific pathogen, the method of
application, and even the cultivar on which it is applied (Rabiey et al., 2019; Martinez-Diz et al, 2021; Niem
et al., 2023).

Recently, 'Mission' grapevines have gained significance. This can be attributed to their heritage, the
growing interest in wines produced from these heritage varieties, and their demonstrated adaptability to
arid conditions with minimal agricultural management. Consequently, 'Mission' grapevines have become
an intriguing subject of study in assessing their potential as reservoirs of pathogenic fungi and in the quest
for microorganisms capable of controlling trunk diseases fungi. Considering this, this work aims to

investigate the presence of grapevine trunk disease fungi associated with 'Mission' grapevines and identify
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endophytic microorganisms with the potential to be used as biological control agents for controlling

grapevine trunk disease fungi in commercial vineyards.

1.1 Justification

Due to the negative effect of climate change on productivity in grapevine cultivation in Baja, California, it
is necessary to establish adapted cultivars. In this sense, 'Mission' grapevines have shown the ability to
grow in arid conditions and with minimal agricultural management, which makes them a viable option for
establishment in this wine region. Symptoms associated with grapevine trunk diseases, including dieback
and formation of wedge-shaped necrotic lesions, have been observed in old grapevines of this cultivar.
However, the pathogens responsible for causing these symptoms are unknown. Given the lack of
knowledge about the pathogenic microorganisms associated with 'Mission' grapevines, it is essential to
investigate these associations to establish management strategies and guarantee the health of the

propagation material.

On the other hand, 'Mission' grapevines have shown the ability to maintain consistent production year
after year, even when established in adverse conditions. In this case, the interaction between these plants
and several beneficial microorganisms could be crucial in their ability to withstand such adversity. Given
the lack of knowledge about microorganisms associated with 'Mission' grapevines, it is essential to

investigate these associations.

This work aims to examine the presence of grapevine trunk disease fungi associated with 'Mission'
grapevines and to identify endophytic microorganisms with the potential to be used as biological control

agents to control grapevine trunk disease fungi in commercial vineyards.

1.2 Hypothesis

'Mission' grapevines from Baja California are reservoirs of grapevine trunk diseases fungi and beneficial

microorganisms that can act as biocontrol agents.



1.3 Objectives

1.3.1 Main objective

To analyze the presence of grapevine trunk disease fungi associated with the 'Mission' grapevine and
identify endophytic microorganisms with the potential to be used as biological control agents for

controlling grapevine trunk disease fungi in commercial vineyards.

1.3.2 Specific objectives

1. To evaluate the presence of pathogenic fungi responsible for grapevine trunk diseases in

'Mission' grapevines.

2. To isolate and characterize biological control microorganisms associated with the 'Mission'
grapevine with the potential as biological control agents against the pathogenic fungi causing grapevine

trunk diseases.
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Chapter 2. Analyzing the phytosanitary status of 'Mission' grapevines

of Baja California, Mexico, regarding trunk diseases fungi

2.1 Abstract

In Baja, California, 'Mission' grapevines were introduced in 1869 and are now established under rainfed
conditions with minimal agricultural management while maintaining production. These grapevines have
remarkably adapted to drought and high temperatures, making them a viable option for cultivation in a
region with less than 99.1 mm of annual precipitation. Like other grapevine varieties, 'Mission' grapevines
frequently show symptoms of grapevine trunk diseases, but the specific pathogens responsible for these
symptoms remain unidentified. Efforts are underway to utilize the 'Mission' variety for wine production,
which requires the evaluation of its phytosanitary status to support widespread cultivation. This study
aims to identify potential causal agents of trunk diseases in this variety. Initially, 'Mission' grapevine tissue
samples were collected from eight vineyards established in Baja California. From the samples analyzed, 78
fungal strains were obtained, and 13 were morphologically and molecularly identified as trunk disease
fungi, including Diaporthe ampelina and Diplodia seriata. The last was the most prevalent and was isolated
from all the sampling sites. All evaluated strains demonstrated optimal growth temperatures between 25
and 28°C. Pathogenicity tests confirmed that all tested strains could induce lesions on grapevine stems of
'Mission,' 'Malvasia Blanca,' and 'Tempranillo,' thereby affirming their infective capacity and highlighting

the role of 'Mission' grapevines as a reservoir for grapevine trunk fungi, albeit with lower virulence.

2.2 Introduction

Grapevine is a globally cultivated crop, with approximately 7.3 million ha of established vineyards
worldwide. About 50% of the world's vineyard area is concentrated in five countries: Spain (13%), China
(11%), France (11%), Italy (10%), and Turkey (6%) (OIV, 2021; OIV 2022). Mexico has around 36,587 ha of
vineyards, ranking 26th worldwide (SIAP, 2023). The country produces a total of 452,125 tons of grapes
annually (SIAP, 2023). The main grape-producing states in Mexico are Sonora, Zacatecas, Aguascalientes,

Baja California, and Coahuila (SIAP, 2022a).
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Globally, vineyards are affected by grapevine trunk diseases (GTDs). These complexes of diseases include
Petri disease, Black foot, Esca, Eutypa dieback, and Botryosphaeria dieback (Urbez-Torres, 2011; Mondello
et al., 2018). Among these, Esca, Petri disease, and Botryosphaeria dieback are the most widespread
(Hrycan et al., 2020; Kenfaoui et al., 2022). These diseases are caused by fungi that colonize the xylem and
progress slowly, meaning that symptoms in infected plants may not become apparent until several years
after infection (Hrycan et al., 2020). The main symptoms of GTDs include wood necrosis, cankers, foliar
discoloration, cordon dieback, and plant death (Gramaje et al., 2018; Niem et al., 2020). Grapevine wood
comprises lignocellulosic material that includes cellulose, hemicelluloses, aromatic lignin, tannins,
proteins, and minor inorganic compounds (Cabalova et al., 2023). It has been proposed that the virulence
of GTDs fungi could be influenced by the capability of each fungus to colonize and degrade grapevine
wood. The degradation is achieved through the production of different hydrolytic enzymes such as
carbohydrate-active enzymes (CAZymes), glycoside hydrolase, carbohydrate esterases and polysaccharide
lyases, among others (Claverie et al., 2020; Belair et al., 2023). However, external factors have also been
reported to influence the severity of the diseases, such as temperature, humidity, cultivar, vineyard age,

management and pathogens (Claverie et al., 2020; Kenfaoui et al., 2022).

In the most important grapevine cultivation regions of Mexico, various species of GTDs fungi have been
identified. In 1979, the presence of Eutypa armeniacae was identified in vineyards established in
Aguascalientes, Coahuila and Sonora (Téliz, 1979). Subsequently, Urbez-Torres et al., (2008) reported the
presence of Diplodia seriata and Lasiodiploda theobromae in ten grapevine varieties established in
vineyards located in Hermosillo, Sonora, and Ensenada, Baja California. Later, fungi associated with Esca
belonging to Phaeomoniella and Phaeoacremonium were isolated in Baja California vineyards (Morales-
Pedraza, 2010). Paolinelli-Alfonso et al., 2015 reported the presence of Eutypella microteca in 'Cabernet
Sauvignon' grapevines established in Baja California. In 2020, Avila Salazar et al., identified the presence
of Greeneria uvicola in different vineyards located in Sonora. Later, Rangel-Montoya et al., (2021)
identified Lasiodiplodia gilanensis, L. brasiliensis, L. exigua, L. crassispora in vineyards established in Baja
California and Sonora. Other fungal species associated with Botryosphaeria dieback including
Botryosphaeria dothidea, Diplodia seriata, Neofusiccocum australe, N. parvum and N. vitifusiforme were
reported in Baja California and Coahuila (Rangel-Montoya, 2024). Recently, Rangel-Montoya and
Hernandez-Martinez (2024) identified three species of Aspergillus, A. tubingensis, A. welwitschiae and A.
niger, as causal agents of cankers in grapevines established in vineyards in Baja California, Guanajuato and

Sonora.
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Baja California, Mexico faces adverse climatic conditions that have affected vineyard production. Changes
in these conditions, including a longer dry season, high temperatures (ranging from 13.4 to 51.4°C) and an
annual precipitation of only 99.1 mm (SIAP, 2023; CONAGUA, 2023), are hypothesized to increase the
expression of symptoms associated with GTDs and fungal virulence. These harsh conditions are believed
to affect the defense system of the plants, leading to increased susceptibility and promoting fungal
infections (van Niekerk et al., 2011; Fontaine et al., 2016; Hrycan et al., 2020). To address this problem, it
is necessary to find plant cultivars adapted to dry conditions. In this context, the 'Mission' grapevine is a
promising option for expanding vineyard areas in Baja California, as it appears to be well-suited to arid and
saline conditions (Andrade et al., 2013; Zurita-Silvar et al., 2021; Martain-Amozurrutia., 2021). The
'Mission' grapevine is a red cultivar known for its rustic and semi-erect growth habits. Currently, 'Mission'
vineyards in the state consist of vines over 40 years old, obtained from the first grapevines introduced by
missionaries. Throughout the state, only 37.96 ha of vineyards are planted with 'Mission' grapevines,
which are grown under rainfed conditions with limited agricultural management. Despite these challenges,
yields are approximately 3.5 tons per hectare (Magoni, 2009; SEFOA, 2011; Andrade et al., 2013; Magoni,
2021).

Despite their potential, 'Mission' grapevines in Baja California vineyards have displayed symptoms linked
to trunk diseases fungi. Currently, the specific fungi responsible for these symptoms remain unidentified.
This poses a concern as these plants could act as a reservoir of pathogenic microorganisms that may infect
other grapevine cultivars. To address this issue, the objective of this study was to identify and characterize
the grapevine fungi associated with trunk diseases affecting 'Mission' grapevines in Baja California

vineyards.

2.3 Methodology

2.3.1 Isolation of microorganisms from 'Mission' grapevines

Samples were collected from eight vineyards in Baja California. Four of these samples were obtained from
vineyards in the Guadalupe Valley region, while the remaining four came from vineyards in Ejido Uruapan.
At each sampling site, five plants showing symptoms associated with GTDs, such as dieback and cankers,
were selected for tissue sampling (Figure 2). For each chosen plant, three branches of semi-woody tissue,

each measuring around 15 cm in length and located proximally to the symptomatic branch, were sampled.
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The collected samples were then placed in plastic bags and stored at 4°C until processing. To isolate the
fungi, bark was removed from each branch and cut into 1 cm fragments. The tissue was then surface
sterilized by flaming and inoculated onto Potato Dextrose Agar (PDA) and water agar supplemented with
chloramphenicol (25mg/mL), as described by Rangel-Montoya et al., (2021). The plates were then
incubated at 28°C for a week, during which fungal colonies were recovered as they appeared and

subsequently plated to isolate pure cultures. The fungal strains were preserved at 4°C in 20% glycerol.

Figure 2.'Mission' grapevines from Baja California vineyards showing symptoms of grapevine trunk diseases. A) Map
of Ensenada, Baja California, indicating the regions where 'Mission' grapevine tissue samples were collected. B)
'Mission' grapevines established in Baja California. C) 'Mission' grapevine with dieback symptoms. D-H) 'Mission'
grapevine plants exhibiting necrosis in the vascular system, with wedge-shaped necrotic lesions visible.

2.3.2 Identification of fungi associated to GTDs

Morphological and molecular Identification were performed for those isolates exhibiting characteristics
consistent with those reported by Wilcox et al., (2015) for fungi associated with GTDs. Morphological
characterization was conducted by first growing each strain on Potato Dextrose Agar (PDA) and Malt
Extract Agar (MEA). The plates were incubated for seven days at 28°C, and the colony characteristics were
observed. To facilitate conidia production, the isolates were inoculated onto water agar supplemented

with pine needles to promote the formation of pycnidia and conidia (Phillips et al., 2013). The plates were
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incubated four weeks at room temperature under near-ultraviolet light with 12-hour light and 12-hour
dark photoperiod. Once the pycnidia were obtained, they were resuspended in sterile water to obtain the
conidia, which were observed under an optical microscope (AxioVert200 Zeiss). Length and width of 30

conidia were measured for each strain.

For molecular identification, all isolates were initially inoculated in Potato Dextrose Broth (PDB), and the
cultures were incubated for five days at 28°C and with constant shaking at 110 rpm to promote mycelium
growth. Total DNA extraction was then extracted following the CTAB protocol (Wagner et al., 1987).
Amplification of the ITS region was performed using primers ITS1 (5- TCCGTAGGTGAACCTGCGG-3') and
ITS4 (5 TCCTCCGCTTATTGATATGC3') and the EF1-a region was amplified using primers EF1-728F (5' -
CATCGAGAAGTTCGAGAAGG-3') and EF1-986R (5'- TACTTGAAGGAACCCTTA CC-3') (Carbone & Kohn 1967).
PCR reactions were conducted in a final volume of 25 L, containing 2.5 pL of 10X Buffer with 15 mM
MgCl2, 0.5uL of 20 mM dNTPs, 1.0 pL of 10 uM of each primer, 0.125 pL of Tag DNA polymerase (DreamTaq
DNA Polymerase, Thermo Scientific) at 5 units per pL, 1 plL of 30 ng-uL-1 DNA, and 18.75 uL of ultrapure
water. Amplification was performed in a Bio-Rad T-100 thermal cycler under the following conditions: an
initial cycle of 95°C for 3 min, followed by 35 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 1 min, and

a final cycle at 72°C for 10 min.

PCR products were verified by electrophoresis in an agarose gel. Bands of approximately 650 bp for the
ITS and 350 bp for the EF1-a region were purified and sequenced (Eton Bioscience, Inc., San Diego, USA).
The resulting sequences were compared using Blast (https://blast.ncbi.nlm.nih.gov/) with the GenBank
nucleotide database (http://www.ncbi.nlm.nih.gov) (Table 1). Phylogenetic trees were constructed using
Maximum Likelihood and Maximum Parsimony methods with MEGA XI (Koichiro et al., 2021). The K2+G+I
model was used with Maximum Likelihood analysis, with parameters set to the bootstrap method using

1000 replicates.

Table 1. List of GenBank and culture accession numbers for fungal species used in this study for phylogenetic
analyses. Bold entries were isolated in this work.

