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Preface

Horticultural agriculture is currently facing significant challenges that compromise crop
productivity and quality, as well as the sustainability of agricultural systems globally. Plant pathogens
such fungi, bacteria, viruses, or nematodes, represent a threat that, historically, has been combated
through the intensive use of chemical pesticides. However, this strategy has generated adverse
environmental consequences, pathogen resistance, and risks to human health, which have prompted
an urgent search for more sustainable alternatives.

In this context, the use of biocontrol agents and the development of accurate diagnostic strategies
emerge as key tools to transform the way plant health is managed in horticultural crops. This Special
Issue of Horticulturae brings together a variety of research that responds to this need, highlighting
innovative approaches to disease diagnosis and control using environmentally friendly, effective, and
locally adapted methods.

The articles presented here explore a diversity of cases, from the epidemiology of specific diseases
such as downy mildew in grapevines or gray mold in pecan nuts, to the experimental and validated
use of microorganisms such as Trichoderma asperellum, Stenotrophomonas maltophilia or Exiguobacterium
acetylicum for the control of phytopathogens. In addition, aspects such as the molecular characterization
of viruses in legumes, the impact of the use of certified seeds, and integrated agricultural practices to
reduce the spread of diseases are addressed.

This Special Issue also highlights the holistic approach of this research, which seeks to mitigate
diseases and to strengthen the resilience of agricultural systems, improve plant nutrition, and reduce
environmental impact. As the agriculture of the future is redefined, biocontrol and sustainable plant
health are emerging as fundamental pillars for achieving fairer, safer, and more environmentally

friendly agricultural production.

Graciela Dolores Avila-Quezada and Irasema Vargas-Arispuro
Guest Editors
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1. Introduction

Horticultural crops play an important role in global food security and the economy [1].
However, they face persistent threats from various pathogens—fungal, bacterial, viral [2],
and insect-borne [3]—that impact yield, quality, and sustainability. Traditionally, reliance
on chemical pesticides has led to environmental concerns [4] and resistance development
in pathogens and pests [5], highlighting an urgent need for eco-friendly and sustainable
disease management strategies.

In line with the United Nations” Zero Hunger goal [6], which aims to end hunger,
achieve food security, improve nutrition, and promote sustainable agriculture, this Special
Issue compiles research on disease diagnostics and the use of biocontrol agents to manage
horticultural crop diseases. By advancing sustainable plant protection, these studies
contribute to the development of resilient agricultural systems capable of supporting global
food needs.

2. Overview of Published Articles

Carrera et al. (Contribution 1) analyzed the epidemiology of downy mildew (Plas-
mopara viticola) in grapevines during a two-year study in northwestern Spain, evaluating
two bioclimatic zones. Temperature, humidity, and wind speed were identified as key
variables influencing disease dynamics. These findings emphasized the importance of
region-specific disease forecasting for improved disease management.

Zheng et al. (Contribution 2) reported the first occurrence of gray mold (Botrytis cinerea)
on pecan fruits and leaves in China. Molecular and pathogenicity analyses confirmed its
identity and laid the groundwork for future disease control research in nut crops.

Huang et al. (Contribution 3) explored Exiguobacterium acetylicum SI17’s potential as a
biocontrol agent against litchi downy blight. Although the bacterium did not antagonize
Peronophythora litchii, a genomic analysis revealed several secondary metabolite genes
contributing to plant defense, suggesting significant promise for pre-harvest biocontrol.

Exposito-Gods et al. (Contribution 4) focused on bean common mosaic virus (BCMV)
in protected geographical indications (PGls). The PGI “Faba de Lourenza” faced challenges
from BCMYV due to uncertified seeds. Field strategies such as virus-free seedlings, rogueing,
and intercropping were tested, revealing effective control methods and highlighting the
need for farmer education and off-site seed production.

Mrkvova et al. (Contribution 5) used high-throughput sequencing to analyze the
virome in Fabaceae species, including red clover, peas, and beans. The genetic characteriza-

Horticulturae 2025, 11, 557 https://doi.org/10.3390/horticulturae11050557
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tion of Slovak bean yellow mosaic virus isolates provided insights into host susceptibility
and virus-host interactions in pea genotypes.

Liu et al. (Contribution 6) studied strawberry root rot control with Trichoderma as-
perellum, where the isolate CMT10 controlled Neopestalotiopsis clavispora through multi-
ple biocontrol mechanisms, including competition, hyperparasitism, and metabolite pro-
duction. It also promoted plant growth, showing potential as a sustainable alternative
to fungicides.

Shanmugaraj et al. (Contribution 7) is about collar rot management in tomato. In
this study, among 20 T. asperellum isolates, A10 exhibited the strongest antagonism against
Agroathelia rolfsii and the highest enzyme activity. In vitro and greenhouse assays confirmed
its effectiveness in reducing collar rot and producing antimicrobial compounds.

Tomar et al. (Contribution 8) investigated biological control of the cabbage pest
Pieris brassicae (an invasive pest affecting cole crops, with rising resistance to current
control methods) using Steinernema carpocapsae and its symbiotic bacterium Xenorhabdus
nematophila. Lab tests showed high larval mortality, highlighting the potential of these
bacteria for integrated pest management, pending further field trials.

Osman et al. (Contribution 9) studied the biocontrol of onion white rot using the
bacteria Stenotrophomonas maltophilia and Serratia liquefaciens which significantly suppressed
Stromatinia cepivora infection and enhanced the plant growth and yield, aided by volatile
metabolite production and plant defense activation.

Finally, Tyagi et al. (Contribution 10) reviewed the use of biocontrol agents in
sustainable horticulture. Their review examined the roles of fungal, bacterial, and
viral biocontrol agents, the environmental and genetic factors affecting their perfor-
mance, and the challenges and opportunities in integrating these agents into mainstream
horticultural practices.

3. Conclusions

This Special Issue presents recent advancements in understanding and managing
horticultural diseases through innovative diagnostic tools and eco-friendly biocontrol ap-
proaches. The studies included emphasize the importance of region-specific strategies,
molecular identification, and the integration of biocontrol agents into sustainable agricul-
ture. Collectively, these findings underline the potential of biocontrol methods to reduce
the dependency on chemical pesticides, protect biodiversity, and enhance crop productivity.
Future efforts should focus on scaling these solutions under field conditions, improving
the formulation of biocontrol microorganisms, and integrating them into holistic crop
management systems.

Author Contributions: Conceptualization, writing—original draft preparation, writing—review
and editing, G.A.-Q. and I.V.-A. All authors have read and agreed to the published version of
the manuscript.
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Abstract: Downy mildew, caused by Plasmopara viticola, is one of the most destructive
diseases affecting grapevines, particularly in areas with bioclimatic conditions that favor
its development, such as northwestern Spain. This study examined the presence of P.
viticola sporangia in three vineyards located in two distinct bioclimatic regions (ultra-
oceanic and subcontinental) over two consecutive years (2023 and 2024) using Hirst-
type volumetric samplers. The relationship between P. viticola and grapevine phenology,
along with meteorological variables, was analyzed to help develop effective strategies
for managing this disease. Spearman correlation analysis showed that temperature was
the most influential variable in all vineyards. However, water-related variables (relative
humidity and precipitation) showed stronger correlations in the ultra-oceanic vineyard,
which also had the highest sporangium concentrations. Principal Component Analysis
revealed that sporangium concentrations in the ultra-oceanic region were most strongly
associated with relative humidity and wind speed. In contrast, sporangium concentrations
in the subcontinental vineyards were more closely related to temperature, dew point, and
wind speed (in Alongos), as well as wind speed (in Alongos and Cenlle). PCA results
clearly differentiated the two bioclimatic zones. These findings provide valuable insights
that can improve downy mildew management in vineyards in northwestern Spain.