GenBank accession
Species Isolate Host Origin number
ITS tefl-a

Diaporthe ampelina CBS 111888 Vitis vinifera USA KC343016 KC3437421
D. ampelina CBS 143354 Vitis vinifera Hungary MG281127 MG281648

D. ampelina CPC 29674 Vitis vinifera Spain MG280993 MG281514

D. ampelina HMVOLL20BCMX Vitis vinifera Mexico PQ152474 PQ177957

D. baccae CBS136972 Vaccinium corymbosum Italy KJ160565 KJ160597
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D. baccae CBS143343 Vitis vinifera France MG281001 MG281522

D. bohemiae CBS 143347 Vitis vinifera Czech Republic MG281015 MG281536
D. bohemiae CBS 143348 Vitis vinifera Czech Republic MG281016 MG281537
D. celeris CBS 143349 Vitis vinifera United Kingdom MG281017 MG281538

D. celeris CPC 28267 Vitis vinifera United Kingdom MG281019 MG281540

D. eres CBS 138594 Ulmus laevis Germany KJ210529 0OM752197

D. eres CBS 109767 Acer campestre Austria KC343075 KC343801

D. foeniculacea CBS 111553 Foeniculum vulgare Spain KC343101 KC343827
D. foeniculacea CBS 18727 Camellia sinensis Italy KC343107 KC343833
D. rudis CAA987 Foeniculum vulgare Portugal MT073314 MT051934
D. rudis CAA582 Eucalyptus globulus Portugal MW546041 | MW768126
Diaporthella corylina CBS 121124 Corylus sp. China KC343004 KC343730
Diplodia corticola CBS 112549 Quercus suber Portugal AY259100 AY573227
D. corticola CBS 112547 Quercus suber Portugal AY259110 DQ458872
Diplodia cupressi CBS 16887 Cupressus sempervirens Qualifiers NR_111219 DQ458878
D. cupressi CBS 121027 Cupressus sempervirens - MT587340 MT592045

D. mutila CBS 112553 Vitis vinifera Portugal AY259093 AY573219

D. mutila CBS 23030 Phoenix dactylifera USA DQ458886 DQ458869

D. pseudoseriata uy788 Blepharocalyx salicifolius Uruguay EU080927 EU863181
D. pseudoseriata uY671 Blepharocalyx salicifolius Uruguay EU080922 EU863179
D. sapinea CBS39384 Pinus nigra Netherlands DQ458895 DQ458880

D. sapinea CBS109725 Pinus patula South Africa DQ458896 DQ458881

D. seriata CBS 112555 Vitis vinifera Portugal KF766161 AY573220

D. seriata CPC 30978 Tilia platyphyllos Germany MT587393 MT592104

D. seriata AA3 Prunus dulcis USA MZz079025 MZz093433

D. seriata AS8 Prunus dulcis USA MZz079029 MZz093437

D. seriata EF14BCMX Vitis vinifera Mexico PQ152462 PQ177945

D. seriata HMV01BCMX Vitis vinifera Mexico PQ152463 PQ177946

D. seriata HMV04BCMX Vitis vinifera Mexico PQ152464 PQ177947

D. seriata HMV06BCMX Vitis vinifera Mexico PQ152465 PQ177948

D. seriata HMV10BCMX Vitis vinifera Mexico PQ152466 PQ177949

D. seriata HMV12BCMX Vitis vinifera Mexico PQ152467 PQ177950

D. seriata RPO5BCMX Vitis vinifera Mexico PQ152468 PQ177951

D. seriata R2HG01BCMX Vitis vinifera Mexico PQ152469 PQ177952

D. seriata VEUL1MO03CMX Vitis vinifera Mexico PQ152470 PQ177953

D. seriata VEUL1IMO7CMX Vitis vinifera Mexico PQ152471 PQ177954

D. seriata VEUL1M10CMX Vitis vinifera Mexico PQ152472 PQ177955

D. seriata VEUL2M12CMX Vitis vinifera Mexico PQ152473 PQ177956
Lasiodiplodia CBS 16496 Fruit along coral PNG AY640255 AY640258

theobromae
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2.3.3 Determination of optimal growth temperature

To investigate the effect of temperature on the growth of the fungal isolates associated with 'Mission'
grapevines, each strain was inoculated at the edge of PDA plates, using a 7 mm diameter mycelial plug.
The plates were incubated at temperatures of 25°C, 28°C, 30°C, 35°C, 37°C and 40 °C (Rangel-Montoya et
al., 2021) for five days. Each strain was evaluated in triplicate. The diameter of the colony was measured

daily. Afterwards, the following formula was used to determine the growth rate:

GR=—— (1)

where: GR= growth rate, R¢= Final colony radio (mm), R;= Initial colony radio (mm), T¢= Final time when
colony measured (d) and T;= Initial time (day 1). The temperature where the fungi had the highest growth

rate was considered the optimum growth temperature.

2.3.4 Pathogenicity assay of identified strains

Pathogenicity assays were performed using thirteen isolates. For this purpose, 25 cm long dormant canes
with three internodes from 'Mission,' ‘Tempranillo,' and 'Malvasia Blanca' cultivars were used. The fungi
inoculum was obtained from cultures grown on PDA four days at 25°C. The canes were first superficially
sterilized, and a 3.9 mm mechanical wound was created using a drill in the middle internode. A 2.5 mm
diameter disk of mycelium was then placed inside the wound, which was covered with Parafilm® (Carlucci
et al.,, 2015). In negative controls, canes were inoculated with a disk of PDA medium. To compare
pathogenicity with fungi isolated from commercial vineyards, two strains were included as positive
controls: L. brasiliensis MXBCL28 and D. seriata BYO6BCMX (Rangel-Montoya et al., 2021; Rangel-Montoya
et al.,, 2024). Ten repetitions per treatment were established. After inoculation, the detached canes were
placed in plastic containers with just enough water to keep them hydrated without covering the wound.
The canes were kept for 50 days in a growth chamber at 25°C under a photoperiod of 16 light-8 dark hours
with 50% relative humidity. At the end of the assay, the length of the lesion was evaluated, and efforts
were made to recover the inoculated microorganisms following the protocol described above. Data were
analyzed using one-way ANOVA with post-HDS analysis for homogeneous group comparisons, with a

significance level set at a < 0.05. Statistical analysis was conducted using STATISTICA 8.0.
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2.3.5 Evaluation of grapevine trunk diseases fungi growth on different carbon

sources

Three strains from the Valle de Guadalupe region and two from Ejido Uruapan were used to assess the
utilization of wood components as a carbon source. The strains were grown in Minimal Medium 9 (MM9)
(3.0 K;3HPO4 g/L, 3.0 KH,PO4 g/L, 0.5 NaCl g/L, 1.0 NH4Cl g/L, 15.0 agar g/L) supplemented with one of the
following carbon sources: glucose 1%, xylose 1%, lignin 0.1%, arabinose 1%, starch 1%, cellulose 1%, xylene
1%, glycerol 1%, pectin 1%, glycogen 1%, galactose 1%, tannic acid 0.1% or grapevine wood (Rangel-
Montoya et al., 2023). A 7 mm mycelium disc of each fungus was inoculated at the edge of a Petri dish,
and plates were then incubated at 28°C for six days. The mycelial growth rate was calculated after five

days using the same formula for determining optimal growth temperature.

2.3.6 Histological analysis of grapevine canes

Histological analyses were conducted on grapevine canes used for the pathogenicity assay to observe the
ability of D. seriata HMV12BCMX to degrade starch, cellulose, and lignin in two grapevine cultivars. Five
canes from each 'Mission' and 'Tempranillo' cultivars inoculated with this fungus were selected.
Additionally, canes inoculated with L. brasiliensis MXBCL28 were included to compare the cell wall

degradation activity with control plants.

Half of the cane samples from the pathogenicity assay were fixed in 20 mL of FAA solution (Formalin-
Aceto-Alcohol, 5:5:9) and stored at 4°C for 24 h. The samples were rinsed and preserved in 80% ethanol
at 4°C until used. For histological observations, 70 um thick sections of each sample were obtained using
a manual microtome. The sections were stained with an iodine-potassium iodide solution (5% iodine, 10%
potassium iodide) to visualize starch in black (Rangel-Montoya et al., 2023). Lignin was detected using
0.1% phloroglucinol-HCI (Nakano and Meshitsuka, 1992), and cellulose was observed with a 0.02%
Calcofluor M2R White solution (Ruzin, 1999). For each staining procedure, five stained tissue slices were
examined using an AXioVert200 microscope with a RisingCam U3CMOS camera. For Calcofluor M2R White
staining, epifluorescence microscopy was performed with an AXioVert200 microscope equipped with an
HBO100 100W mercury lamp and a DAPI filter (excitation at 330-380 nm, emission at 420 nm). Images

were captured using Rising View software and analyzed with Image) 1.49v.
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2.4 Results

2.4.1 Isolation and identification of GTDs fungi associated with 'Mission’

grapevines

From the analyzed grapevine tissues, 78 fungal strains were obtained and identified morphologically as
belonging to genera Alternaria, Aspergillus, Chaetomium, Fusarium, Trichoderma, Sordaria, Diaporthe, and
Diplodia. Only strains with morphological characteristics similar to those reported for grapevine trunk

fungi were processed for molecular identification.

According to the phylogenetic trees, strain HMV20BCMX was identified as D. ampelina, and the twelve
Diplodia strains were identified as Diplodia seriata. The morphological characterization of mycelium and
spores was performed for twelve Diplodia strains and one Diaporthe strain. In PDA medium D. ampelina
HMVOLL20BCMX showed a white mycelium colony, concentric rings, irregular margins and absent of aerial
mycelium. While in MEA medium the colony presented a light beige color, the formation of concentric
rings, irregular edges and the absence of aerial mycelium (Figure 3). Two kinds of conidia were observed:
o conidia are aseptate, hyalin, cylindrical, tapering towards the apex, and straight (11.1) 10.1 — 14.6 x (3.1)
2.1 — 3.6 (Figure 3 and Table 2). B conidia are aseptate, hyaline, filiform, slightly curved and tapering
towards the apex, with (24.2) 18.1 —28.8 x (1.4) 1.1 — 1.9 um (Figure 3 and Table 2).

Diplodia seriata isolates exhibited smoke-gray colonies with minimal aerial mycelium formation on PDA
and MEA medium. The colonies displayed little or no aerial mycelium and had a dark brown color (Figure
4). The conidia are ovoid with a rounded apex and a truncate base, initially hyaline, that later develop a
brown coloration and some of them have septa (Figure 4 and Table 2). Conidial sizes range from 18.1 to
25.7 pm in length and 9.6 to 13.36 um in width. Specifically, D. seriata strains RPBO5BCMX and
VEUL2M12BCMX had the shortest conidia, while the VEUL1IM10BCMX strain had the longest. Additionally,
the presence of septa was observed in the spores of 11 of the isolated strains, only in the spores of the D.

seriata strain HMV10 BCMX the presence of septa was not observed.

Table 2. Dimensions of conidia from grapevine trunk fungi associated with 'Mission' grapevines.

Conidium size (um)? Mean * SD?

Isolate




Diaporthe ampelina
HMVOLL20 (a
conidia)

(11.1) 10.1-14.6 x (3.1) 2.1 - 3.6

242+26x1.5+0.2

Diaporthe ampelina
HMVOLL20 (B
conidia)

(24.2) 18.1-28.8x (1.4) 1.1- 1.9

242+2.6x15+0.2

Diplodia seriata
EF14BCMX

(30.1) 25.3-30.3 x (11.5) 9.6 — 14.8

283+15x12.0+1.4

D.seriata
HMV01BCMX

(26.5) 21.3 - 29.1 x (10.9) 9.0 - 12.4

26.5+2.2x109+1.0

D.seriata
HMV04CMX

(29.0) 24.0 - 29.9 x (11.3) 10.8 — 14.0

27.7+1.4x123+0.9

D.seriata
HMVOLLO6BCMX

(23.7) 21.6 - 25.8x (12.2) 9.1 - 12.6

240+1.1x11.1+£1.0

D.seriata
HMV10 BCMX

(23.5)21.3-24.7x(10.7) 9.1 - 12.1

23.0+1.2x11.0+0.7

D.seriata
HMV12BCMX

(26.7) 24.9-29.2 x (10.8) 9.4 - 11.6

26.7+1.7x109+0.7

D.seriata
RPO5BCMX

(23.7) 19.4 - 24.7 x (10.6) 10.0 -12.8

226+1.5x11.3+0.8

D.seriata
R2HG01BCMX

(28.1) 23.5-29.1x(10.1) 9.4 - 12.5

26.5+1.8x18.8+0.8

D.seriata
VEUL1MO3

(25.1) 22.2 - 30.3 x (13.1) 10.1 - 15.0

253+1.9x12.8+.10

D.seriata
VEUL1MO07

(25.8) 22.9-29.3 x (11.8) 9.1 - 12.9

266+1.7x11.3+1.1

D.seriata
VEUL1M10

(27.1) 23.0-32.1x(13.9) 11.0-17.1

27.8+23x141+1.8

D.seriata
VEUL2M12

(25.1) 19.3-27.6 x (12.1) 9.3 - 12.7

242+22x11.1+£1.0

1 Most repetitive value, minimum size, and maximum size for length and width of 30 conidia.
25D = standard deviation.
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Figure 3. Diaporthe ampelina HMV20BCMX recovered from 'Mission' grapevine. A) D. ampelina growth in PDA
medium. B) D. ampelina growth in MEA medium. C) Colony of D. ampelina growth with pycnidia. D) Individual
pycnidia. E) a conidia of D. ampelina. F) B conidia of D. ampelina.

HMV04BCMX

10pm

R2HG01BCMX

Figure 4. Strains of D. seriata associated with 'Mission' grapevine. A-B-C) D. seriata HMV01BCMX growth on PDA and
MEA at 25°C for seven days showing brown conidia. D, E, F) HMV04BCMX growth on PDA and MEA at 25°C for seven
days showing brown conidia.
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= Diaporthe celeris CBS 143349

92 | Diaporthe celeris CBS 28267

. Diaporthe ampelina CBS 111888
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Diaporthe ampelina CBS 143354
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Diaporthe ampelina CBS 29674

‘| Diaporthe bohemiae CBS 143347
| Diaporthe bohemiae CBS 143348

I Diaporthe rudis CAA987
100 Diaporthe rudis CAA583

Diaporthe foeniculacea CBS 11553583
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Diaporthe foeniculacea CBS 18727

Diaporthe baccae CBS 143343
Diaporthe baccae CBS 136972

Diaporthella corylina CBS 121124

.

5

Figure 5. Most Parsimonious trees of Diaporthe isolates, based on a concatenated database of ITS and tef-1a
sequences. The isolate described in the present study is indicated in bold font. Numbers above nodes represent
bootstrap values obtained from 1000 replicates. The tree is rooted with Diaporthe corylina CBS121124.
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HMV10BCMX
RPO5BCMX
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EF14BCMX

44| Diplodia seriata AS8
Diplodia seriata AA3

Diplodia seriata CBS 112555
Diplodia seriata CPC:30978

| VEUL1M10BCMX
HMVO1BCMX
“2lHMVO04BCMX

| HMV12BCMX
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VEUL1MO7BCMX
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ggrDip/odia pseudoseriata UY788
| Diplodia pseudoseriata UY67 1

Diplodia scrobiculata CBS 118110

Diplodia sapinea CBS 393.84

s9| 64 Diplodia sapinea CBS 109725
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32

Diplodia mutila CBS 112553
Diplodia mutila CBS 230.30

Diplodia cupressi CBS 168.87
84 | Diplodia cupressi CBS121027

1oo| Diplodia corticola CBS 112549
Diplodia corticola CBS 112547

Lasiodiplodia theobromae CBS 164 96

1

Figure 6. Most Parsimonious tree of Diplodia isolates, based on a concatenated database of ITS and tef-1a sequences.
Isolates described in the present study are indicated in bold font. Numbers above nodes represent bootstrap values
obtained from 1000 replicates. The tree is rooted with Lasiodiplodia theobromae CBS 16496.