Keywords: Plasmopara viticola; sporangia; vineyard; aerobiology; phenology

1. Introduction

The grapevine (Vitis vinifera L.) is known for its significant agricultural and economic
value in various geographical regions [1], with Spain being the world’s leading wine
exporter by volume and the third by value [2,3]. The northwestern region of the country
has over 33,200 hectares of vineyards, with the vast majority of wine production centered
in the provinces of Ourense and Pontevedra [4]. The bioclimatic conditions in this area
are characterized by high humidity, abundant rainfall, and moderate temperatures, all
propitious to the development of downy mildew (Plasmopara viticola) on grapevines, one
of the most devastating diseases affecting these crops [5-7]. Downy mildew epidemics
result in both direct and indirect yield losses, including reduced photosynthetic activity in
affected leaves, the premature defoliation of vines, and the rotting of inflorescences, shoots,
and clusters [8].

Horticulturae 2025, 11, 228
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The causal agent of this disease is the oomycete Plasmopara viticola (Berk. & M.A.
Curtis) Berl. & De Toni, which was brought to Europe in 1878 from North America through
rootstock of American wild grapevines resistant to phylloxera [9]. P. viticola is an obligate
parasite belonging to the family Peronosporaceae, the order Peronosporales, and the class
Peronosporomycetes [10]. During the vegetative period of grapevine development, P.
viticola completes its life cycle, which is governed by oospores and sporangia. In early
spring, zoospores released from macrosporangia, formed by the germination of oospores,
are dispersed by rain and wind onto new leaves and shoots, eventually reaching the grape
clusters. New zoospores are produced through asexual reproduction, continuously in-
fecting fresh tissues throughout the growing season [11]. Moreover, evidence shows that
the survival of the inoculum in plant debris allows it to germinate in successive crops,
complicating the eradication of the disease [12]. All grapevine varieties are susceptible to
this disease, although the degree of susceptibility varies among them [13,14]. However,
genetic diversity analysis has revealed distinct patterns between populations in differ-
ent geographical regions, highlighting the influence of historical introductions and local
environmental conditions [15].

The traditional and most effective method for controlling downy mildew is the pe-
riodic application of copper-based formulations, although other types of phytosanitary
products, operating either on contact or systemically, have been developed [16]. However,
the European Union has established restrictions on the prolonged use of these phytosanitary
products due to their potential to promote the emergence of pathogen-resistant strains [6],
as well as their negative impact on soil and water quality, which can ultimately affect
human health [17-19]. There is therefore an increasing need for research into the alterna-
tive management of cryptogamic diseases that minimizes the use of these products [20].
Cultivation practices, such as planting grapevines in open, well-ventilated layouts rather
than compact ones; managing cover vegetation; employing specific pruning techniques;
and ensuring the appropriate handling of pruning residues, represent some alternatives for
disease prevention [21,22].

Given that P. viticola sporangia are the main focus for monitoring infection, aerobio-
logical studies that continuously detect their presence and correlate it with meteorological
variables are a useful tool for detecting and reducing the spread of the disease [23,24].
Various studies in Spain have described these relationships; however, they differ between
years and regions. There are wine-making regions where studies on the detection of P.
viticola sporangia in the air are limited, such as the region of the Rias Baixas [13,25-27].
The aim of this study was to evaluate the influence of meteorological variables on the
aerial concentration of Plasmopara viticola sporangia in two different bioclimatic regions of
northwest Spain during the grapevine vegetative cycle.

2. Materials and Methods
2.1. Location and Climatic Characteristics of the Study Area

The study was conducted in three vineyards in northwestern Spain: Areeiro (42°24'13” N,
8°40'18” W), Alongos (42°20'03" N, 7°57'48" W), and Cenlle (42°18'56" N, 8°06'03" W)
(Figure 1). This region is strongly influenced by maritime conditions, which diminish as
one heads inland toward the east and the distance from the coast increases [28].

Areeiro is located in the Rias Baixas region and biogeographically belongs to the
Eurosiberian region. Many of the vineyards are situated close to the coast, creating a
microclimate with high humidity, mild temperatures, and frequent rainfall. The traditional
cultivation system is in elevated training trellises, structures that lift the vines off the
ground to prevent diseases induced by humidity. These systems also provide optimal
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sun exposure and ventilation. The climate is Atlantic oceanic, with mild winters and
precipitation throughout the year, falling to a minimum in the summer [29].
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Figure 1. Location of the study vineyards: Areeiro, Alongos, and Cenlle.

Alongos and Cenlle are located in O Ribeiro, Ourense Province, in the Mifio River basin,
a region characterized by rugged terrain with fertile valleys and gentle hills. Biogeographi-
cally, their location is in a transitional zone between the Eurosiberian and Mediterranean
regions [30]. The landscape is dominated by vineyards extending across terraced slopes,
utilizing traditional cultivation systems that maximize the use of the hilly terrain and
optimize solar exposure. The climate is oceanic with a Mediterranean influence, with mild,
wet winters and warmer, drier summers compared to the coastal areas [28].

2.2. Phenological and Aerobiological Study

This study was carried out during the active grapevine growing seasons in 2023 and
2024, focusing on phenological research and sampling P. viticola sporangia in the vineyards
using aerobiological methods.

For the phenological study, the most characteristic grapevine varieties of each wine-
producing region were selected: Albarifio in Areeiro and Treixadura in Cenlle and Alongos.
The Biologische Bundesanstalt, Bundessortenamt und Chemische Industrie (BBCH) scale
proposed by Meier [31] was followed. In each vineyard, 20 plants were selected to monitor
six phenological stages (PS): PS 0 (bud development), PS 1 (leaf development), PS 5
(inflorescence emergence), PS 6 (flowering), PS 7 (development of fruit), and PS 8 (ripening
of berries). To determine these stages, weekly visits were made to each vineyard, with two
visits per week during the flowering stage (PS 6). The start date of each phenological stage
was recorded as the date when 50% of the studied plants were observed in that stage.

Fungal propagule samples were collected using Lanzoni VPPS-2000 model volumetric
collectors (Lanzoni Manufacturing, Bologna, Italy) [32], placed 2 m above ground level
to avoid obstruction by vine growth. The samplers were calibrated to a flow rate of
10 L/min. For sample processing, the authors applied the Spanish Aerobiological Network
protocol [33]. Air samples were trapped in a cylindrical drum covered with Melinex tape
previously coated with a 2% silicone solution. In the laboratory, this tape was divided
into seven sections, and microscope slides were prepared using glycerinated gelatin with
1% basic fuchsin as the preparation medium. Aerobiological preparations were analyzed
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under a light optical microscope (OLYMPUS BX50F, Tokyo, Japan) at 400 x magnification.
P. viticola sporangia were identified as hyaline, ovoid structures, wider at the apex, with
lengths ranging from 17 to 40 um and thicknesses from 10 to 20 um. The results were
expressed as daily sporangium concentration per cubic meter of air (sporangia/m?) using
the terminology proposed by Galdn et al. [34].

2.3. Meteorological Data

The meteorological data used in this study were recorded by a HOBO meteorological
station (ONSET HOBO USB Micro Station Data Logger) located at each vineyard. The
daily meteorological variables recorded were average temperature (AvgT, °C), maximum
temperature (MaxT, °C), minimum temperature (MinT, °C), relative humidity (RH, %),
and dew point (Dp, °C). Precipitation (Rain, L/ m?) and wind speed (Ws, km/h) data
were obtained from the nearest meteorological stations in the MeteoGalicia network (http:
//www.meteogalicia.gal/, accessed on 28/11/2024).

To classify the regions where the vineyards are located (Rias Baixas and O Ribeiro),
the Currey continentality index [35] was used. This index is calculated based on thermal
amplitude and latitude:

Kcu=Am/(1+ (¢/3)) @

where:

Kcu = Currey index;
Am = thermal amplitude;
¢ = latitude.