2.4.2 Optimal growth temperature of grapevine trunk diseases fungi associated

to 'Mission'

The thirteen evaluated strains exhibited an optimal growth temperature between 25 and 28°C.
Specifically, D. ampelina HMV20BCMX had an optimal growth temperature of 25°C, with a growth rate of

3.42 mm per day (Table 3). This strain showed no growth when incubated at 30, 37, or 40°C, but it resumed
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growth after being transferred back to room temperature. On the other hand, Diplodia strains exhibited
an average growth rate ranging from 4.7 to 17.1 mm per day. Diplodia seriata VEULIMO3BCMX displayed
the lowest growth rate at 25°C, while D. seriata HMV0O4BCMX exhibited the highest growth rate. Ten
Diplodia strains grew at 37°C, with HMV06BCMX and VEUL1MO3BCMX being the only exceptions (Table
3). None of the D. seriata strains grew at 40°C; however, they resumed growth after three days at room

temperature.

Table 3. Mean growth rate (mm/day + SD) of selected fungi isolated from 'Mission' grapevines at five temperatures
after five days of incubation.

Isolate Temperature
25 °C 28 °C 30 °C 35°C 37 °C 40 °C
3.42+0.8 3.0+0.3 1.1+0.2 0 0

D. ampelina HMV20BCMX

D. seriata EF14BCMX 16.3£0.6 17.2+04 |138+11| 90+04 [0.6+0.1

D. seriata HMVO1BCMX 16.3+£0.3 141+£21 |121+18| 93+£10 [0.5%0.1

D. seriata HMVO4CMX 17.1+£0.2 149+2.1 [ 147+04 | 94+2.1 |0.7£0.1

D. seriata HMVO6BCMX 139+2.1 13.2+0.7 | 9.2£0.2 | 5.1£0.6 0

D. seriata HMV10BCMX 156+0.1 13.2+3.2 | 144+05| 63+14 |0.5£0.1

D. seriata HMV12BCMX 15.5+£0.2 16.6£24 |13.7+£21| 85+09 [0.5%0.1

D. seriata RPOSBCMX 16.3+0.1 21.7+£04 |139+0.2 | 6.0+0.5 |0.5£0.2

D. seriata R2ZHGO1BCMX 16.4+£0.2 16.8£03 |124+05| 24+0.2 [0.6+0.1

D. seriata VEULLMO3BCMX 47+1.1 5.8+0.5 28+0.2 | 0.5£0.2 0

D. seriata VEULLMO7BCMX 16.5+0.4 16.3+2.1 [ 119+22 | 3.8+£0.5 |0.8£0.1

D. seriata VEULLM10BCMX 16.6+0.3 13.2+04 | 11.8+06| 6.8+£0.5 |0.9£0.1

D. seriata VEUL2ZM12BCMX 16.5+0.3 12.04+0.1 | 141+0.1| 65+1.0 [0.3%0.1
Media * average standard deviation.

o] ©O|] O] ol O] O] ©|] ol ol o] ©o|] ©o| ©

2.4.3 Pathogenicity assays of grapevine trunk fungi isolated from 'Mission’

grapevines on three cultivars

Among the different strains of grapevine trunk disease fungi evaluated, the isolate L. brasiliensis BCMXL28,
that was used as a positive control, produced the most extensive lesions on detached canes of all three
cultivars, with sizes ranging from 6.3 + 1.00 cm to 7.35 + 0.74 cm (Figure 7). The D. ampelina HMV20BCMX
strain exhibited intermediate virulence, causing necrotic lesions of 3.86 + 1.06 cm in 'Mission' and

'Malvasia Blanca' cultivars, while in 'Tempranillo,' lesions were only 1.90 + 0.87 cm (Table 4, Figure 6).
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Figure 7. Repreentative images of canés fro
trunk diseases fungi of the genera Lasiodiplodia (MXBCL28), Diaporthe (HMVOLL20BCMX), and Diplodia (BYO6BCMX,
HMV12BCMX, VEUL1IM10BCMX).

Table 4. Mean internal necrotic lesion length in three grapevine varieties caused by grapevine trunk diseases fungi.

Lesion length (cm)

Treatment 'Mission' 'Malvasia Blanca' 'Tempranillo'
Control 0+0a 0+0a 0+0a
L. brasiliensis BCMXL28 7.35+0.74i 6.5+1.81h 6.3+1.00f
D. seriata BYO6BCMX 1.16+0.44 b 2.48+1.23f 1.90 £ 0.87 bed
D. ampelina HMV20BCMX 3.86+1.06 h 3.940.45¢g 2.48 £ 0.64 de
D. seriata EF14BCMX 1.64 + 0.68 bedef 0.94 +0.26 abc 1.190.45 be

D. seriata HMV01BCMX

1.5+ 0.67 bed

1.35+0.16 cde

1.17 £ 0.37 bed

D. seriata HMV04BCMX

2.33 £ 0.63 cdefg 1.36 £ 0.47 cde 1.77 £ 0.73 be
D. seriata HMVO6BCMX 1.09+0.40 b 1.06 + 0.18 bc 1.11 + 0.45 bc
D. seriata HMV10BCMX 270+067g 2.32£0.66 ef 1.86+0.41d
D. seriata HMV12BCMX 2.62 +1.03 efg 2.29+0.98 ef 1.07 + 0.34 bc

D. seriata RPO5BCMX

1.29 £ 0.40 bc 2.18 £ 0.73 def 1.47 +0.57 bed

D. seriata RZHGO1BCMX 0.98+0.53 ab 1.23+0.26 bed 271+0.88e
D. seriata VEUL1MO3BCMX 2.69 +1.03 fg 0.21 +0.09 ab 1.38 + 0.45 bc
D. seriata VEULIMO7BCMX 1.184051b 1.23+0.32 be 0.85+0.25 ab
D. seriata VEULIM10BCMX 1.57 £ 0.50 bede 1.23+0.27 bed 1.24+0.46 bc
D. seriata VEULZM12BCMX 2.55+0.98 defg 0.8+ 0.38 abc 1.92+0.53 cd

Average + standard deviation. Different letters indicated statistical differences (@<0.05). Significance
letters were grouped based on HDS analysis (P< 0.05).
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All D. seriata strains evaluated exhibited low levels of virulence compared with L. brasiliensis BCMXL28;
however, they varied in behavior. Some strains caused necrotic lesions of similar lengths across the
cultivars. For example, D. seriata HMV06BCMX produced lesions of 1.09 + 0.40 cm in 'Mission,' 1.06 + 0.18
cm in 'Malvasia Blanca,' and 1.11 £ 0.45 cm in 'Tempranillo.' Other strains caused larger lesions in a single
cultivar. For instance, D. seriata HMV12BCMX generated lesions of 2.62 + 1.03 cm in 'Mission,' 2.29 + 0.98

cm in 'Malvasia Blanca,' and 1.07 £ 0.34 cm in 'Tempranillo' (Table 4).

Additionally, some strains of D. seriata, such as EF14BCMX, HMVO04BCMX, VEUL1MO3BCMX,
VEUL2M12BCMX, and HMV10BCMX, produced larger necrotic lesions in 'Mission' than in the other two
cultivars. Diplodia seriata BYO6BCMX caused lesions measuring 2.48 £ 1.23 cm in 'Malvasia Blanca,' which
were longer than those produced by this strain in the other two cultivars. In 'Tempranillo,' D. seriata
R2HGO1BCMX caused lesions measuring 2.71 + 0.88 cm, which were longer than those caused by this same
strain in 'Mission' (0.98 + 0.53) and 'Malvasia Blanca' (1.23 + 0.26) (Table 4). At the end of the experiment,
all inoculated fungi were recovered from the infected canes, and their species identities were verified

based on their morphological characteristics.

2.4.4 Determination of the growth rate of grapevine trunk fungi associated with

'Mission' grapevines in different carbon sources

The five grapevine trunk fungi evaluated in this assay exhibited the highest growth rates when cultivated
in MM9 supplemented with grapevine wood. All strains displayed sparse growth and a light gray mycelium
in this medium (Table 5). Specifically, D. ampelina HYM20BCMX showed a slow growth rate, ranging from
0.9 mm per day on glucose to 3.2 mm on grapevine wood. No significant differences in growth were

observed for this strain when inoculated in MM9 or with twelve different carbon sources (Table 5).

The D. seriata HMV12BCMX strains exhibited significant growth in MM9 supplemented with grapevine
wood. However, no differences in growth were observed when the strains were cultured in MM9 or with
the other twelve carbon sources (Table 5 and Figure 8). On the other hand, the D. ampelina HMV20BCMX,
D. seriata EF14BCMX, D. seriata HMV12BCMX, D. seriata VEUL1IMO3 and D. seriata VEUL2MO7BCMX
demonstrated faster growth in wood-supplemented MM9. The lowest growth rates were recorded when

all fungal strains growth in medium supplemented with pectin (1.9 mm/day).
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D. seriata VEUL2MO7BCMX displayed the highest growth rate in MM9 supplemented with grapevine wood
(13.2 mm/day). In contrast, significantly lower growth rates were observed in media supplemented with

xylose (1.5 mm/day) and starch (1.5 mm/day).

No carbon source Glucose

Glycerol

N\

Grapevine wood

’ 1/’../'-'“2;\
. \

\

Figure 8. Representative images of D. seriata HMV12BCMX growth in Potato dextrose Agar (PDA), minimal medium
9 (MM9) without carbon source, or MM9 supplemented with different carbon sources.

Table 5. Growth rates of five grapevine trunk fungi associated with 'Mission' grapevine in different carbon sources

Carbon source Growth rate (mm/day)

D. ampelina D. seriata D. seriata D. seriata D. seriata

HMV20BCMX EF14BCMX HVM12BCMX VEUL1MO03BCMX VEUL2MO07BCMX

No carbon source 1.2+0.2b 22+03b 6.3+0.4b 52+06b 41+0.4b

Glucose 09+0.2b 1.8+0.2b 6.2+0.4b 52+04b 21+04c




24

Cellulose 1.2+03b 29+0.2b 5.8+0.55b 3.7+£0.6 bc 3.8+0.3b
Xylose 1.0+£0.2b 1.9+0.1b 5.8+05b 27+0.1c 1.2+0.5¢c¢
Pectin 1.8+0.1b 3.1+04b 58+0b 1.9+03¢c 44+09b
Starch 14+03b 1.2+0.23b 58+0.7b 4.4+0.5bc 1.5+05¢c

Tannic acid 14+01b 22+0.2b 6.0+£0.5b 40+04bc 44+0.7b
Lignin 0.8+0.3b 3.8+0.4b 5.4+0.27b 43+05b 44+06b
Xylene 1.0+0.2b 33+0.2b 6.0+0.3b 49+0.7b 49+05b

Glycerol 1.2+04b 3.4+05b 5.6+0.2b 4.4+0.5bc 3.5+0.1 bc

Arabinose 1.3+04b 21+03b 6.1+05b 4.0+0.4 bc 41+0.2b

Galactose 1.1+0.1b 25+0.1b 58+0.2b 55+0.3b 3.8+1.0bc

Glycogen 1.0+£0.2b 14+03b 5.8+0.2b 53+05b 3.6+0.2 bc

Grapevine wood 3.2+0.2a 13.6+t0a 11.9+0.1a 11.4+04a 13.2+0.2a

Average + standard deviation. Different letters indicated statistical differences (a<0.05). Significance letters were
grouped based on HDS analysis (P< 0.05).

2.4.5 Diplodia seriata HMV12BCMX and L. brasiliensis L2Z8BCMX as grapevine cell

wall-degrading pathogens

For the histological analysis, canes inoculated with water (control), D. seriata HMV12BCMX, and L.
brasiliensis MXBCL28 in both 'Mission' and 'Tempranillo' cultivars were selected from the pathogenicity
test. Canes from the control treatment exhibited no necrotic lesions, whereas those inoculated with D.
seriata HMV12BCMX showed lesions up to 2.62 + 1.03 cm, and those inoculated with L. brasiliensis

MXBCL28 displayed a lesion length of 7.35 £ 0.74 cm.

In both 'Mission' and 'Tempranillo' cultivars, the control canes dyed with potassium iodide solution
showed the presence of starch stained in black, primarily in the xylem rays (Figure 9). In contrast, canes
inoculated with D. seriata HMV12BCMX and L. brasiliensis MXBCL28 displayed unstained xylem rays,
phloem, and pith, suggesting starch depletion in these tissues. Notably, among the two pathogenic strains
evaluated; the canes inoculated with L. brasiliensis MXBCL28 exhibited a greater area of starch depletion

(Figure 9).
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Treatment
Diplodia seriata HP12BCMX

Control Lasiodiplodia brasiliensis L28BCMX

A) Starch
'Mission'

"Tempranillo'

B) Lignin
'Mission'

‘Tempranillo'

C) Cellulose
'Mission'

‘Tempranillo'

Figure 9. Representative images of 'Mission' and 'Tempranillo' grapevines canes with starch, lignin, and cellulose
degradation by D. seriata HMV12BCMX and L. brasiliensis MXBCL28. A) In grapevine tissue, starch is observed in the
control treatment as dark areas in the rays of the parenchyma (white arrows). In contrast, in the infected tissue,
areas without darkening are observed (red arrows), which indicates the absence of starch in the tissue. B) The
presence of lignin in the grapevine tissue was observed by staining with 0.1% phloroglucinol-HCI. In the control
treatment, the tissue shows a purple-pink color (white arrow), indicating lignin presence. The infected grapevine
tissue is light pink due to the degradation of lignin (red arrow). C) The presence of cellulose in the grapevine tissue
stained with calcofluor was observed with epifluorescence. The control treatment tissue presented a blue color
(white arrows). The tissues infected by the pathogenic strain it had a brown color due to the lack of cellulose (red
arrows).
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In the control plants of both cultivars, sections dyed with phloroglucinol-HCl to determine the presence of
lignin, resulted in a purple-pink coloration of the tissue (Figure 9). In contrast, tissue inoculated with D.
seriata HMV12BCMX displayed a lighter pink hue, indicating a lower lignin content. Grapevine tissue from
both cultivars inoculated with L. brasiliensis MXBCL28 showed fewer light pink areas, predominantly

surrounding the xylem vessels and near the wound site (Figure 9).

In the control plants of both cultivars, cellulose in the grapevine tissue, as observed using Calcofluor M2R
White, displayed uniform fluorescence throughout the section (Figure 9). However, brown areas were
observed in the tissue inoculated with D. seriata HMV12BCMX and L. brasiliensis MXBCL28, indicating a
lack of cellulose in the samples. A comparison between samples inoculated with the pathogenic fungi in
the two cultivars revealed that the 'Mission' cultivar exhibited a larger area with brown coloration.
Conversely, in the 'Tempranillo’ cultivar, the absence of cellulose was observed primarily in the region

adjacent to the inoculation site (Figure 9).

Although disease progression caused by D. seriata HMV12BCMX may be lower, overall, no differences
were observed between the cultivars regarding how both pathogenic fungi degraded components of the
cell wall and non-structural carbohydrates. This suggests that these fungi exhibit similar behavior during

their grapevine colonization process, irrespective of the cultivar.

2.5 Discussion

In this work, the role of 'Mission' grapevines as a reservoir of grapevine trunk diseases fungi was studied
for the first time. Two species of grapevine trunk fungi, D. ampelina, and D. seriata, were identified in
association with 'Mission' grapevines. In Mexico, D. seriata was first reported in vineyards in Sonora and
Baja California in 2008 (Urbez-Torres et al., 2008). Subsequently, this fungus was identified again in
vineyards in Baja California and Coahuila (Rangel-Montoya et al., 2024). As for the D. ampelina, this strain
had not been previously recorded in the country; this study represents the first documentation of this

fungus associated with grapevines in Mexico.

In commercial vineyards in Mexico, fungi from the genera Botryosphaeria, Eutypa, Eutypella, Lasiodiplodia,
Neofusicoccum, Phaeomoniella, and Phacremonium have been isolated (Telliz et al., 1978; Urbez-Torres et
al., 2008; Urbez-Torres et al., 2008; Candolfi-Carballo, 2009; Morales-Pedraza, 2010; Paolinelli-Alfonso et
al.,, 2015; Rangel-Montoya et al., 2021; Rangel-Montoya et al., 2024). Among these, L. brasiliensis, L.

gilanesis and N. parvum are noted for their high virulence (Rangel-Montoya et al., 2021). Interestingly, the
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fungal richness found in 'Mission' grapevines was limited to only two species. This limited richness could
be attributed to several factors. One possibility is that other trunk disease fungi introduced more recently
through plant material from different regions, have not yet established themselves in these older vines.
Another possibility is that the microbiota present on the 'Mission' grapevines might be inhibiting the
colonization of additional pathogens. Additionally, the selective dry environment could also be a key factor

in the observed limited fungal richness.

Fungal species of the Diaporthe genus have been identified as causal agents of Phomopsis dieback, with
D. ampelina being one of the primary causal agents of this disease. This strain is noted for its high virulence
and ability to infect any green tissue of the plant (Urbez-Torres et al., 2013; Gramaje et al., 2018).
Diaporthe strains have been primarily reported in vineyards in Europe and the USA (Urbez-Torres et al.,
2013; Guarnaccia et al., 2018). The strain of D. ampelina identified in this study exhibited a white colony
with concentric rings, which forms pycnidia from which two types of conidia are released, appearing sack-
like. Notably, the alpha conidia were observed to be longer than previously reported, while beta conidia

dimensions were consistent with earlier findings (Gomes et al., 2013; Wilcox et al., 2016).

Diplodia seriata was the most abundant fungi isolated from symptomatic plant tissue. This fungal species
has been identified in vineyards across various countries, including Australia (Savocchia et al., 2007),
Mexico (Urbez-Torres et al., 2008; Rangel-Montoya et al., 2024), USA (Urbez-Torres and Gubler, 2009),
Iran (Mohammadi et al., 2013), Spain (Elena et al., 2015), Hungary (Kovacs et al., 2017), Tunisia (Chebil et
al., 2017), Czech Republic (Spetik et al., 2023) among others. All strains of D. seriata isolated from 'Mission'
grapevine exhibited dark gray colonies with low production of aerial mycelium when cultured on PDA
medium. The conidia were cylindrical, measuring 22.5-26 x 9.5—-14 um, initially hyaline and turning brown
as they mature, with some exhibiting septa. The conidial dimensions of D. seriata strains obtained are
consistent with those reported for this species in vineyards in Mexico (Urbez-Torres et al., 2011; Rangel-

Montoya et al., 2024).

Temperature is a critical factor in the life cycle of fungi, as it typically affects their growth, spore
production, and infection rate. Furthermore, fungal strains that adapt quickly to increased temperatures
often exhibit greater virulence (Hunjan et al., 2020; Nnadi et al., 2021; Seidel et al., 2024). For instance, L.
brasiliensies MXBCL28 and L. exigua MXVS5 are highly virulent and able to grow even at 37°C. (Rangel-
Montoya et al., 2021). Grapevine trunk disease fungi isolated from 'Mission' showed optimal growth
temperatures between 25 and 28°C. Specifically, D. ampelina did not exhibit good growth at temperatures

exceeding 30°C. In contrast, D. seriata strains showed minimal growth at temperatures above 37°C. Other
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strains of D. seriata isolated from irrigated commercial vineyards of Mexico have the same optimal growth
temperature as those from 'Mission' grapevines (Rangel-Montoya et al.,, 2024). Understanding the

relationship between temperature and fungal growth could help managing trunk diseases fungi.

In the pathogenicity test, all evaluated strains caused necrotic lesions in 'Mission,' 'Tempranillo,' and
'Malvasia Blanca.' Different strains of D. seriata isolated from 'Mission' plants caused small necrotic
lesions. This species is reported to be a low-virulence pathogen (Elena et al., 2015). In canes of
‘Tempranillo,' D. seriata obtained from different regions in Spain caused necrotic lesions of 0.23 to 2.02
cm (Elena et al., 2015). Urbez-Torres et al., (2008) reported the pathogenicity of five strains of D. seriata
isolated in Mexican vineyards; these isolates caused necrotic lesions in one-year-old cuttings and green
shoots of the 'Chardonnay' and 'Thompson Seedless.' In another study, Rangel-Montoya et al., (2021)
indicated that one strain of D. seriata RFPO5MX can cause lesions smaller than 1.5 cm in green and woody
tissue, while strains of D. seriata isolated in Chilean vineyards produced vascular lesions ranging from 2.6

and 13.3 cm in 'Cabernet Sauvignon' (Larach et al., 2023).

On the other side, D. ampelina HP20BCMX exhibited greater virulence than the other strains associated
with 'Mission' grapevines. This fungal species is recognized as having high virulence (Van Niekerk et al.,
2005). In 'Cardinal’ grapevines, the pathogenicity of the D. ampelina MH143Trs was confirmed; after two

months, this fungus caused necrotic lesions up to 2.72 + 0.6 cm (Akgiil and Ahioglu 2019). In the Western

Cape province of South Africa, three isolates of D. ampelina were identified that, when inoculated in
'‘Bukettraube' shoots, caused necrotic lesions ranging from 4.88 to 6.56 cm (Lesuthu et al., 2019). The
strain D. ampelina AFP282, isolated from 'Sultana' rootstock caused necrotic lesions of 0.97 to 1.32 cm
when inoculated in 'Paulsen' rootstocks (Akgul et al., 2023). The observed variability in virulence among
different strains of D. seriata and D. ampelina may be attributed to factors such as the grapevine varieties
used in the pathogenicity test, inoculation conditions, type of inoculum, incubation conditions, and the

infective capacity of the strains.

The virulence of trunk disease fungi is linked to their ability to degrade cell wood components (cellulose,
hemicellulose, lignin) and plant defense compounds, as well as their capacity to colonize the plant tissues
(Cruz-Lopes et al., 2014; Claverie et al., 2020). Generally, fungi from the Botryosphaeriaceae produce
various cell wall-degrading enzymes. The most crucial enzymes target pectin, hemicellulose, and xylan,
which enable the fungus to penetrate and invade tissues, as well as to extract nutrients for growth

(Stempien et al., 2017; Nazar et al., 2022; Belair et al., 2023). The evaluation of the ability of D. ampelina
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and D. seriata isolates to utilize different carbon sources associated with plant structural and storage
components, the strains showed that the strains presented low growth rates on the various inoculated
sources and minimal aerial mycelium formation. In contrast, when inoculated in grapevine wood, all
strains showed the highest levels of growth. This differs from findings for L. brasiliensis MLXBCL28, which
demonstrated a high growth rate when inoculated in pectin or grapevine wood, along with the formation
of dense, dark gray aerial mycelium on all carbon sources (Rangel-Montoya et al., 2023). Strains of Diplodia
have shown low levels of cell wall degrading enzymes, which may be related to their low virulence (Belair
et al.,, 2023). In contrast, strains Diaporthe produce cell wall-degrading enzymes as peroxidases, and

oxidoreductases, among other enzymes (Morales-Cruz et al., 2015; Hilario and Gongalves, 2023).

In the histology analysis carried out in this study, it was observed that D. seriata HMV12BCMX depletes
starch, lignin, and cellulose from some areas of the 'Mission' and 'Tempranillo’ grapevine tissue. However,
this effect is less pronounced than that observed with L. brasiliensis MLXBCL28, both in our study and as

reported by Rangel-Montoya et al., (2023).

The establishment and progression of fungi that cause grapevine trunk diseases are usually slow, so plant
symptoms are often observed years after infection (Hrycan et al., 2020). This delay may be related to the
fact that these fungi can initially exist as endophytes and only become aggressive pathogens when the
plant is exposed to environmental stress conditions, such as high temperatures or low water availability
(Calvo-Garrido et al., 2021; Fernandez et al., 2023). Fungi described as grapevine-associated endophytes
include strains of B. dothidea, D. ampelina and D. seriata, among others (Hrycan et al., 2020; Belair et al.,
2023; Hilario and Gongalves, 2023). Considering the low levels of virulence observed in the pathogenicity
assay of D. ampelina and D. seriata strains found in 'Mission' grapevines, as well as the plant’s subsistence
without disease management, it is likely that these fungi persist as endophytes for a significant portion of
the plant's life. Although these grapevine trunk diseases fungi associated with 'Mission' grapevines do not
represent a serious problem due to their low virulence, it is necessary to establish management strategies

to prevent the spread of these pathogens and ensure the health of the plant reproductive material.

In Baja California, arid climatic conditions predominate, these conditions directly affect grapevine crop
yield. Given the tendency for arid conditions to increase in the state, it is essential to establish grapevine
cultivars that are adapted to them. 'Mission' grapevines are a viable option as they have demonstrated
the ability to maintain sustained production for many years, even under non-irrigated conditions. This
work provides essential information on grapevine trunk diseases fungi associated with 'Mission'

grapevines, which will aid in developing management to preserve this cultivar.
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Chapter 3. Heritage grapevines as sources of biological control

agents for Botryosphaeria dieback pathogens

3.1 Abstract

Grapevine trunk diseases cause severe damage in grapevines. Management strategies focus on protection
of grapevine pruning wounds using chemical fungicides or biological control agents. Botryosphaeria
dieback, caused mainly by Lasiodiplodia spp., is one of the main trunk diseases in northwest Mexico. This
study obtained endophytic bacteria and fungi from the heritage grapevine Vitis vinifera cv. 'Mission' for
potential biological control of Botryosphaeria dieback. A collection of 135 bacterial and 37 fungal isolates
were obtained and initially tested for antagonistic activity against Lasiodiplodia brasiliensis. The most
promising isolates belonging to Trichoderma and Bacillus spp. were selected and characterized to
determine their modes of action. Bacillus isolates produced volatile organic compounds that inhibited
growth of Neofusicoccum parvum, and diffusible organic compounds with antifungal effects against L.
brasiliensis and N. parvum. Trichoderma isolates produced diffusible organic compounds and were
mycoparasites. In greenhouse assays, plants inoculated with three Trichoderma asperellum isolates
(T20BCMX, EFO9BCMX and EF11BCMX), B. amyloliquefaciens (BEVP26BCMX) or Bacillus sp. (rbES015),
applied preventively in soil, gave up to 50% smaller necrotic lesions when compared with the plants
inoculated only with L. brasiliensis. In the field, plants inoculated with three Bacillus isolates
(BEVPO2BCMX, BEVP26BCMX, BEVP31BCMX) or five Trichoderma (T11BCMX, T15BCMX, T17BCMX,
T20BCMX and EF11BCMX) had lesions up to four times smaller than control plants inoculated only with L.
brasiliensis. This study has demonstrated the potential of heritage grapevines to provide biological control

agents for Botryosphaeria dieback.

3.2 Introduction

Grapevine trunk diseases (GTDs) cause severe problems in vineyards. These are a complex of diseases that
include black foot, Esca, Eutypa dieback, Petri disease, and Botryosphaeria dieback (Urbez-Torres et al.,
2012). Approx. 133 fungal species in 34 genera have been reported as causal agents of GTDs (Gramaje et
al., 2018). Among them, Botryosphaeria dieback is considered to be the most important (Billones-Baaijens

and Savocchia, 2019). Almost 30 species of Botryosphaeria, Diplodia, Dothiorella, Lasiodiplodia,
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Neofusicoccum, Neoscytalidium, Phaeobotryosphaeria and Spencermartinsia have been identified as

causal agents of Botryosphaeria dieback (Gramaje et al.,2018).

Among the fungi associated with Botryosphaeria dieback, Lasiodiplodia and Neofusicoccum contain the
most virulent species identified in different countries, including the United States of America (Urbez-Torres
and Gubler, 2009), Iraq (Abdullah et al., 2012) and Mexico (Rangel-Montoya et al., 2021). Lasiodiplodia
spp. have white colonies in culture, that later become dark gray with abundant mycelium, and their conidia
can be aseptate hyaline or septate pigmented, with longitudinal striations. Neofusicoccum spp. have
initially white colonies, and some species as N. luteum and N. australe produce yellow pigments. Their
abundant aerial mycelium later turns gray, and conidia are hyaline, unicellular, and aseptate, with a

subtruncate bases (Zhang et al., 2021).

Botryosphaeria dieback symptoms usually appear in grapevines several years after pathogen infections,
and the symptoms include wedge-shaped perennial cankers, wood discolourations, brown streaking on
the wood under the bark, and premature plant death (Bertsch et al., 2013; Spagnolo et al., 2014; Gramaje
et al., 2018; Niem et al., 2020). The pathogen enters host plants through wounds, made mostly during
pruning (Gramaje et al., 2018). Management of GTDs is complex, and no curative treatments known to
date. Therefore, strategies commonly focus on implementation of cultural and preventive treatment
measures, with each depending on plant damage, the pathogens involved, and the geographic region
(Gramaje et al., 2018). These include the protection of pruning wounds with fungicides or biological control

agents (BCAs), and curative surgery (Mondello et al., 2018).