2.4. Statistical Analysis

To evaluate the degree of association between meteorological variables and the concen-
trations of P. viticola sporangia up to 7 days prior, the non-parametric Spearman correlation
test was performed. Three periods were considered for the analysis: the 2023 season,
the 2024 season, and both seasons combined. The significance levels for the confidence
intervals were set at 95% (p < 0.05) and 99% (p < 0.01).

Additionally, a Principal Component Analysis (PCA) was conducted to identify dif-
ferences in sporangium concentrations between bioclimatic regions and to analyze the
influence of all variables on sporangium concentrations in each area. Statistical analyses
were performed using IBM SPSS Statistics 24 software.

3. Results
3.1. Grapevine Phenology Cycle and P. viticola Concentrations

The duration of the grapevine growing cycle in all vineyards was similar in both years,
with an average duration of 170 days, the exception being Alongos in 2023, where it was
shorter, lasting 142 days. Considering both growing seasons, the average duration was
longer in Cenlle (177 days) and Areeiro (175 days) than in Alongos (159 days). In 2024
(179 days), the growing cycle was longer than in 2023 (161 days) in all three vineyards
(Table 1).

The duration of the phenological stages showed variations across all locations and
years (Table 2). In all study vineyards, the longest phenological stage was fruit development
(PS 7), lasting 74 days in Areeiro, 72 days in Alongos, and 68 days in Cenlle. The next
longest stage was the ripening of berries (PS 8), which lasted 64 days in Areeiro, 51 days in
Alongos, and 60 days in Cenlle, using the average value for both growing seasons.

The P. viticola total concentration showed notable differences between the different
vineyards and sampling years. In 2023, Areeiro yielded 53,447 sporangia/m?3, whereas
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Alongos yielded 2483 sporangia/m> and Cenlle 1581 sporangia/m? (Table 2). In 2024,
there was a considerable decrease compared to the previous year, with a 37% reduction at
Areeiro, 47% at Alongos, and 71% at Cenlle (Table 2).

Table 1. Dates and duration of the phenological study.

Study Period
Vineyard Areeiro Alongos Cenlle
Start date 2023 24 March 28 March 14 March
Duration (days) 167 142 173
Harvest 7 September 17 August 3 September
Start date 2024 13 March 19 March 12 March
Duration (days) 182 168 181
Harvest 11 September 3 September 9 September

Table 2. Start date of the phenological stages (PS 0—bud development, PS 1—leaf development, PS
5—inflorescence emergence, PS 6—flowering, PS 7—development of fruit, and PS 8—ripening of
berries) in the three vineyards in 2023 and 2024, the sum of Plasmopara viticola daily concentrations
(SSIn, sporangia/ m?) over each phenological stage, the peak maximum daily concentration (Peak,
sporangia/m?), and the total sporangium concentration in each study period (Total, sporangia).

2023 2024
%t:: SSIn Peak ]S)t:tret SSIn Peak
Areeiro
PSO 24 March 14 5 13 March 21 5
PS1 2 April 30 4 2 April 57 23
PS5 19 April 1013 205 17 April 1149 484
PS6 18 May 20,925 5604 28 May 3811 629
PS7 7 June 22,002 1474 10 June 13,333 1158
PS 8 26 July 9463 1028 30 July 15,241 1402
Total 53,447 33,612
Alongos
PS 0O 28 March 14 13 13 March 85 25
PS1 3 April 31 5 31 March 166 43
PS5 16 April 85 9 15 April 205 22
PS 6 13 May 11 4 26 May 83 11
PS7 30 May 1854 455 7 June 587 117
PS8 19 July 490 67 21 July 196 56
Total 2483 1321
Cenlle

PSO 14 March 109 22 12 March 120 18
PS1 5 April 110 48 5 April 89 16
PS5 22 April 168 23 20 April 57 5
PS6 20 May 23 5 31 May 39 5
PS7 7 June 808 110 13 June 110 22
PS8 25 July 364 83 23 July 48 5
Total 1581 462

In terms of temporal distribution, P. viticola sporangia were recorded at all phenological
stages in both years and all vineyards (Table 2 and Figure 2). The highest concentrations
in Areeiro were recorded during the flowering (PS 6) and fruit development (PS 7) stages
in 2023. However, in 2024, peaks were observed during the fruit development stage and
the ripening of berries (PS 7 and 8, respectively). In Alongos and Cenlle, in both growing
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seasons, the highest concentration of sporangia was observed during the fruit development
stage (PS 7). In general, the days with the highest concentration of P. viticola sporangia
in the three vineyards were mainly recorded during the fruit development and ripening
stages (PS 7, PS 8).
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Figure 2. Phenology (upper lines: PS 0—bud development, PS 1—leaf development, PS 5—inflorescence
emergence, PS 6—flowering, PS 7—development of fruit, and PS 8—ripening of berries), Plasmopara
viticola daily concentrations (gray area), average temperature (lines), and rainfall (bars) during the
years of study. In order to facilitate the comprehension of the graphics, Plasmopara viticola sporangium
concentrations were divided by three in the 2023 graphs. (a) Areeiro 2023-2024, (b) Alongos 20232024,
and (c) Cenlle 2023-2024.
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3.2. Meteorological Parameters During the Study

The meteorological conditions in the three vineyards showed marked location-related
differences. The continentality index for Areeiro (Kcu = 0.43) classifies this area as ultra-
oceanic due to its lower thermal amplitude. The inland area, where Alongos and Cenlle are
located, is classified as subcontinental, with Kcu values of 1.5177 and 1.6511, respectively.

Analysis of the meteorological data showed that the average and minimum temper-
atures did not exhibit significant differences among the three locations over the study
period. However, the maximum temperature varied between 26 and 27 °C in Alongos
and Cenlle, while in Areeiro, it ranged between 23 and 24 °C (Table 3). On the other hand,
all climatic variables contributing to ambient humidity were higher in Areeiro compared
to the other two vineyards. The average precipitation over both years was 475 L/m? in
Areeiro, compared to 247 L/ m? in Alongos and 321 L/ m? in Cenlle. Similarly, the average
relative humidity was 83% in Areeiro, in contrast to 70% in Alongos and 75% in Cenlle. In
terms of the average dew point, Areeiro recorded 14 °C, while Alongos and Cenlle were
approximately 1 degree lower. Wind speed was also higher in Areeiro compared to that
in Alongos and Cenlle (3.7 km/h in Areeiro vs. <1 km/h in Alongos and Cenlle). When
comparing both growing seasons, 2023 was slightly warmer and less rainy than 2024 in all
three vineyards (Table 3).

Table 3. Meteorological variables (MaxT °C—maximum temperature, MinT °C—minimum tem-
perature, AvgT °C—mean temperature, RH %—relative humidity, Dp °C—dew point, and Ws
Km/h—wind speed) and total precipitation (Rain—L/ m?) in the three vineyards (2023 and 2024).

MaxT  MinT  AvgT RH Dp Ws Rain

. 2023 2387 1339  18.07 8353 1443 355  360.60
Areelfo 504 2310 1243 1712 8319 1341 3.82  589.80
2023 2750  11.86 1911 6922 1247 054  204.20
2024 2688 1176 1860 7137 1252 0.68  290.20
2023 2620 1216 1835 7450  12.95 1.05  255.00
2024 2606  11.62  17.84 7527  12.66 230  321.30

Alongos

Cenlle

Analysis of the meteorological data averaged by phenological stage (Table S1) reveals
that the highest average temperatures occurred during the summer months (PS 8), ranging
from 19.98 °C in Areeiro to 23.81 °C in Alongos, in both cases during the 2024 growing
season. The lowest minimum temperature values were recorded during the leaf develop-
ment stage (PS 1), ranging from 5.23 °C in Alongos to 8.52 °C in Areeiro in 2023. As far as
rainfall is concerned, in 2023, all three vineyards recorded the highest precipitation during
the fruit development stage (PS 7), with values over 100 L/m?. In 2024, precipitation was
higher during the bud development stage (PS 0), with 79.73 L/m? in Alongos and more
than 100 L/m? in Areeiro and Cenlle.