The search for endophytic microorganisms for biological control of GTDs pathogens has increased, due to
their potential to have antagonistic activities against different species of fungi and, in some cases, to also
promote plant growth (Dini-Andreote, 2020; Jacob et al., 2020). Different endophytic microorganisms
have been reported as antagonists of GTDs pathogens. These include fungi (Aspergillus, Chaetomium,
Clonostachys, Cladosporium, Epicoccum, Fusarium, and Trichoderma), which have shown antagonistic in
vitro activity against Diplodia and Neofusicoccum spp. (Almeida et al., 2020; Silva-Valderrama et al., 2021).
As well, bacteria (Bacillus, Burkholderia, Paenibacillus, Pseudomonas, and Streptomyces) have been
recognized as antagonists of Diplodia, Lasiodiplodia, and Neofusiccocum (Haidar et al., 2016). Among the
organisms with potential as BCAs, Bacillus and Trichoderma show in vitro antagonistic activity through
different mechanisms of action, including competition for space, production of volatile and non-volatile
compounds, or mycoparasitism. In greenhouse and field trials, these organisms have shown efficacy for

control of GTD fungi when applied to grapevine pruning wounds (Almeida et al., 2020).
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In Mexico, the Spanish introduced grapevine (Vitis vinifera) in the 16th century, and Jesuit and Dominican
friars disseminated its cultivation (Crowley, 1989). 'Listan Prieto,' now known as 'Mission,' was introduced
in Mexico and in the United States of America (Walker et al., 2019). In the Baja California peninsula, the
first grapevines were established in the San Francisco Javier mission, located in Loreto (Magoni, 2009).
From then on, grapevine cultivation continued to expand. Currently in Baja California, 'Mission' grapevines
are over 40 years old, and have been propagated from the first vines introduced in the state by the Jesuit
missionaries, and these plants are considered to be heritage grapevines. Approx. 38 ha of this variety are
grown with minimal management in Baja California, with yields of approx. 3.5 tons ha (SEFOA, 2011;
Andrade et al., 2013). Different reports have shown that plants growing in arid conditions associate with
microorganisms (bacteria and fungi). These can enhance plant drought resistance through various
mechanisms, including improved water and nutrient absorption by inducing changes in root morphology,
protecting against oxidative damage, regulating phytohormone levels, and suppressing phytopathogens
such as those responsible of GTDs (Poudel et al., 2021; Riseh et al., 2021). Considering the time since they
were established and the complex climatic conditions in which the ‘Mission’ grapevines have been planted
(dry to very dry climate with average rainfall of 200 mm p.a. (INEGI, 2017), it is likely that these plants
maintain associations with beneficial microorganisms which allow them to survive in the adverse
conditions and resist plant pathogens. Therefore, the objective of the present study was to obtain
endophytic bacteria and fungi from the cultivar 'Mission' with the potential as BCAs of Botryosphaeria
dieback fungi, thus providing sustainable alternatives for the control of this disease in commercial

vineyards of Baja California.

3.3 Methodology

3.3.1 Sampling and Isolation of microorganisms from heritage grapevines

Microorganisms were isolated from lignified 1-year-old branches of heritage grapevines cultivar 'Mission,’'
growing in local vineyards in the Guadalupe valley (31.994722, -116.683896) and Ejido Uruapan
(31.628436, -116-434295), Baja California. Small tissue fragments were cut from each branch sample, and
after bark removal, these were surface sterilized by flaming (Rangel-Montoya et al., 2021). Subsequently,
for bacteria isolations, branch fragments were transferred to plates containing LB Agar (ATCC media
No.1065), YPD Agar (1245) or King’s medium B Agar (1213), or PY medium (tryptone 5.0 g, yeast extract

3.0 g, CaCl,0.9 g, pH 6.8), supplemented with cycloheximide (final concentration100 pg mL?). For fungal
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isolations, tissue fragments were inserted in plates containing Potato Dextrose Agar (PDA), or water agar
supplemented with chloramphenicol (final concentration 25 pg mL?). The isolation plates were incubated
at 30°C until microorganism growth was observed, and the resulting bacterial and fungal colonies were
recovered and subcultured to obtain pure cultures. Fungal strains were preserved at 4°C in 20% glycerol,
and bacteria strains in 35% glycerol solution at —20°C. Additionally, Bacillus sp. rbESO15 and 35 strains

of Trichoderma were obtained from the collection of the Phytopathology Laboratory of CICESE.

3.3.2 Screening for antifungal activity

The GTD fungi Lasiodiplodia brasiliensis MXBCL28 (Rangel-Montoya et al., 2021) and Neofusicoccum
parvum 14P4MX (Rangel-Montoya, 2021) were used to test the biological control potential of the obtained
fungal and bacterial isolates. Using a flame-sterilized 7 mm cork borer, an agar plug with mycelium was
obtained from a 4-day-old culture, from each fungus grown on PDA. The plug was then placed on the
center of a fresh PDA plate, and incubated at 25°C. When the fungus colony reached 1 cm diam. 5 ulL of
four different potential BCA bacterial cultures or one mycelium plug from potential fungal BCAs, were
inoculated at the edges, as described by Guevara-Avendaiio et al., (2018). Plates with only GTD fungi were
used as experimental controls. These assays were each carried out in triplicate. After 7 days of incubation
at 30°C, the inhibition of radial growth of L. brasiliensis mycelium was assessed. In total, 135 bacterial and
39 fungal isolates were screened in these assays. After discarding isolates with low or no inhibition activity,
quantitative fungal inhibition assays were carried out for 58 strains (21 bacteria and 37 fungi), as described
for the qualitative assays (above). For each of these quantitative assays, the L. brasiliensis mycelium plug
was placed at the edge of the Petri plate, and only one bacterial or fungi strain was inoculated directly
opposed to it. The following formula (Méndez-Bravo et al., 2018) was used to calculate the percentage of

inhibition of mycelial growth:
R—r
Percentage of inhibition = % x 100 (2)

where R is the colony radius of the pathogenic fungus growing alone in the control plates, and r is the

colony radius of the fungus growing in the plate in confrontation with a tested isolate.
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All in vitro antagonistic assays were performed in triplicate. These procedures allowed selection of the

most promising BCAs for used in the experiments described below.

3.3.3 Evaluation of antagonistic effects by volatile organic compounds

Antagonistic effects of volatile organic compounds produced by eleven selected strains (four bacteria and
seven fungi) were evaluated against L. brasiliensis and N. parvum, using the two sealed base plate method
of Rangel-Montoya et al., (2022). For each potential fungal BCA isolate, a mycelial plug was placed in the
centre of a PDA plate, and for each bacterium, 20 uL of culture was spread in a PY plate. The lid of each
plate was the replaced by a second PDA plate with a mycelial plug of the pathogen at the centre. The two
plates were sealed with tape and incubated at 30°C for 4 d, with mycelium growth assessed every 24 h. As

experimental controls, non-inoculated PDA or PY plates were used as the covering plate.

3.3.4 Evaluation of the antagonistic effects by diffusible organic compounds

The antagonistic activity of diffusible organic compounds produced by eleven selected BCAs strains was
evaluated against L. brasiliensis and N. parvum. For bacteria, 5 mL of liquid PY medium was inoculated
with a single colony, and then incubated at 30°C and 110 rpm in a shaker incubator. After 7 d, cultures
were each centrifuged at 10,000 rpm for 20 min., and the resulting supernatant was filter-sterilized using
a 20 um syringe filter. PDA plates containing 15% (v/v) of sterile bacterial supernatant were then prepared,
and a mycelial plug of each pathogen was placed in the centre of each test plate (Salvatierra-Martinez et
al., 2018). The plates were then incubated at 30°C for 4 d, registering mycelium growth every 24 h. For
evaluation of fungal isolates, cellulose membrane assays were used (Mayo-Prieto et al., 2020). A mycelial
plug disc of each fungus was inoculated in the centre of each PDA plate. The plug was then covered with
a sterile cellulose membrane, and the plates were incubated at 30°C for 48 h. The membrane with the
mycelial growth was then removed, and a mycelial plug of the pathogen was placed in the centre of the

plate. Plates were incubated at 30°C for 4 d, and mycelium growth was assessed every 24 h.

3.3.5 Evaluation of mycoparasitism activity

Mycoparasitism activity of seven selected Trichoderma isolates was assessed against L. brasiliensis and N.
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parvum, using the pre-colonized plate method described by Bailey et al., (2008). A mycelial plug of each
pathogenic fungus was inoculated at the edge of a PDA plate, and after 5 d incubation at 30°C, an agar
strip (4.0 x 0.5 cm) from a colony of a Trichoderma isolate was placed at the opposite side. The plates were
incubated for 28 d at 30°C in darkness. Ten mycelial plugs were then collected from each plate in a straight
line beginning near the agar strip and extending towards the opposite edge of the plate. The mycelial plugs
were then inoculated into PDA plates and incubated for 24 h at 30°C in darkness, followed by 5 d
incubation under white light at room temperature. As experimental controls, cultures of L. brasiliensis and
N. parvum were used, grown without Trichoderma and maintained under the same conditions.
Mycoparasitism was determined by assessing the presence of Trichoderma and the phytopathogenic fungi
in the ten mycelial plugs collected. Micoparasitic activity was also assessed under a microscope. For each
of these assessments, a dual culture assay was performed in water agar plates, and after 3 d incubation at
30°C, a fragment of agar was cut from the centre of the plate. The obtained samples were observed with
inverted microscope (Zeiss Axiovert 200), and the obtained images were analyzed using Zeiss AxioVision

SE64, Rel. 4.9.1 software.

3.3.6 In vitro screening for plant growth promoting traits

Coluorimetric tests were carried out to determine plant growth promotion by the potential BCA bacteria
and fungi strains. For these assays, the strains were recovered from glycerol stock cultures, and bacteria
were inoculated into PY liquid medium, and fungi onto PDA medium. Bacterial cultures were incubated
for 2 d at 30°Cand 100 rpm in a shaker incubator. Fungi were incubated at 30°C for 7 d, Coluorimetric tests
were carried out in triplicate, in 35 mm diam. Petri dishes for solid media or 10 mL capacity tubes for liquid
media, as described in the sections below. Petri plates or tubes with the corresponding media but without

BCAs were used as experimental controls.

3.3.6.1 Mineral solubilization assays

Some microorganisms are capable of hydrolyzing organic and inorganic insoluble mineral compounds to
soluble forms, that can be assimilated by plants, acting as biofertilizers or plant grow-promoters.
Phosphate, potassium, and zinc solubilization assays were performed for the potential BCAs. In each case,
5 pL of bacterium culture or a 7 mm diam. mycelial plug of fungus were inoculated at the centre of each

assay plate. Inorganic phosphate solubilization was evaluated on modified Pikovskaya agar (0.5 g L yeast
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extract, 10 g L glucose, 5 g L't Ca3(P0O4),, 0.5 g L™ (NH4)2504, 0.2 g L1 KCl, 0.1 g L' MgS04, 0.1 mg L't MnSO,,
0.1 mg L FeSO4, 10 mg L* of bromocresol purple, 15 g L agar, pH 7.2). After inoculation, Petri dishes
were incubated for 72 h at 30°C. Colour change from purple to yellow indicated a positive phosphate

solubilizing strain (Gupta et al., 1994; Zheng et al., 2018).

Inorganic potassium solubilization was determined on modified Pikovskaya agar (Pikovskaya, 1948), using
KNOs and bromocresol green. After inoculation, Petri plates were incubated for 72 h at 30°C. Colour
change from blue to yellow indicated a positive potassium solubilizing strain. Zinc solubilization was
assessed using zinc-supplemented Pikovskaya medium complemented with 1.2 g L' ZnO and bromothymol
blue. Inoculated Petri dishes were incubated in the dark for 72 h at 30°C. Colour change from blue to yellow

indicated a positive zinc solubilizing strain (Bapiri et al., 2012).

3.3.6.2 Indole Acetic Acid (AIA) production assays

Indole acetic acid (IAA) is one of the most physiologically active auxins. It induces production of long roots
and root hairs, and lateral roots, which are involved in nutrient uptake by plants (Datta and Basu, 2000).
For determination of IAA production by bacterial strains, 5 puL of 1-d-old cultures were reinoculated in 96
well microplates, with 200 uL PY liquid medium supplemented with tryptophan to a final concentration of
500 ug mL. Microplates were incubated for 48 h at 30°C and 110 rpm in a shaker incubator. Subsequently,
100 pL of Salkowski reagent (50 mL, 35% HCIO4, 1 mL 0.5 M FeCls) (Ahmad et al., 2008) were then added
per well, and the microplates were each covered with aluminum foil and incubated for 30 min. For each
fungal strain, three 7 mm diam. mycelial plugs were inoculated into 5 mL of PDB medium, and these
cultures were incubated for 7 d at 30°C and 110 rpm in a shaker incubator. Two hundred pL of the culture
were then placed in 96 well microplates, and 100 pL of Salkowski reagent were immediately added.
Microplates were each covered with aluminum foil and incubated for 30 min. For the bacteria and fungi,

change of colour to pink indicated a positive result.

3.3.6.3 Hydrogen cyanide production assays

Hydrogen cyanide (HCN) is produced by some BCAs, and its toxicity to phytopathogens makes the BCAs

suitable for biocontrol. After inoculating the bacteria onto solid PY and the fungi onto PDA in Petri plates,

a filter paper moistened with a solution of 0.5% sodium carbonate in 0.5% picric acid (Ahmad et al., 2008)
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was fixed to each Petri plate cover. The plates were subsequently sealed with parafilm and incubated in

dark at 30°C for 4 d. Development of orange-red colour indicated positive hydrogen cyanide producer

strains.

3.3.6.4 Siderophore production assays

Siderophores are competitive traits used for BCAs to sequester iron, depriving pathogens of this element
required for their growth and pathogenesis. To test for siderophore production, chrome azurol S agar (CAS)
medium (Schwyn and Neilands, 1987) was prepared as described by Lynne et al. (2011). In the centre of
each assay plate was inoculated 5 pL of bacterial culture or a 7 mm diam. mycelial plug of fungus. The Petri
dishes were incubated in the dark for 96 h at 30°C. Colour changes from blue to yellow indicated

siderophore producing strains.

3.3.6.5 Chitinase production assays

Chitin is an important component of the cell walls of fungi, and chitinolytic microorganisms are likely to
act as biocontrol agents and pathogen antagonists. Chitinase determination basal medium (0.3 g L*
MgS04-7H,0, 3 g L NH4 (SO4), 2 g L' KH,PO4), 1 g L citric acid, 15 g L™ agar, 0.2 g L'! Tween-80, pH 4.7)
was supplemented with 4.5 g L colloidal chitin and 0.15 g L* bromocresol purple (Agrawal and
Kotasthane, 2012). After inoculation, the Petri dishes were incubated for 48 h at 30°C. Colour changes

from yellow to purple indicated chitinase producer strains.

3.3.7 Molecular identification of selected isolates

Bacterial isolates were identified by sequencing of the 16S rRNA genes. Genomic DNA was purified using
the Gentra Puregen kit (Qiagen). The 16S rRNA gene was amplified using the 27F and 1492R primers (Frank
et al., 2008). PCR reactions were each prepared in a final volume of 25 L, containing 1 pL of genomic DNA
(25 ng puL?), 2.5 pL of Taq Buffer 10x, 0.5 pL of dNTP mix (10 mM), 0.5 pL of primer 27F (10mM), 0.5 pL of
primer 1492R (10mM), 0.2 pL of Tag DNA polymerase (5 units puL?) (Thermo Fisher), and 19.8 uL of

ultrapure water to complete the volume. Amplifications were each carried out in a MiniAmp Plus Thermal
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Cycler (Thermofisher), under the following conditions: a 3 min initial denaturation step of 95°C, followed

by 30 cycles of 95°C for 30 sec, 48°C for 30 sec, 72°C for 1 min, and a final cycle 72°C for 10 min.

Table 6. GenBank and culture accession numbers of bacterium species used in the present study for phylogenetic
analyses. Isolates from this study are highlighted in bold font.

GeneBank
Species Isolate Isolation source Origin accession number
16S rRNA
Bacillus amyloliquefaciens NBRC 15535 Soil Japan NR_112685
B. amyloliquefaciens W9 Marine water sample India MH188056
B. amyloliquefaciens AB-525 Rice cake China KJ879953
B. amyloliquefaciens BsSA3MX Strawberry rhizosphere Mexico MW651769
B. amyloliquefaciens BsC11MX Strawberry rhizosphere Mexico MW651770
B. amyloliquefaciens BEVP26BCMX Grapevine Mexico 0Q073757
B. amyloliquefaciens BEVP31BCMX Grapevine Mexico 0Q073762
B. axarquiensis CIP 108772 River-mouth sediments Spain DQ993670
B. axarquiensis BEVP02BCMX Grapevine Mexico 0Q073758
B. cereus ATCC 14579 Unknown Unknown AE016877
B. circulans IAMI 12462 Soil Unknown D78312
B. coagulans NBRC 12583 Evaporated milk Unknown AB271752
B. licheniformis ATCC 14580 Unknown Unknown CP000002
B. mojavensis IFO 15718 Soil USA AB021191
B. mojavensis BEVPO1BCMX Grapevine Mexico 0Q073759
B. mycoides ATCC 6462 Soil Unknown AB021192
B. siamensis PD-A10 Poo-dong Thailand GQ281299
B. siamensis RET2912 Landfill soil India MN530054
B. siamensis LFS1715 Landfill soil India MN519261
B. subtilis DSM10 Unknown Unknown AJ276351
B. subtilis subsp. spizizenii | NBRL B-23049 Tunisian desert Tunisia AF074970
B. thuringiensis IAM 12077 Mediterranean flour moth Unknown D16281
B. vallismortis DSM 11031 Soil USA AB021198
B. velezensis CR-502 Brackish water Spain AY603658
Alicyclobacillus DSM 446 Acid hot spring USA AJ496806
acidocaldarius

Fungal isolates were identified by sequencing of the elongation factor tef-1a gene. Total genomic DNA was
extracted from mycelia using cetyltrimethylammonium bromide (CTAB), as described by Wagner et al.
(1987). The tef-1a gene was amplified using EFland EF2 primers (O’Donnell et al., 1998). PCR reactions
were each prepared in a final volume of 25 pL, containing 1 pL of genomic DNA (25 ng uL?), 2.5 ulL of Taq
Buffer 10x%, 0.5 pL of dNTP mix (10 mM), 0.62 pL of primer EF1 (10 mM), 0.62 L of primer EF2 (10 mM),
0.125 pL of Tag DNA polymerase (5 units puL) (Thermo Fisher) and 19.6 pL of ultrapure water to complete
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the volume. Amplification was carried out in a MJ Mini Gradient Thermal Cycler (BioRad) under the
following conditions: a 3 min initial denaturation step of 95°C, followed by 35 cycles of 95°C for 1 min, 57°C

for 1 min, 72°C for 1 min, and a final cycle 72°C for 10 min.

Table 7. List of GenBank and culture accession numbers of fungal species used in the present study for phylogenetic
analyses. Isolates from this study are highlighted in bold font.

GenBank accession
Species Isolate Isolate source Origin number
tef-1a

Trichoderma asperellum Th047 Soil Colombia AB568381.1

T. asperellum cds No available Brazil KP696459.1

T. asperellum ST1 No available Spain KJ677260.1

T. asperellum T11BCMX Carnation Mexico 0Q161180

T. asperellum T15BCMX Grapevine Mexico 0Q161181

T. asperellum T20BCMX Grapevine Mexico 0Q161182

T. asperellum EFO9BCMX Grapevine Mexico 0Q161183

T. asperellum EF11BCMX Grapevine Mexico 0Q161184
Trichoderma atroviride DAOM 238037 No available Thailand KJ871093
T. atroviride PARC1011 No available Italy MT454114
Trichoderma guizhouense DAOM 231412 No available No available AY605764
T. guizhouense DAOM 231435 No available No available EF191321

T. guizhouense PARC1022 Pronus persica Italy MT454125
Trichoderma harzianum DAOM 233986 No available No available EF392749
T. harzianum DAOM 242937 No available No available KX463434

T. harzianum PARC1019 Pronus persica Italy MT454122

T. harzianum TO6BCMX Grapevine Mexico 0Q161179
Trichoderma koningiopsis Arak-96 Soil Iran KP985652
T. koningiopsis ITCC 7291 Soil India LN897322

T. koningiopsis PARC1024 Pronus persica Italy MT454127
Trichoderma longibrachiatum DAOM 234103 No available No available DQ125467
T. longibrachiatum CIBT13 No available Colombia EU280033

T. longibrachiatum PARC1015 No available Italy MT454118

T. longibrachiatum T17BCMX Grapevine Mexico 0Q161184
Trichoderma paraviridescens BMCC:LU786 No available New Zealand KJ871271
T. paraviridescens KX098484 No available New Zealand KX098484

T. paraviridescens PARC1016b No available Italy MT454119

All obtained PCR products were verified by electrophoresis on 1% agarose gels, purified using the GenElute
PCR Clean-Up Kit (Sigma-Aldrich), and sent to Eton Bioscience Inc. for sequencing. The resulting sequences
were aligned using MEGA XI (Kumar et al., 2018), with the multiple alignment program MUSCLE. the
bacteria sequences were blasted against the GenBank 16S Ribosomal RNA sequences database (Table 6),
and the Trichoderma spp. sequences were compared with the GenBank elongation factor la gene

sequences database (Table 7), and the closest matches were used to construct each alignment. A
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Maximum-Parsimony method was used with Bootstrap values based on 1,000 replicates. New sequences

were deposited in the GenBank (Tables 6 and 7).

3.3.8 Greenhouse biocontrol assays of Lasiodiplodia brasiliensis

Grapevine plants (Vitis vinifera 'Cabernet Sauvignon') obtained from 1-year-old cuttings were used to
determine the biocontrol activity of selected bacterial and fungal strains and a rhizosphere strain rbES015
obtained in a previous study (Delgado-Ramirez et al., 2021). Grapevine shoots were submergedina3 gL
! solution of rooting agent ROOTEX (Cosmocel SA) and were then planted in tubs containing Cosmopeat
substrate (Cosmocel SA). After 45 d, the plants were transplanted into 3.78 L plastic pots. Two weeks after
transplanting, 50 mL of a solution (1 x 10° CFU) of each potential beneficial microorganism was applied at
the base of the plant stem, followed by a second application 7 d later. Control treatments were inoculated
with sterile water. For each tested isolate, ten replicates were used. Immediately after the second
application of potential BCA, inoculations of the plants with L. brasiliensis were carried out through
mechanical wounds in the woody tissues, each made with a drill bit (2 mm diam.), followed by insertion
of a mycelium plug inside each hole. After inoculation, the wounds were each covered with parafilm. Plugs
of sterile PDA were used as experimental control inoculations. The plants were then kept under
greenhouse conditions for 60 d, and necrotic lesions generated in the stems were measured. Attempts

were also made to recover the inoculated microorganisms.

3.3.9 Vineyard biocontrol assays of Lasiodiplodia brasiliensis

A field biocontrol trial was carried out in a 2-year-old 'Chenin Blanc' vineyard, in Ejido el Porvenir, Baja
California. Fifty plants, which did not show symptoms associated with wood diseases, were chosen per
row on five vineyard rows, leaving an interval of three to five plants between each selected vine. The
experimental design was completely randomized with ten grapevines per treatment. Putative BCAs
evaluated included five bacteria (BEVPO1BCMX, BEVP02BCMX, BEVP26BCMX, BEVP31BCMX, and rbES015)
and six fungi (TO6BCMX, T11BCMX, T15BCMX, T17BCMX, T20BCMX, and EF11BCMX). In each selected
plant, a pruning cut was made in a woody branch, and 10 pL of a 1 x 10° CFU suspension of the selected
biocontrol organism were inoculated, and 20 plants were treated with each isolate. Five days later, a
second inoculation of the biocontrol agent was made in the same wound. One hour later, 10 pL of a 1x10°

suspension of fragmented mycelium of L. brasiliensis was applied to ten of the plants. Negative controls



48
were inoculated only with sterile distilled water. The inoculated branches were each sealed with parafilm
and then covered with a paper bag (Figure 18). One month later, the treated branches were cut, the length
of the lesions produced by L. brasiliensis was measured, and a tissue fragment from each branch was

inoculated onto PDA to assess if the pathogen and the inoculated BCA was present.

3.3.10 Statistical analyses

Data obtained from the greenhouse and vineyard biocontrol experiments were analyzed using one-way
ANOVA, with post-LSD analysis, and an a < 0.05 test for statistical significance, using the STATISTICA 8.0

package.

3.4 Results

3.4.1 Isolation, screening and molecular identification of microorganisms from

heritage grapevines

Atotal of 135 isolates of bacteria from the heritage grapevine tissues were characterized by morphological
characteristics as Bacillus, Paenibacillus and Pseudomonas. Isolates of fungi included two Trichoderma
spp., and Alternaria, Chaetomium, Sordaria and Diplodia spp. Given the small number of potential
beneficial fungal isolates recovered, 35 uncharacterized Trichoderma strains from our laboratory

collection were included in this study.

From the 172 evaluated strains, 37 fungal and 21 bacterial isolates showed antagonistic activity in the
qualitative antagonism assays (Figure 10). Quantitative dual culture assays and screening for plant growth
promotion traits were performed only for those 58 isolates. Results showed that mean inhibition
proportions for these BCAs against L. brasiliensis were between 3.4% to 52.8%, and that the isolates had
different plant growth promotion characteristics (Table 11). Based on inhibition proportions, and
possession of at least one growth promoting trait, four bacteria (BEVPO1BCMX, BEVP02BCMX,
BEVP26BCMX, and BEVP31BCMX) and seven fungi (EFO9BCMX, EF11BCMX, TO6BCMX, T11BCMX,
T15BCMX, T17BCMX, and T20BCMX) were selected.
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Table 8. Mean percent inhibition of Lasiodiplodia brasiliensis by different potential biocontrol microorganisms, and
their respective production of plant growth promotion compounds, for selected Bacillus and Trichoderma isolates.

Isolate Mean inhibition % Production Solubilization
SID CHI | HCN [ IAA | P K ZN
B. mojavensis BEVPO1BCMX 51.3 + + - + - - -
B. axarquiensis BEVP02BCMX 17.1 - + - + + -
B. amyloliquefaciens BEVP26BCMX 38.0 + + - + - -
B. amyloliquefaciens BEVP31BCMX 50.6 - - - + - - -
T. asperellum EFO9BCMX 51.8 + + - + - -
T. asperellum EF11BCMX 51.7 + + - + - -
T. harzianum TO6BCMX 41.0 + + - + - - -
T. asperellum T11BCMX 29.1 + + - + - - -
T. asperellum T15BCMX 25.1 + + - + - - -
T. longibrachiatum T17BCMX 52.8 + + - + - - -
T. asperellum T20BCMX 39.3 + + - - - - R

L. brasiliensis

EF09BCMX

/“.-’"

BEVP01BCMX

EF11BCMX

BEVP02BCMX BEVP04BCMX

—_—

BEVP31BCMX

< —_—

Figure 10. Representative images of dual culture assays of selected Bacillus and Trichoderma isolates against

Lasiodiplodia brasiliensis.

Molecular identification of these isolates confirmed that all the bacteria were Bacillus spp. (Figure 19), and
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all the fungi were Trichoderma spp. (Figure 20). Mean inhibition proportions ranged from 17.1% to 51.8%.
Almost all the selected isolates (except T. asperellum T20BCMX) produced AlA, and (except B.
amyloliquefaciens BEVP31BCMX) produced chitinase. Most of the isolates (except B. axarquiensis
BEVP02BCMX and B. amyloliquefaciens BEVP31BCMX) produce siderophores. Four isolates (B.
axarquiensis BEVP02BCMX, B. amyloliquefaciens BEVP26BCMX, T. asperellum EFO9BCMX and T.
asperellum EF11BCMX) solubilized phosphate, and one isolate (B. axarquiensis BEVP02BCMX) solubilized

potassium. None of the isolates solubilized zinc or produced HCN (Table 8).

3.4.2 Evaluation of antifungal effect of volatile and diffusible organic compounds

Table 9. Mean percent inhibition of Lasiodiplodia brasiliensis and Neofusicoccum parvum from volatile organic
compounds and diffusible organic compounds by different Bacillus and Trichoderma isolates.

Mean inhibition (%) from Mean inhibition (%) from diffusible
Strain volatile organic compounds (%) organic compounds
L. brasiliensis N. parvum L. brasiliensis N. parvum
Bacillus mojavensis BEVPO1BCMX 0 31.2 62.1 78.2
B. axarquiensis BEVP02BCMX 0 23.6 31.6 76.4
B. amyloliquefaciens BEVP26BCMX 0 26.2 40.4 73.8
B. amyloliquefaciens BEVP31BCMX 0 34.0 49.3 66.0
Trichoderma asperellum EFO9BCMX 0 0 63.5 100
T. asperellum EF11BCMX 0 0 61.2 98
T. harzianum TO6BCMX 0 0 0 0
T. asperellum T11BCMX 0 0 67.1 100
T. asperellum T15BCMX 0 0 81.1 100
T. longibrachiatum T17BCMX 0 0 66.8 98
T. asperellum T20BCMX 0 0 63.5 100

The eleven isolates were further screened for the antifungal activity from diffusible and volatile organic
compounds. None of the assessed Trichoderma or Bacillus isolates produced volatile organic compounds
with suppressive effects on L. brasiliensis (Figure 11; Table 9). However, all the Bacillus isolates affected
growth of N. parvum, with mean inhibition percentages ranging from 22.6% to 34.0%. lIsolate

BEVP31BCMX gave the greatest inhibition (Figure 11; Table 9). In contrast, the 11 isolates affected the
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growth of both pathogenic fungi by the production of diffusible organic compounds. The Bacillus isolates
gave mean inhibition percentages from 40.4% to 62.1% against L. brasiliensis, and from 66% to 78% against
N. parvum, while the Trichoderma strains gave 61.2% to 81.1% inhibition of L. brasiliensis and close to
100% inhibition of N. parvum (Figure 12; Table 9). While T. harzianum TO6BCMX did not affect radial colony
growth of either of the pathogenic fungi, this isolate caused a significant decrease in aerial mycelium

(Figure 12).