3.3. Meteorological Influence on P. viticola Sporangia

Among the meteorological variables studied, temperature had the greatest influence
on the P. viticola sporangium concentration in three vineyards, regardless of the study
period (Tables 4 and S52).

In particular, the average temperature from the seven preceding days in Areeiro
(r = 0.626, 2024) and the same-day temperature in Alongos (r = 0.627, in 2023) showed the
strongest correlations. Similar r values were also observed for the dew point, with mostly
positive correlations. In general, the influence of variables related to water (precipitation
and relative humidity) was weaker, showing both positive and negative correlations at
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different periods. Similar relationships were observed between the detected concentrations
and wind speed (Tables 4 and S2).

Analysis of the correlation results by vineyard revealed that in the ultra-oceanic area
(Areeiro), the mean temperature generally exhibited stronger correlations than the maxi-
mum or minimum temperatures, with positive correlations in all study periods. Overall,
the r value for both the maximum and mean temperatures increased when considering the
influence of previous days, reaching its peak seven days before. The temperature on previ-
ous days had a greater influence than the temperature on the day of measurement on the P.
viticola presence in the air. By contrast, the relationship with the dew point on previous
days was weaker than that on the same day. Precipitation showed a negative correlation
when analyzing the 2024 data, with r values increasing when considering the influence of
previous days. Relative humidity correlated positively with sporangium concentration in
2023. However, in 2024, significant correlations were negative.

In the subcontinental area (Cenlle and Alongos), temperature was also the most
influential variable, with correlation results consistently stronger in Alongos than in Cenlle.
What was notable about the temperature influence in the transition zone was that it showed
a positive correlation in 2023 and a negative one in 2024. After temperature, the dew point
and wind speed were the factors exhibiting the highest r values. With regard to wind
speed, a similar pattern was observed in both vineyards: a negative influence in 2023 and
a positive one in the preceding days in Alongos in 2024. By contrast, relative humidity
and precipitation had significantly weaker correlations with the P. viticola sporangium
concentration. Relative humidity always showed a positive influence, while rainfall had
variable effects.

Table 4. Spearman correlation test results comparing Plasmopara viticola concentration (sporangia/ m?)
and the meteorological variables recorded (MaxT—maximum, MinT—minimum, and AvgT—average
temperature (°C); Rain—rainfall (mm), Ws—wind speed (km/h); RH—relative humidity (%); and
Dp—dew point (°C)) (signification level: p < 0.01 **, p < 0.05 *). Only the values of the correlations
with the highest r values for each variable are shown.

Areeiro Alongos Cenlle
2023 2024 2023 2024 2023 2024
0.433 ** 0.498 ** 0.467 ** —0.277* 0289 ** —0.229 **

MaxT  MaxT 5 MaxT.7  MaxT  MaxT.3  MaxT  MaxT. 5
MinT 0.604 ** 0.618 ** 0544 *  —0250*  0.288*  —0.199*
mn MinT_1 MinT .7  MinT.7 MinT.7  MinT_1 MinT_3
AveT 0.559 ** 0.626 ** 0.627 *  —0278*  0347*  —0.222*
& AVgT_4 AVgT_7 AVgT AVgT_3 AVgT AVgT_S
Rai —0.318*  —0.224*  0249*  —0203*  0.202*
am Rain_7 Rain Rain_2 Rain Rain_7
RH 0314*  —0.158* 0.194 * 0.243 ** 0.200 ** 0.222 **
RH_1 RH_3 RH_7 RH_1 RH_1 RH_7
b 0.677 ** 0.632 ** 0.603*  —0243*  0361*  —0.170*
p Dp_1 Dp_7 Dp_7 Dp_3 Dp_1 Dp_3
W —0.192%  0243*  —0396*  0216*  —0.308 **
s Ws_1 Ws_4 Ws_7 Ws_5 Ws_1

When the correlations were compared across both seasons (2023 and 2024), a general
trend toward a decrease in the significance and strength of the correlations with meteoro-
logical factors became evident. In the ultra-oceanic area, correlations with temperature and
dew point (both on the same day and up to seven before days) remained significant and

11
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positive. Relative humidity and precipitation on the same day and previous days showed
less influence when combining seasons than when the years were analyzed separately. In
the vineyards in the subcontinental area, maximum temperature only showed significant
correlations with sporangia on the same day. Taking the dataset for each location separately,
in Alongos, most correlations were positive and significant, with minimum temperature,
mean temperature, and dew point maintaining their significance, although with lower
r values. However, in Cenlle, for these same variables, correlations were only present
on the same day and the preceding day, and for dew point, for the two preceding days.
Relative humidity lost its strength when both years were considered together, although the
correlation remained positive. With regard to leaf humidity, significant correlations were
only found in Areeiro one and seven days before. Wind speed from four and seven days
prior had a positive influence in Areeiro, while in Cenlle, it had a negative influence across
all the evaluated days.

3.4. Principal Component Analysis

To determine the relationship between the concentrations of P. viticola sporangia
recorded in the three vineyards, a principal component analysis was conducted. Principal
component 1 (PC1) and principal component 2 (PC2) accounted for approximately 74% of
the variance in the data. PC1 grouped the sporangium concentrations from the Alongos
and Cenlle vineyards, while those from Areeiro were placed in PC2 (Figure 3).

Factor 2

0.8

0.6 —

0.4 —

0.2

Plasmopara viticola_Areeiro

Principal Components

-0.2

Plasmopara viticola_Alongos 1 2
Eigenvaule 1.136 1.073
Percent of variance 37.866 35.770
Cumulative percentage 37.866 73.636
Plasmopara viticola_Cenlle 0.849 -0.193
Plasmopara viticola_Alongos 0.595 0.578
wo,a_@nﬂe Plasmopara viticola_Areeiro -0.174 0.855

-0.2 0

T T T T T T T
0.2 04 0.6 0.8 1
Factor 1

Figure 3. Results of the principal component analysis applied to Plasmopara viticola concentrations in
the vineyards of Areeiro, Alongos, and Cenlle. Factor 1 = Principal Component 1; Factor 2 = Principal
Component 2.

In order to identify the meteorological factors that most influence the variation in P.
viticola sporangium concentrations across the different vineyards, three additional PCAs
were performed, one for each study area. The PCA for Cenlle grouped the data into three
principal components, while the PCA for Areeiro and Alongos grouped the data into two
components. In both Areeiro and Alongos, the two components accounted for a similar
percentage of the data variance, close to 70%. In contrast, the three components from the
Cenlle PCA accounted for 83.3% of the data variance (Figure 4).

With regard to the distribution of meteorological variables in the different principal
components, it was observed that the P. viticola concentration in the ultra-oceanic area
(Areeiro) was more strongly associated with component 2, which also grouped relative
humidity, rain, and wind speed (Figure 4). Meanwhile, the sporangium concentration in
Alongos was more closely associated with component 1, where temperature (maximum,
minimum, and average), dew point, and wind speed (with a weaker and negative associa-
tion) were highlighted. Finally, the sporangium concentration in Cenlle and wind speed
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were grouped in component 3. These results are consistent with the findings from the
Spearman correlation analysis when considering both years (2023 and 2024) together.
Finally, when we took into account the grouping of the meteorological variables

analyzed with the PCA, it was observed that the maximum, minimum, and average

temperatures, as well as the dew point, were grouped in the same component across

all three vineyards, always in the component that accounted for the highest variability

(Figure 4). Precipitation was found in the second component, both in the ultra-oceanic

vineyard and in the subcontinental vineyards. In the latter, relative humidity was grouped

with precipitation in all study areas (Figure 4).