Bacillus Trichoderma

BEVP02BCMX BEVP26BCMX BEVP31BCMX EF11BCMX T06BCMX T15BCMX T17BCMX

L. brasiliensis

N. parvum

Figure 11. Representative images of the antifungal effects of volatile organic compounds produced by Bacillus and
Trichoderma isolates against Lasiodiplodia brasiliensis and Neofusicoccum parvum.

Bacillus Trichoderma
BEVP02BCMX BEVP26BCMX BEVP31BCMX EF11BCMX TO6BCMX T15BCMX T17BCMX

L. brasiliensis

N. parvum

Figure 12. Representative images of the antifungal effect of diffusible organic compounds produced by Bacillus and
Trichoderma isolates against Lasiodiplodia brasiliensis and Neofusicoccum parvum.

3.4.3 Characterization of micoparasitic activity of Trichoderma strains

The pre-colonized plate experiments showed that all the assessed Trichoderma isolates had vigorous
microparasitic activity, with colonization percentages ranging from 70% to 100% (Table 10). When the
colonization percentage was 100%, the inoculated phytopathogenic fungus could not be recovered,
indicating total suppression. Microscope observations from dual culture assays indicated that all the
Trichoderma isolates coiled around, and cause morphological deformations, of L. brasiliensis hyphae,

while the isolates T. asperellum TI5BCMX and T. longibrachiatum T17BCMX also induced lysis of mycelium
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walls (Table 10; Figure 13).

Table 10. Mean colonization percentages from pre-colonized plate assays, and microscope observations, indicating
mycoparasitism activity of six Trichoderma isolates against Lasiodiplodia brasiliensis.

Type of effect of mycoparasitism
Isolate Mean colonization
percentage (%)
Coiling Hyphae deformation Cell lysis

T. asperellum EFO9CMX 100 + + -

T. asperellum EF11BCMX 70 + + -
T. harzianum TO6BCMX 80 + + -

T. asperellum T11BCMX 90 + + -

T. asperellum T15BCMX 100 + + +

T. longibrachiatum T17BCMX 90 + + +
T. asperellum T20BCMX 86 + + -

+ positive result, - negative result
EF11BCMX TO6BCMX T20BCMX

L. brasiliensis

A

Coiling Hyphae deformation Cell lysis

Figure 13. Representative microscope images (captured after 28 d incubation at 30°C) from pre-colonization assays
of Trichoderma isolates against Lasiodiplodia brasiliensis showing mycoparasitism activity of the Trichoderma isolates
(red arrows indicate effects caused by Trichoderma). A, Hyphal coiling of T. asperellum EF11BCMX against L.
brasiliensis. B) T. harzianum TO6BCMX causing deformation in L. brasiliensis hyphae. C) Lysis of the hyphal wall of L.
brasiliensis induced by T. longibrachiatum T17BCMX.
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3.4.4 Evaluation of biocontrol activity of selected bacterial and fungal isolates in

greenhouse trials

The preventative application to soil of the Trichoderma and Bacillus isolates, for suppression of L.
brasiliensis infection revealed the following. While the untreated grapevine plants inoculated with L.
brasiliensis developed wounds of mean length up to 10.0 cm, the plants treated with three isolates of T.
asperellum (T20BCMX, EFO9BCMX, and EF11BCMX), B. amyloliquefaciens BEVP26BCMX and Bacillus sp.
rbES015 showed significantly shorter necrotic lesions (Figures 14 and 15). Plants inoculated with L.
brasiliensis and treated with T. harzianum T6BCMX developed larger lesions than plants inoculated only
with L. brasiliensis (Figures 14 and 15). This isolate was the only Trichoderma isolate that gave no effect in
the diffusible compounds assays. In the greenhouse tests, all the Bacillus and Trichoderma isolates were
recovered from the root tissues of the inoculated plants, and L. brasiliensis was re-isolated from the stems

of the plants.
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Figure 14. Mean internal necrotic lesion lengths caused by Lasiodiplodia brasiliensis (Lb) in grapevine plants, after
treatments with different Bacillus (BEVP02BCMX, BEVP26BCMX and BEVP31BCMX) or Trichoderma isolates
(T11BCMX, T1I5BCMX, T17BCMX, T20BCMX, and EF11BCMX). NT, Non-treated Control. Each bar represents the mean
for ten (+ SE). Different letters indicate differences (P < 0.05), according to LSD tests after ANOVA.
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Bacillus Trichoderma

T20BCMX

i

Control L. brasiliensis BEVP02BCMX BEVP26BCMX BEVP31BCMX rbES015 EF11BCMX T11BCMX T15BCMX T17BCMX
~E - = \
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Figure 15. Images of grapevine stems after preventive soil inoculations with Bacillus or Trichoderma isolates and
Lasiodiplodia brasiliensis. The yellow lines indicate the lengths of necrotic lesions caused by L. brasiliensis in 'Cabernet
Sauvignon' stems.

3.4.5 Evaluation of biocontrol activity of selected isolates under vineyard
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Figure 16. Mean internal necrotic lesion lengths in grapevines, caused by Lasiodiplodia brasiliensis after treatments
with isolates of Bacillus (BEVPO2BCMX, BEVP26BCMX, and BEVP31BCMX) or Trichoderma (T11BCMX, T15BCMX,
T17BCMX, T20BCMX, and EF11BCMX). NT, Non-treated control. Each bar represents the mean for ten plants (+ SE).
Different letters over bars indicate differences (P < 0.05), according to LSD tests
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Bacillus Trichoderma

Control L. brasiliensis BEVP02BCMX BEVP26BCMX BEVP31BCMX rbES015 T11BCMX T15BCMX  T17BCMX T20BCMX EF11BCMX
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Figure 17. Images field-grown grapevine stems after treatments of pruning wounds with different Bacillus or
Trichoderma isolates against Lasiodiplodia brasiliensis infections. The images are of ten replicates representative
plants, taken of 30 d after L. brasiliensis inoculations.

In the field assessments, grapevine branches preventively treated with most of the evaluated Bacillus and
Trichoderma isolates showed two to five times shorter lesions than the untreated branches inoculated
only with L. brasiliensis (Figure 16). Between the Trichoderma isolates no statistically significant
differences were detected, while among Bacillus isolates, B. axarquiensis BEVP02BCMX and B.
amyloliquefacines BEVP26BCMX gave significant differences from B. amyloliquefacines BEVP31BCMX.
Isolate B. amyloliquefaciens BEVP26BCMX gave the strongest effect, with a 5-fold reduction on the length
of the necrotic lesions (Figures 16 and 17). All the beneficial organisms were re-isolated from the
respective treated branches, while L. brasiliensis was only re-isolated from the experimental controls and

the Bacillus-treated, vines but not from the Trichoderma-treated branches.

3.5 Discussion

This study has identified endophytic microorganisms associated with heritage grapevines that biocontrol
L. brasiliensis and N. parvum, which are two of the most virulent fungi associated with Botryosphaeria
dieback (Gramaje et al., 2018; Rangel-Montoya et al., 2021). The isolates used in this research were initially
obtained from GTD symptomatic grapevines growing in the Guadalupe Valley in Baja California, Mexico
(Rangel-Montoya et al., 2021). Considering the conditions in which heritage grapevines grow in this region,
with no irrigation and with little cultural management, the study has identified beneficial microorganisms
that could be useful in commercial vineyards. This is the first study focusing on biological control potential

of microorganisms associated with heritage grapevines.
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Under in vitro conditions, several Bacillus isolates obtained from heritage grapevines inhibited L.
brasiliensis and N. parvum, and showed additional characteristics associated with plant growth promotion,
including production of siderophores and indole acetic acid, and solubilization of phosphate and
potassium. In dual culture assays five Bacillus strains inhibited growth of L. brasiliensis by up to 51%,
showing that these assays were useful for the initial screening and selection of strains with antagonistic
activity. This method was previously shown to be useful for identifying two Bacillus strains with
antagonistic effects against Diaporthe ampelina, Diplodia seriata, Eutypa lata and N. parvum (Blundell et
al., 2021), and two strains of Bacillus velezensis against eight different fungi, including L. theobromae, D.
seriata and N. parvum (Bustamante et al., 2022). While Bacillus spp. inhibited the growth of N. parvum by
up to 34% through the production of organic volatile compounds, L. brasiliensis was not affected. However,
a decrease in formation of aerial mycelium was observed, indicating a slight antagonistic effect on this
fungus. However, diffusible compounds had strong antifungal effects against both pathogenic fungi,
although these were less against L. brasiliensis (from 40% to 62%), indicating that diffusible compounds
were the main antagonistic mechanisms of these Bacillus isolates. The production of volatile antifungal
compounds, such as ketones, alcohols, esters, pyrazine, acids, hydrocarbons, heterocycles, aldehydes,
phenols, thioalcohols, and thioesters, has been reported for Bacillus spp. For example, B.
amyloliquefaciens CPA-8 produced 1,3 pentadiene, acetoin (3-hydroxy-2 butanone), and thiophene, that
reduced in vitro mycelial growth of Monilina laxa, M. fructicola, and Botrytis cinerea (Gotor-Vila et al.,
2017). Diffusible compounds with antifungal activity have also been identified from Bacillus spp., including
iturin, fengycin, macrolactin, surfactin. Bacillus INECOL-6004, INECOL-6005, and INECOL-6006 showed
antagonistic activity against Fusarium kuroshium by the production of iturin, fengycin, and surfactin
(Guevara-Avedafio et al., 2020). Identifying the metabolites produced by the Bacillus isolates obtained in

the present study, and their role in disease suppression, would be worthwhile.

All of the seven selected Trichoderma strains showed in vitro antagonistic activity. Additionally, they all
produced siderophores, chitinase, and indole acetic acid. Several previous studies have identified
Trichoderma spp. with activity against GTD pathogens. Urbez-Torres et al., (2020) evaluated the
antagonistic activities of sixteen Trichoderma strains against D. seriata, E. lata and N. parvum, with T.
atroviride PARC1018 giving the greatest inhibition of D. seriata and E. lata, and T. koningiopsis against N.
parvum. Similarly, Blundell et al., (2021) reported that T. asperellum UC8360 inhibited D. seriata, E. lata,
N. parvum and D. ampelina, with D. ampelina being the most inhibitory, while a T. harzianum isolate gave
high rates of inhibition of N. parvum (Langa-Lomba et al., 2022). In the present study, three strains showed
inhibition proportions greater that 50%. Two of these (T. asperellum EFO9BCMX and T. asperellum

EFO11BCMX) were isolated from heritage grapevines, indicating that the heritage grapevine cv. ‘Mission’
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contains beneficial microorganisms that can be used as BCAs with additional benefit of plant growth
promotion. Different Trichoderma strains inhibit growth of phytopathogenic fungi through the production
of volatile compounds (Zhao et al., 2022), In the present study, however, the selected strains did not inhibit
the mycelial growth of L. brasiliensis or N. parvum by the production of volatile compounds, although

decreases in the formation of aerial mycelium were observed.

Mycoparasitism is considered to be an important biocontrol mechanism of Trichoderma (Sood et al.,
2020). However, previous studies showed that this mode of action is not always present. For example,
from 50 Trichoderma isolates evaluated against Moniliophthora roreri, mycoparasitism varied between 0%
and 100%, with only nine isolates reaching 100% (Reyes-Figueroa et al., 2016). Leiva et al. (2020) also
found that for 199 Trichoderma isolates, mycoparasitism rates varied from 32% to 100%. Isolates with this
capacity parasitize and colonize phytopathogens, reducing the fungal inoculum and alleviating the
intensity of the diseases they cause (Nusaibah and Musa, 2019, Mukherjee et al., 2022). The pre-colonized
plate assays of the present study showed a colonization rates of L. brasiliensis from 70% to 100%. When
T. asperellum EFO9BCMX and T. asperellum T15BCMX were evaluated, L. brasiliensis was not recovered
from the plates, indicating total elimination of the pathogen, as expected by the 100% colonization
obtained. In contrast, the microscopical observations showed that hyphae from seven Trichoderma
isolates coiled around hyphae of L. brasiliensis. This ability has been extensively reported. For example, T.
asperellum UDEAGIEM-HO1 formed coils around hyphae of F. oxysporum and Macrophomina phaseolina
(Diaz-Gutiérrez et al., 2021), T. harzianum KMISO2-2-19A around Fusarium virguliforme hyphae (Pimentel
et al., 2020), and T. koningiopsis around hyphe of Phytophthora xcambivora (Frascella et al., 2022). Coiling
around hyphae is the first step of Trichoderma mycoparasitic activity and is followed by production of
hydrolytic enzymes that allow Trichoderma to penetrate the hosts and absorb their contents (Rocha-
Ramirez et al., 2002). Trichoderma isolates produce extracellular cell wall degrading enzymes such as
endochitinases, b-1,3- glucanases, and proteases, that lyse pathogen mycelium (Harman et al., 2004;
Druzhinina et al., 2011). Although the production of cell wall degrading enzymes was not evaluated in the
present study, T. asperellum T15BCMX and T. longibrachiatum T17BCMX caused deformation and the cell
wall lysis of L. brasiliensis hyphae, indicating production of enzymes that damaged cell walls, and potential

as BCAs.

Although the in vitro tests provided information on the antagonistic potential of the evaluated strains, low
inhibition proportions may not indicate that isolates will perform poorly when applied as biocontrol agents
under field conditions. Effectiveness of biocontrol in the field often depends on capacity to colonize plant

tissues, establish compatible interactions, prevail in the hosts, and tolerate abiotic factors (Finkel et al.,
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2017; Afzal et al., 2019). For example, isolate B. axarquiensis BEVP0O2BCMX showed low inhibition in dual
culture assays against L. brasiliensis, but when it was applied as a preventive pruning protectant, it reduced
the size of the necrotic lesions. Effectiveness of this strain could be related to its ability to colonize
grapevine tissues, which is possibly expected considering its endophytic nature. However, beneficial
microorganisms do not always reduce damage caused by pathogens, as was observed here with T.
harzianum TO6BCMYX, since plants showed longer necrotic lesions compared to those inoculated only with
L. brasiliensis. This effect has been observed previously. Leal et al., (2021) reported that plants inoculated
with T. atroviride SC1 and B. subtilis PTA-271, applied in soil against N. parvum, developed longer necrotic
lesions than experimental controls. This is a good reason why potential biological control agents should be

thoroughly assessed.