1.1 Areeiro
AvgT MinT  DwP PC1 PC2
08| M Eigenvaule 3611 2072
Percent of variance ~ 45.135 25.896
05— Cumulative percentage 45.135 71.031
é Plasmopara viticola_Areeiro Plasmopara viticola 0.320 0.353
Coon MaxT 0.819 -0.491
RH MinT 0.938 0.136
ud AvgT 0953 -0.264
Rain -0.356  0.535
04 Rain Ws -0.040 -0.643
07 04 04 02 05 08 " RH 0023 0.340
Factor 2 Dp 0931 0.297
1.1 Alongos
RH PC1 PC2
085 Eigenvaule 3.892  1.674
Percent of variance ~ 48.645 20.927
N045— Ws Cumulative percentage 48.645 69.572
Sp2-] Plasmopara iiola_Alongos Plasmopara viticola 0.354 0.126
& wP MaxT 0.645 -0.671
0.1+ MinT MinT 0.937 -0.049
AvgT 0.847 -0.500
"7 pugT Rain 0010 0.792
A MaxT Ws -0.423 0.324
05 02 01 04 07 i RH 0.032 0916
Factor 1 Dp 0.980 -0.038
1] Cenlle
PC1 PC2 PC3
0.7+ Eigenvaule 3.850 1.684 1.131
Percent of variance ~ 48.128 21.048 14.134
0.4 Cumulative percentage 48.128 69.176 83.310
E Plasmopara viticola 0.069 -0.147 0.823
£, MaxT 0.822 0480 0.075
MinT 0.958 -0.003 0.065
0.2 W/ Plasmopara vificola_Cenlle AvgT 0923 -0.349 0.082
AvgT Rain -0.082 0.834 -0.107
05 MaxT Ws -0.137 -0.180 -0.759
08 05 02 01 04 07 1 RH -0.138 0.888 0.170
Factor3 Dp 0961 0.103 0.187

Figure 4. Principal component analysis (PCA) results for the three locations: Areeiro, Alongos,
and Cenlle. Factor 1 = PC 1, Factor 2 = PC 2, and Factor 3 = PC 3. MaxT—maximum tempera-
ture, MinT—minimum temperature, AvgT—average temperature, Dp—dew point, Rain—rainfall,

RH—relative humidity, and Ws—wind speed.
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4. Discussion

Knowledge of grapevine phenology over several seasons is essential for ascertaining
the characteristics of wine-growing regions. This information enables the effective planning
of agricultural tasks and the application of phytosanitary products [36,37]. Furthermore,
aerobiological studies of these crops help to optimize harvest yields and to improve the
quality of the final product [38].

The main factors that influence the vegetative activity of the vine and the development
of its various phenological stages are meteorological in nature, although agricultural
management also plays a role [39,40]. The average duration of the grapevine cycle in
this study is consistent with that in other studies carried out in the northwest Iberian
Peninsula [5,26]. The shortest vegetative cycle throughout the study period was observed
in 2023 at the Alongos vineyard. This difference was mainly due to a shortening of PS
8 by 11-14 days compared to that in Cenlle and Areeiro. This may have been caused by
temperature variations, which are a key factor for grapevine development in temperate
regions [25,41]. In this regard, maximum and average temperatures during this stage were
higher in Alongos, and other variables related to humidity were lower. This may have
influenced earlier ripening, since the heat dries the soil and stops fruit growth [42].

The meteorological conditions in the three vineyards favored the presence and spread
of P. viticola sporangia in the air during the vine growth cycle. For downy mildew to
develop in vineyards, climatic conditions are crucial in determining the prevalence and
severity of the disease [5]. During spring rains, oospores germinate. These oospores (or
the zoospores produced) are transported by rain or wind to the lower leaves, where they
penetrate with the help of free water and initiate disease. Once the mycelium develops,
sporangiophores emerge through the stomata, releasing sporangia that are carried by the
wind and rain to other healthy plants [43]. Oospore germination requires soil temperatures
around 12-13 °C and moisture, while the conditions for P. viticola sporulation include
a minimum temperature of 13 °C, an optimal temperature of 19 °C, relative humidity
higher than 95%, and around 4 h of darkness [44]. In both the vineyard located in the
ultra-oceanic area (Areeiro) and the two in the subcontinental area (Cenlle and Alongos),
the average relative humidity was above 69%, and the average temperature ranged between
17.12 °C and 19.11 °C, conditions propitious to the presence of the pathogen. However, the
sporangium concentration was significantly higher in Areeiro, which distinguishes this
vineyard from the others based on the PCA results. This variation may be attributable to
the higher average values of relative humidity, accumulated rainfall, and wind speed in
Areeiro. Furthermore, the Albarifio variety cultivated in Areeiro is more susceptible to
downy mildew than the Treixadura variety found in Cenlle and Alongos. Boso et al. [45]
conducted a study where they confirmed that the Albarifio variety grown in Rias Baixas
is more susceptible than the Treixadura variety from O Ribeiro. This could be due to
Albarifio’s compact bunches, which can retain moisture and hinder ventilation, while
Treixadura bunches are looser.

In Areeiro, the peaks of P. viticola sporangium concentration took place during flow-
ering in 2023 and during the ripening of berries in 2024, coinciding with the most critical
stages for the development of downy mildew [46]. In this same vineyard, where the highest
sporangium concentration in the entire study was recorded (29 May 2023, during GS6), rain-
fall, daily relative humidity above 85%, and daily average temperatures ranging between
15.99 °C and 17.47 °C were recorded over the three preceding days. The secondary peaks
were also characterized by rainfall in the preceding days and daily average temperatures
above 18.00 °C, although relative humidity was slightly lower (around 77%). In Alongos
and Cenlle, both the maximum concentration peak and the secondary peaks occurred dur-
ing stage 7 (development of fruit) in both years. In all cases, there were episodes of rainfall,
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daily relative humidity above 65%, and daily average temperatures exceeding 17.00 °C.
These meteorological conditions may have favored the sporulation and viability of the
sporangia and thus the increase in their concentrations in the air [47]. In fact, the viability
of these asexual propagules is a critical biological and epidemiological trait influencing the
development and spread of the disease [48].

Meanwhile, a comparison of concentrations between years shows that although the
accumulated rainfall and average relative humidity were generally lower in 2023 than
in 2024, the slight increases in temperature (maximum, minimum, and average) in 2023
might have positively influenced the presence of P. viticola sporangia in the air. Indeed,
the correlations demonstrated that temperature was the meteorological variable that most
influenced the sporangium concentrations in the vineyards, especially in Alongos and
Cenlle, when analyzing the influence of all variables in the PCA. These findings are
consistent with those reported by [26] in the O Ribeiro wine-growing region of northwestern
Spain, where variations in the positivity /negativity of correlation were also observed
between different study years. For this same region, Bracero et al. [49] demonstrated that
the temperatures on preceding days have a greater influence on sporangium concentrations
in the air than those on the day of sampling. This finding acts as an aid for the timely
prediction of infection in plants, allowing for the efficient use of phytosanitary products.

Among the variables related to humidity, dew point had one of the strongest influences
on P. viticola sporangium concentration, both in the Spearman correlation analysis and
in the PCA for the three vineyards. This aligns with results from other studies in the
southern Iberian Peninsula [49]. The positive relationship is due to the fact that dew point
generates the necessary humidity on the leaf for zoospores to penetrate the stomata and
simultaneously promotes the release of sporangia from the sporangium stalks [50]. This
humidity can also be generated by rainfall and the relative humidity on previous days,
which generally correlated positively in this study. In Areeiro, the bioclimatic area with the
highest average relative humidity values, the PCA revealed that this variable was the one
most contributing to sporangium concentrations. In this regard, other authors have pointed
out that sporangia are only released during rainfall, which is why they are abundant during
these periods [5,51]. By contrast, same-day rainfall decreased sporangium concentrations
due to the effect of atmospheric washout [52]. This same effect may explain the negative
correlations with both variables in the ultra-oceanic area, where rainfall is more frequent.