In plants, beneficial microorganisms have been evaluated using different methods, including preventative
applications in substrates, or directly applied to pruning wounds (Haidar et al., 2016). In the present study,
selected isolates were first evaluated by direct application to soil, and then in a vineyard by applying them
to pruning wounds. In the greenhouse assay, two Bacillus isolates (Bacillus sp. rbES015 and B.
amyloliquefaciens BEVP26BCMX) and three T. asperellum isolates (EFO9BCMX, EF11BCMX, and T20BCMX)
reduced necrotic lesion lengths caused by L. brasiliensis. Since the beneficial microorganisms were applied
in soil without direct contact with the pathogen, the observed effect could be due to activation of host
systemic response. Previous studies have indicated that non-pathogenic bacteria and fungi have
capabilities to reduce damage caused by pathogens through activation of induced host systemic
resistance. Haidar et al., (2016) and Zehra et al., (2021) identified different bacteria isolates with biocontrol
activity against P. chlamydospora, when applied preventatively as drenches. Similarly, Haidar et al., (2021)
identified different bacteria isolates that reduced necrotic lesions caused by N. parvum in grapevines when
inoculated in soil. This opens the possibility for applying selected biocontrol isolates during irrigation or as

drenches, diminishing the costs of biocontrol applications.

Pathogens causing GTDs enter grapevines mainly through pruning wounds (Gramaje et al., 2018), so
control strategies should focus on wound protection. Few studies have been carried out in field conditions,
and they generally used commercial formulations and specific strains. Martinez-Diz et al., (2020) evaluated
the Trichoderma isolates SC1 and 1-1237 against D. seriata and P. clamydospora, observing low efficacy.
The low effectiveness of commercial formulations based on biocontrol agents is common, and has been
mainly attributed to microorganism failure to colonize plant tissues (Mutawila et al., 2016). In the present
study, eight isolates applied directly to grapevine wounds reduced necrotic lesions caused by L.

brasiliensis, and only Bacillus sp. rbESO15 failed. This isolate was obtained from soil so may be incapable
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of colonizing grapevine tissues. The microorganisms obtained in the present study showed strong
biocontrol activity, even though they were applied without the addition of carriers and protectants.
Although comprehensive evaluation needs to be carried out, it may be possible to transfer the selected
strains to a company or association to develop a formulation based on the strains to improve its usability

and stability for grape producers.

In this research, a strain of T. longibrachiatum was shown to be a good candidate as a biological control
agent. However, this species has been reported as an opportunistic human pathogen of
immunosuppressed patients (Myoken et al., 2002; Lipovy et al., 2021; Vasiliki et al., 2021). Therefore, the
use of T. longibrachiatum T17BCMX as biological control agent should be restricted, though it showed
excellent antagonistic activity in assays carried out under in vitro and in planta conditions. Most of the
other identified Trichoderma strains were T. asperellum, which is widely used as a biological control agent,

without reported human risks.

The antagonistic activity of the Bacillus isolates was mainly due to production of diffusible compounds,
while in the Trichoderma spp. it resulted from production of diffusible compounds and the
mycoparasitism. However, volatile compounds may also have contributed to the biological control activity
of the isolates, since all the selected strains produced these compounds that inhibited Neofusicoccum in

vitro.

In the present study strains with antagonistic activity were tested separately. Combination of isolates of
Bacillus and Trichoderma have been previously shown to be successful. For example, B. subtilis PTA-271
and T. atroviride SC1 were evaluated individually and together against N. parvum Bt67 in two grapevine
varieties (‘Tempranillo’ and ‘Chardonnay’). ‘Tempranillo’ plants inoculated with either T. atroviride SC1 or
the consortium had fewer internal lesions caused by N. parvum (Leal et al.,, 2021). In the future,
compatibility among the isolates identified in the present study could be determined for the development

of a consortium that takes advantage of the strengths of different isolates.

In conclusion, this study has identified Bacillus and Trichoderma isolates with biocontrol activity against L.
brasiliensis when applied preventatively to soil and to the pruning wounds. Therefore, heritage grapevines
of Baja California have been shown to be a reservoir of beneficial microorganisms, which can be potentially

utilized in commercial grapevine varieties to help reduce damage caused by grapevine trunk disease fungi.
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Chapter 4. General discussion

This work identified 'Mission' grapevines as a reservoir for grapevine trunk diseases fungi, as well as
biological control agents. In Baja California, this cultivar has demonstrated adaptation to saline soils, arid
climate, low water availability, resistance to certain diseases, and the ability to grow without tutoring,
requiring minimal agricultural management and growing under rainfed conditions (Gonzalez-Andrade and
Fuentes-Flores, 2013; SEFOA, 2011; Magoni, 2021; Martain-Amozurrutia, 2021). Recently, consumers
have shown increasing interest in purchasing unique, historically significant wines produced in an artisanal
manner. In this context, wines from 'Mission' grapes are an excellent option. However, the production of
such wines is constrained by the limited area of vineyards planted with this variety and the damage caused

by pests and diseases.

Botryosphaeria dieback, regarded as one of the most destructive grapevine trunk diseases, is a major issue
in Baja California vineyards. This disease is caused by fungi of the Botryosphaeriaceae family, which
colonize the xylem of plants. Once the infection occurs, symptoms such as necrosis in the wood, cankers,
dieback, and ultimately the death of the plant are observed (Gramaje et al., 2018; Hrycan et al., 2020;
Niem et al., 2020). In commercial grapevine varieties, including 'Cabernet Sauvignon,' 'Carignane,' 'Chenin
Blanc,' 'Sauvignon Blanc,' and 'Petit Sirah,’ among others, at least 16 species of fungi of the genera
Botryosphaeria, Diplodia, Lasiodiplodia and Neofusicoccum causing Botryosphaeria dieback have been
identified (Candolfi-Arballo et al., 2010; Paolinelli-Alfonso 2015; Rangel-Montoya et al., 2021; Rangel-
Montoya et al., 2024). For the 'Mission' cultivar, plants in different vineyards have shown symptoms such
as canker formation, dieback, or plant death, all associated with Botryosphaeria dieback. Analysis of the
symptomatic tissue from these plants yielded 13 strains, morphologically and molecularly identified as

Diaporthe ampelina (one isolate) and Diplodia seriata (12 isolates).

It has been previously observed that many fungal species causing Botryosphaeria dieback are present in
commercial grapevine varieties in the region. In contrast, this study found that only two species were in
'Mission' grapevines. This variation in pathogen diversity may be attributed to the sources of infected
material (Gramaje and Armengol, 2011; Carbone et al., 2022); as most vineyards in Mexico obtain
propagation material from other countries such as France, Spain, the United States of America, and Italy
(CMV, 2020). Meanwhile, the distribution and establishment of 'Mission' plant material has been limited

to Baja California.
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Differences in the virulence levels of grapevine trunk fungi from commercial varieties and 'Mission'
grapevines are evident. Highly virulent fungi, such as L. brasiliensis, L. exigua, and N. parvum, have been
isolated from commercial varieties (Rangel-Montoya et al., 2021; Rangel-Montoya et al., 2024). In
contrast, fungal strains associated with 'Mission' grapevines have been characterized by their low infective

capacity.

Strains of GTDs fungi are known for their high capacity to rapidly degrade cell-wall components of the
grapevine wood (Cruz-Lopes et al., 2014). When evaluating the growth of D. ampelina and D. seriata on
different carbon sources related to wood components, we observed that all strains had low growth rates
and minimal aerial mycelium formation. This contrast with finding by Rangel Montoya et al., (2023), who
reported that L. brasiliensis MXBCL28 strain had a growth rate of up to 18.7+1.764 mm/day. This

discrepancy is primarily related to the capacity of the fungus to degrade and absorb wood components.

There is no effective control method for GTDs, so various management strategies are recommended,
including the application of fungicides, cultural practices, and biological control agents (Mondello et al.,
2018; Mesguida et al., 2023). Biological control has emerged as a sustainable option for grape cultivation
because biological control agents often use different modes of action to inhibit pathogens, promote plant
growth, colonize plant tissue, and maintain a biocontrol effect for longer (K6hl et al., 2019; Alsharif et al.,
2020). However, biological control agents often show low effectiveness in field applications, which is
attributed to the impact of climatic conditions on the ability of microorganisms to colonize and persist in

the plant tissues (Sarma et al., 2015; Ben Zineb et al., 2020; Lahlali et al., 2022).

When analyzing and evaluating the microorganisms associated with grapevines, it was found that strains
of Bacillus and Trichoderma demonstrated the ability to solubilize nutrients and produce plant growth
hormones in in vitro. Additionally, these strains exhibited antifungal activity against highly virulent
grapevine trunk disease fungi, such as L. brasiliensis, through different mechanisms, including competition
for space, production of volatile and non-volatile compounds, and mycoparasitism. The presence of
multiple modes of action in biological control agents enhances their antagonistic activity against

pathogens (Kohl et al., 2019).

Typically, the antagonistic activity of beneficial microorganisms is assessed only under laboratory
conditions, which does not guarantee their effectiveness in field applications. However, the Bacillus and
Trichoderma strains identified in association with 'Mission' grapevines demonstrated high adaptability and

biocontrol potential. These strains showed significant inhibition percentages in vitro and maintained their
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antifungal activity when applied preventively to plants under both greenhouse and field conditions. Strains
from the Bacillus and Trichoderma are increasingly recognized as effective biological control agents due to
their antagonistic activity, ability to improve nutrient availability, promotion of plant growth, and
reduction in the need for chemical fungicides and environmental pollution (Khan et al., 2021; Yao et al.,
2023). Although the microorganisms applied in the greenhouse and field trials showed good efficacy, it is
necessary to develop a bioformulation to ensure the functionality and survival of the Trichoderma and

Bacillus strains and to facilitate their application.

The effectiveness of biological control agents is directly related to the characterization and selection
process under in vitro conditions, their ability to survive in various environmental conditions, the
formulation, and the method of application (Lefort et al., 2016; Elnahal et al., 2022). Based on the results
obtained in this work, the methodology used to isolate and characterize biocontrol agents with antifungal

activity against L. brasiliensis effectively identified beneficial microorganisms.

In Baja California, the prevailing arid climate with very low precipitation, significantly impact grapevine
yields. With the increasing prevalence of arid conditions in the state, selecting grapevine cultivars that can
thrive under such conditions is crucial. 'Mission' grapevines are particularly promising, as they have shown
the capacity to sustain production for many years, even without irrigation. This study offers valuable
insights into the grapevine trunk disease fungi associated with 'Mission' grapevines, which will be

instrumental in developing strategies for managing and preserving this cultivar.



70

Chapter 5. General conclusions

'Mission' grapevines serve as a reservoir for grapevine trunk diseases fungi, specifically from the genera
Diaporthe and Diplodia. Among these, Diplodia seriata was the most prevalent, with strains isolated from
all sampled locations. The virulence of grapevine trunk disease fungi associated with 'Mission' grapevines

is relatively low compared to the highly virulent L. brasiliensis MXBCL28.

'Mission' grapevines are associated with beneficial microorganisms of the genera Bacillus and
Trichoderma. The Bacillus and Trichoderma strains identified in this study have potential as biological

control agents against L. brasiliensis MXBCL28 when applied preventively to soil and pruning wound.

The findings from this study will enable the development of effective management strategies for trunk

diseases fungi associated with 'Mission' grapevines.
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Figure 18. Vineyard biocontrol assay establishment. 1) A pruning cut was made in one of the grapevine branches. 2)
First inoculation of beneficial microorganisms. 3) Second inoculation of beneficial microorganisms and inoculation of
L. brasiliensis. 4) A moistened cotton swab was applied at the pruning site. 5) The inoculated branches were sealed
with parafilm. 6) Inoculated branches were covered with a paper bag to avoid fungus spread.
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Figure 19. Maximum Parsimony tree of Bacillus isolates, using the analyses of partially sequenced tef-1a. Bold font
indicates isolates described in the present study. Values above nodes are bootstrap values obtained from 1000

replicates.
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Figure 20. Maximum Parsimony tree of Trichoderma isolates, using analyses of partially sequenced tef-1a. Bold font
indicates isolates described in the present study. Values above nodes are bootstrap values obtained from 1000

replicates.
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Table 11. Mean percent inhibition of Lasiodiplodia brasiliensis by different potential biocontrol microorganisms and
their respective production of plant growth promotion compounds for Bacillus and Trichoderma isolates.

Microorganisms Isolates Inhibition Production Solubilization
(AA) SID CHI | HCN | I1AA P K | Zn
Bacteria BEVP13BCMX 51.6 - - - - - - -
BEVP15BCMX 52.0 + - - - - -
BEVPO1BCMX 51.28 + - - - -
BEVP02BCMX 17.09 - + - + -
BEVPO3BCMX 14.87 - - - - - -
BEVPO5BCMX 7.69 + - - - - - -
BEVPO8BCMX 33.33 - - - - + - -
BEVP10BCMX 13.68 - - - - - - -
BEVP11BCMX 40.17 + - - - - - -
BEVP19BCMX 18.12 - - - - - - -
BEVP26BCMX 37.95 + + - + + - -
BEVP29BCMX 50.43 - - - - - - -
BEVP30BCMX 23.93 - - - - - - -
BEVP31BCMX 50.60 - - - + - - -
BEV15BCMX 51.62 + - + - - -
BEVPRP11BCMX 21.34 - - + - + -
BEVPRP12BCMX 12.72 - - - - - + -
BEVPRP22BCMX 16.85 - - + - - -
BEVPRP25BCMX 33.43 + - - - - + -
BEVP2-39BCMX 12.1 - - - - - - -
BEVPE-60BCMX 194 + + - - - + -
Trichoderma isolates EFO9BCMX 51.83 + + - + - -
EF11BCMX 51.67 + + - + - -
TO1BCMX 36.29 + + - - - - -
T02BCMX 23.93 + + - - - - -
TO3BCMX 42.73 + + - - - - -
TO4BCMX 41.02 + + - - - - -
TO5BCMX 37.60 + + - - - - -
TO6BCMX 41.02 + + - + - - -
TO7BCMX 48.71 + + - - - - -
TO8BCMX 45.29 + + - - - - -
TO9BCMX 36.92 + + - - - - -
T10BCMX 29.91 + + - - - - -
T11BCMX 29.05 + + - + - - -
T12BCMX 39.31 + + - - - - -
T13BCMX 42.72 + + - - - - -
T14BCMX 33.33 + + - - - - -
T15BCMX 25.05 + + - + - - -
T16BCMX 39.31 + + - - - - -
T17BCMX 52.82 + + - + - - -
T18BCMX 35.89 + + - - - - -
T19BCMX 35.04 + + - - - - -
T20BCMX 39.31 + + - - - - -
T21BCMX 38.46 + + - - - - -
T22BCMX 21.14 + + - - - - -
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