Wind speed was not always correlated with the sporangium presence, nor in the same
way. In other studies in northwestern Spain, it has been shown that no correlation exists
between these variables over the course of the preceding days, although when a correlation
is detected, it is positive [5,27]. The PCA confirmed that wind speed played an important
role in the dispersion and detection of sporangia in all the vineyards. Cortifias et al. [26]
found that both variables were present in the same component but in opposite directions.
Wind disturbance, while aiding in the dispersion of propagules, also promotes mixing and
dilution, which may be a likely cause for the inverse relationship in the years when it was
detected [53].

The detection of airborne P. viticola sporangia is valuable for identifying infection
events. Information about the presence of sporangia, combined with an understanding
of the meteorological factors that promote their development and, therefore, the spread
of the disease, is essential, as it facilitates disease control. In fact, controlling the disease
requires a significant amount of plant protection products [54]. Copper compounds, which
are commonly used in the vineyards examined in this study to combat the spread of P.
viticola, are also widely employed in viticulture to reduce sporangium concentrations to
acceptable levels [44]. These treatments help to control the spread of the pathogen, thereby
minimizing crop damage. Although numerous alternatives to copper-based treatments
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have been investigated to control P. viticola, the issue remains unresolved [55], and copper
continues to be one of the most commonly used treatments against downy mildew, despite
its environmental impacts due to soil accumulation [56]. However, the use of these prod-
ucts could be reduced by combining aerobiological techniques with phenological studies,
enabling the more efficient and precise application of plant protection products [26,27,38].

This is a preliminary study, and more years of research are needed to develop predic-
tive models for sporangium concentrations that would allow for the development of an
early warning system. With additional data, more reliable results can be achieved, enabling
the adaptation of predictive models to specific bioclimatic zones. This would facilitate early
decision-making based on weather forecasts, leading to more effective and sustainable
disease management. Consequently, the overall chemical treatment load can be reduced
and the environmental impact minimized.

5. Conclusions

Grapevine diseases, such as downy mildew, can diminish or even destroy the harvest
of a season, especially in regions where the climatic conditions are favorable for the
development of these diseases. The present aerobiological study of P. viticola sporangia
emphasizes the significance of climatic conditions in vineyards in the northwest of Spain,
particularly the role of temperature and rainfall in the days preceding sporangium detection.
These factors had a slight but distinct impact on the spread of downy mildew in the two
studied bioclimatic zones.

Furthermore, the use of aerobiological samplers that allow for the detection of spo-
rangium concentration, which causes fungal diseases in the vine, is very helpful for imple-
menting an effective integrated pest management strategy. This enables the early detection
of the disease, providing enough time for prompt intervention to halt the development of
the disease and, therefore, its undesirable effects on the final production.
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gence, PS 6—flowering, PS 7—development of fruit, and PS 8—ripening of berries) for the stud-
ied grapevine seasons (2023 and 2024); Table S2: Spearman correlation test results comparing
Plasmopara viticola concentrations (sporangia/m?) to recorded meteorological variables (MaxT—
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Abstract: Pecan (Carya illinoinensis), a globally economically significant dried fruit and woody oil
tree, faces significant challenges in production and nut quality due to the rampant outbreak of severe
fungal diseases. From 2020 to 2021, an extensive occurrence of a disease resembling gray mold
was observed on the leaves and fruits of pecan trees in Jiangsu Province, China. Upon isolation
from symptomatic samples, Botrytis cinerea was identified through morphological analysis and
phylogenetic studies of the G3PDH, HSP60, and RPB2 gene sequences. Furthermore, pathogenicity
tests conclusively attributed the gray mold disease observed on pecan leaves and fruits to B. cinerea.
To the best of our knowledge, this is the first time that B. cinerea has been reported on pecans. These
findings thus provide a basis for further research on the management of pecan gray mold.

Keywords: pecan; gray mold; Botrytis cinerea; pathogenicity

1. Introduction

Carya illinoinensis, better known as pecan, is a significant species among dried fruit
and woody oil trees [1]. Its kernels constitute a superb source of healthful and nutritious
food [2]. In recent years, there has been a substantial expansion in pecan cultivation in
China, fueled by the escalating demand for nut production. However, this rapid growth
may lead to an increased prevalence of diseases within these newly established plantations.

The Sclerotiniaceae genus Botrytis includes significant plant pathogens that inflict gray
mold on a broad spectrum of economically vital fruits, crops, and ornamentals [3]. Gray
mold often occurs as leaf blight [4], flower blight [5], or fruit rot [6], posing significant
challenges to agriculture. However, reliance solely on morphological characteristics like
conidial spore size and shape is inadequate for the definitive identification of Botrytis
species, necessitating the integration of molecular methodologies [7]. Multigene phyloge-
netic analyses leveraging housekeeping genes, such as RNA polymerase II (RPB2), heat
shock protein 60 (HSP60), and glyceraldehyde-3-phosphate dehydrogenase (G3PDH), have
emerged as informative tools in accurately distinguishing Botrytis species [8].

In June 2020, a widespread occurrence of a disease exhibiting symptoms akin to gray
mold was observed on the leaves and fruits of pecan trees in Jurong, Jiangsu Province,
China. Approximately 45% of pecan trees suffered from this disease (200 trees were sur-
veyed), significantly hindering the growth of young trees and compromising nut produc-
tion. Notably, to our current understanding, there is no research regarding the pathogenicity
of Botrytis species causing gray mold disease on pecan in China. Therefore, the objectives
of the present study were to isolate, identify, and characterize the pathogenic fungi causing
gray mold disease on pecan by means of virulence tests, multi-locus phylogenetic analysis,
and morphological studies.
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https:/ /www.mdpi.com/journal/horticulturae



Horticulturae 2024,

10,1212

2. Materials and Methods
2.1. Field Survey and Fungal Isolation

A field survey was carried out from September to December 2021 in five pecan
orchards in Nanjing and Jurong, Jiangsu Province. In each orchard, 25 plants in each of
four corners (southwest, southeast, northwest, and northeast) were arbitrarily selected, and
the economic loss was estimated for each orchard. In total, 21 diseased samples bearing
gray mold were collected. Each sample was composed of five leaves/fruits from the most
severely infected trees within one hectare of the orchard, and sampling was performed on
approximately 40 hectares. All the samples were transported in an ice box to a laboratory
for further analysis.

Leaf tissues (3 x 3 mm?) at the border of lesions were surface sterilized (5% NaClO for
45s, 75% ethanol for 45 s), then placed on a potato dextrose agar (PDA) plate supplemented
with ampicillin (100 pg/mL) and incubated at 25 °C in the dark. Emerging fungal hyphae
were transferred to fresh PDA and pure culture was obtained by single-spore isolation [9].
All fungal isolates were primarily identified by colony morphology and the ITS sequences.

2.2. Molecular Characterization

Total genomic DNA was isolated from approximately 7-day-old PDA cultures by
gently scraping the mycelium with a sterile scalpel and following the manufacturer’s pro-
tocol for the Fungi Genomic DNA Extraction Kit (Solarbio, Beijing, China). The ITS, RPB2,
HSP60, and GAPDH were amplified and sequenced using the primer pairs ITS1/1T54 [10],
RPB2-F/RPB2-R, HSP60-F/HSP60-R, and G3PDH-F/G3PDH-R [11], respectively. PCR
was performed in an Eppendorf Nexus Thermal Cycler (Eppendorf, Hamburg, Germany)
with a total volume of 50 uL, containing 2 pL of each primer (10 pmol/mL), 4 uL of DNA
template (100 ng), 25 pL of 2xEasyTaq PCR SuperMix (Transgen, Beijing, China), and 17 pL
of double-distilled H,O. PCR amplification settings were conducted following previous
studies [12]. The PCR products were verified by agarose gel electrophoresis (1.3%), and
the positive amplicons were purified and sequenced in both directions by Sangon Biotech
(Shanghai) Co., Ltd., Shanghai, China. The quality of the obtained DNA sequences and
the contig assembly were performed using Bioedit software v. 7.0.9. All sequences derived
in this study have been deposited in GenBank. Sequences with high similarities were
downloaded from NCBI and selected for phylogenetic analysis (Table 1).

Table 1. Strains of the Botrytis spp. studied in this study and GenBank accessions of the sequences

generated.
X L. GenBank Accession P
Species Strain 2 Origin
G3PDH HSP60 RPB2

Botrytis aclada MUCLB8415 Germany AJ704992 AJ716050 AJ745664
B. allii MUCLA403 The Netherlands AJ704996 AJ716055 AJ745666
B. byssoidea MUCL9%4 USA AJ704998 AJ716059 AJ745670
B. californica X503 USA KJ937068 KJ937058 KJ937048
B. calthae MUCL2830 USA AJ705001 AJ716062 AJ745673
B. caroliniana CB15 USA JE811584 JF811587 JE811590
B. cinerea MUCLS87 The Netherlands AJ705004 AJ716065 AJ745676
B. cinerea JSAFC 2180 © China, leaf PP955196 PP955207 PP955218
B. cinerea JSAFC 2181 China, leaf PP955197 PP955208 PP955219
B. cinerea JSAFC 2186 China, fruit PP955198 PP955209 PP955220
B. cinerea JSAFC 2187 China, fruit PP955199 PP955210 PP955221
B. cinerea JSAFC 2188 © China, fruit PP955200 PP955211 PP955222
B. cinerea JSAFC 2190 China, leaf PP955201 PP955212 PP955223
B. cinerea JSAFC 2208 China, leaf PP955202 PP955213 PP955224
B. cinerea JSAFC 2213 ¢ China, leaf PP955203 PP955214 PP955225
B. cinerea JSAFC 2214 China, leaf PP955204 PP955215 PP955226
B. cinerea JSAFC 2223 China, fruit PP955205 PP955216 PP955227
B. cinerea JSAFC 2296 © China, fruit PP955206 PP955217 PP955228
B. convoluta MUCL11595 USA, The Netherlands AJ705008 AJ716069 AJ745680
B. croci MUCLA436 The Netherlands AJ705009 AJ716070 AJ745681
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Table 1. Cont.

GenBank Accession P

Species Strain ? Origin
G3PDH HSP60 RPB2

B. deweyae CBS 134649 UK HG799521 HG799519 HG799518
B. elliptica BE0022 The Netherlands AJ705010 AJ716071 AJ745682
B. fabae MUCL98 Spain AJ705014 AJ716075 AJ745686
B. fabiopsis BC-2 China EU519211 EU514482 EU514473
B. ficariarum CBS 176.63 Belgium AJ705015 AJ716076 AJ745687
B. galantina MUCLA435 The Netherlands AJ705018 AJ716079 AJ745689
B. gladiolorum MUCL3865 The Netherlands AJ705020 AJ716081 AJ745692
B. globosa MUCL444 Belgium AJ705022 AJ716083 AJ745693
B. hyacinthi MUCL442 The Netherlands AJ705024 AJ716085 AJ745696
B. narcissicola MUCL2120 Canada AJ705026 AJ716087 AJ745697
B. porri MUCL3234 - AJ705032 AJ716093 AJ745704
B. prunorum Bpru-1.9 Chile KP339985 KP339999 KP339992
B. pseudocinerea X004 USA KJ796651 KJ796655 KJ796647
B. pyriformis SedsarBC-1 China KJ543484 KJ543488 KJ543492
B. ranunculi CBS178.63 USA AJ705034 AJ716095 AJ745706
B. sinoallii OnionBC-23 China EU519217 EU514488 EU514479
B. sinoviticola GBC-5 China JN692413 JN692399 JN692427
B. sphaerosperma MUCL21481 UK AJ705035 AJ716096 AJ745708
B. squamosa MUCL1107 USA AJ705037 AJ716098 AJ745710
B. tulipae BT9001 The Netherlands AJ705040 AJ716101 AJ745712
Monilinia fructigena 9201 The Netherlands AJ705043 AJ716047 AJ745715

2 Culture numbers in bold type represent ex-type or other authentic specimens. Monilinia fructigena (9201) was
added as an outgroup. ® Sequences in italics were generated in this study. © Isolates used for pathogenicity tests.

The phylogenetic relationships among the specimens were thoroughly analyzed utiliz-
ing two distinct optimality search methodologies: maximum likelihood (ML) and Bayesian
inference (BI). For ML analysis, the GTR+G+I evolutionary model was employed within
MEGA v. 7 [13], and the stability of the inferred clades was rigorously assessed through
1000 bootstrap replications, with gaps treated as missing data. In contrast, for BI analy-
sis, MrBayes v. 3.2.6 [14] was utilized, preceded by determining the optimal model for
each locus using MrModeltest 2.3 based on the corrected Akaike Information Criterion
(AICc). Specifically, TN93+G+I was selected for G3PDH, K2+G for HSP60, and GTR+G+I
for RPB2. The BI analysis involved simultaneously running four Markov chains over
1 x 107 generations, with samples collected every 1000 generations. To ensure robustness,
the initial 25% of generations were discarded as burn-in, and posterior probabilities (PP)
were subsequently calculated for the majority rule consensus tree. Additionally, Monilinia
fructigena (strain 9201) was designated as the outgroup to provide a comparative framework
for the phylogenetic analysis.

2.3. Morphological Identification

For macroscopic and microscopic characterization, fungal isolates were cultured on
PDA at 25 °C. Colony appearance (color, texture, and pigment production), radial growth
rate, conidiomata presence, and the formation pattern as well as abundance were assessed 5,
10, and 20 days post-inoculation (dpi). The morphological characteristics of conidiophores,
conidia, sclerotia, and conidiogenous cells were observed under a Zeiss Axio Imager A2m
microscope (Carl Zeiss Ltd.; Baden-Wiirttemberg; Germany). At least 50 measurements
were made for each fungal structure, using an ocular micrometer. The colony growth rate
was estimated by measuring two perpendicular directions on three replicates per isolate
and calculating the average value for each isolate. Fungal isolates and specimens used in
the present study were deposited in Jiangsu Vocational College Agriculture and Forestry
(JSAEC).

2.4. Pathogenicity Studies

Two representative isolates (JSAFC 2180 and JSAFC 2213) from leaf spots and two
(JSAFC 2188 and JSAFC 2296) from fruit rot of pecan were selected to test for pathogenicity.
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Spore suspensions of each isolate were prepared by flooding 15-day-old PDA cultures with
sterile water and adjusting the collected suspension to 10° spores/mL using a hemacytome-
ter. Prior to inoculation, leaves and fruits were harvested from symptomless pecan trees
and surface sterilized as described above. One wound was made on each leaf and fruit
(0.2 cm in depth) by stabbing with a sterilized insect pin (0.71 mm in diameter). A conidial
suspension (20 uL of 10° spores/mL) was placed on each wound site, with each isolate
applied to >5 leaves or fruits. Control leaves and fruits were mock-inoculated with sterile
water. The experiment was carried out three times.

The inoculated leaves and fruits were carefully placed in transparent plastic boxes
lined with sterile filter papers and incubated at 25 °C under a controlled 12-hour photope-
riod. To fulfill Koch’s postulates, fungal isolates were reisolated from symptomatic leaves
and fruits, and their identities were validated through both phylogenetic and phenotypic
comparisons. Disease incidence was meticulously recorded as the percentage of inoculated
leaves or fruits that exhibited leaf spot symptoms out of the total inoculated samples.
Furthermore, disease severity was assessed one week post-inoculation by precisely mea-
suring lesion length in two perpendicular directions. To identify statistically significant
differences in severity among species, Tukey’s Honestly Significant Difference (HSD) test
was employed at a significance level of p < 0.05 using IBM SPSS Statistics 24.0 software
(SPSS, Inc., Chicago, IL, USA).

3. Results
3.1. Field Symptoms, Loss Survey, and Fungal Isolation

The disease occurs on leaves and fruits of many pecan varieties, including Bigenyuan
No. 1, Bigenyuan No. 3, and Mahan, in Nanjing and Jurong, Jiangsu Province, China. The
initial symptoms were water-soaked and brown to dark brown spots scattered on infected
leaves, and part of them were surrounded by yellowish halos (Figure 1A). Gradually, several
lesions expanded and fused to form large necrosis as symptoms progressed (Figure 1B).
When the fruits were infected, symptoms initially appeared as sunken, sub-circular or
irregular, tan to black rot, which gradually enlarged and coalesced to form a large necrotic
area (Figure 1C). In the later stage, the lesion reached the immature nut shell, resulting in
premature drop (Figure 1D,E). Finally, the kernels became inedible. A survey in Jurong,
Jiangsu Province, revealed that the disease breaks out annually and the affected area is often
over 10 hectares, causing approximately 40% economic loss. In total, eleven single-spored
isolates were recovered from diseased samples, and all the isolates showed consistent
morphology in culture on PDA.

Figure 1. Photographs showing disease symptoms of pecan gray mold in the field. (A,B) The
symptoms of leaves. (C-E) The symptoms of fruits.
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3.2. Molecular Identification and Phylogenetic Analysis

For the purpose of molecular identification, fragments from three loci—G3PDH,
HSP60, and RPB2—were successfully amplified from all eleven isolates under investi-
gation (Table 1). The PCR products exhibited varying lengths, with G3PDH ranging from
913 to 959 bp, HSP60 from 1028 to 1082 bp, and RPB2 from 1181 to 1217 bp. Upon align-
ment, the concatenated dataset comprising these three loci (G3PDH + HSP60 + RPB2)
totaled 2958 nucleotides, of which 2289 were constant sites, 295 were parsimony uninfor-
mative sites, and 374 were parsimony informative sites. Both Bayesian Inference (BI) and
Maximum Likelihood (ML) phylogenetic analyses revealed a compelling result: the eleven
isolates studied, including the type specimen of B. cinerea, formed a strongly supported
monophyletic group (with a bootstrap value of 94 and posterior probabilities of 1.00) and
were clearly distinguished from the other Botrytis species (Figure 2).

JSAFC 2180
JSAFC 2214
JSAFC 2190
JSAFC 2188
JSAFC 2181
JSAFC 2187
91/1| ISAFC 2208
JSAFC 2213
JSAFC 2223
81 | ISAFC 2296
JSAFC 2186
Botrytis cinerea MUCLS7
Botrytis fabae MUCL98
Botnitis pseudocinerea X004
Botrytis calthae MUCL2830
Botrytis californica X503
Botrytis sinoviticola GBC-5
Botrytis byssoidea MUCL94
Botrytis nareissicola MUCL2120
Bortrytis gladiolorum MUCL3865
Batrytis tulipae BT9001
Botrytis globosa MUCL444
100/1* Botrytis sphaerosperma MUCL2 1481
Botryiis croci MUCL436
w0/l Botrytis hyacinthi MUCL442
Botrytis galantine MUCLA3S
Borrytis caroliniana CB15
100/1~ Botrytis fabiopsis BC-2
Botrytis sinoallii OnionBC-23
Botrytis ranunculi CBS 178,63
Botrytis ficariarum CBS 176.63
Botrytis squamosa MUCL1107
Botrytis deweyae CBS 134649
Botrtis elliptica BE0022
Bofrytis convolute MUCL1 1595
Bomytis prunorum Bpru-1.9
80/0.97 Botrytis aclada MUCLS8415
10/t Botrytis allii MUCL403
Botrytis porri MUCL3234
Bowrytis pyriformis SedsarBC-1
Monilinia fructigena 9201

100/1]

96/1

L |
0.02

Figure 2. Maximum likelihood (ML) tree of Botrytis spp. based on combined G3PDH, HSP60, and
RPB2 loci. The tree generated by Bayesian inference had a similar topology. Bootstrap values (>85%)
and posterior probabilities (>>0.95) are shown at the nodes. Ex-type or other authoritative cultures are
emphasized in bold font. Monilinia fructigena (9201) was used as an outgroup. The scale bar indicates
the average number of substitutions per site.
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3.3. Morphology

All eleven isolates examined produced rapidly growing colonies with an average
growth rate of 2.55 cm/day at 25 °C. No obvious differences in morphology were observed
among these isolates. The colonies initially formed fluffy white hyphae on PDA and
then turned gray with scarce to abundant sporulation after 2 weeks of incubation. The
conidiophores were erect, pale brown, septate, and branched, with sizes ranging from 483.5
to 1982.6 pm in length by 5.3 to 19.6 um in width (average = 954.2 x 11.1 um) (Figure 3).
The conidia were unicellular, hyaline to light brown, and ellipsoid to ovoid, with the
length and width ranging from 7.2 to 14.1 x 4.0 to 6.2 um (average = 9.6 um x 5.8 um)
(Figure 3). No sclerotia was observed among those isolates. On the base of the molecular
and morphological characteristics, the fungal isolates recovered from the symptomatic
samples of pecan were identified as B. cinerea Pers.

Figure 3. Morphological characteristics and pathogenicity (wounded inoculation) of Botrytis cinerea
(isolate JSAFC 2188) from pecan. (A) Photograph showing colony morphology. (B) Photograph
showing conidiophores with conidia. (C) Photograph showing conidia. (E) Photograph showing
symptom on leaf and (G) fruit 7 days after inoculation. (D,F) Mock control. Scale bars (B,C) = 10 pm.

3.4. Pathogenicity Tests

All representative isolates were pathogenic to leaves and fruits of pecan, regardless
of whether the wounded inoculation or non-wounded inoculation method was used.
However, wound inoculation resulted in larger lesion sizes compared to non-wound
inoculation, suggesting that wounds may be an important pathway for the invasion of B.
cinerea. The pathogens were successfully re-isolated from symptomatic tissues but not from
healthy (controls). Inoculation of pecan leaves with a spore suspension of B. cinerea isolates
resulted in water-soaked lesions followed by necrotic rot (Figure 3). All representative
isolates are pathogenic to the leaves of pecan (Table 2). Differences in the diameter of the
necrotic lesion were obtained, being JSAFC 2188 the most virulent isolate on both wounded
and non-wounded leaves. Pecan fruit inoculations resulted in dark brown, soft, watery
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decay around the inoculation point at 7 dpi; consistently, JSAFC 2188 was the most virulent
isolate (p < 0.05). In contrast, mock-inoculated controls remained asymptomatic, exhibiting
only faint discoloration around the wound site. The successful re-isolation of the pathogen
from all inoculated tissues and its absence from mock-inoculated controls underscores the
fulfillment of Koch’s postulates.

Table 2. Pathogenicity of Botrytis cinerea isolates on Carya illinoinensis 7 days after inoculation.

Disease Incidence (%) ? Lesion Diameter (mm) ?
Leaves Fruits Leaves Fruits
Isolates
Non- Non- Non- Non-
Wounded Wounded Wounded Wounded Wounded Wounded Wounded Wounded
JSAFC 2180 100.0 £ 0.0 100.0 £ 0.0 86.7 £ 9.4 733+94 23.8+4.7b 18.6 + 4.3 ab 83+33b 65+21b
JSAFC 2188 100.0 + 0.0 100.0 £+ 0.0 100.0 + 0.0 86.7 +18.9 324+70a 21.6 +6.2a 114+26a 102 +34a
JSAFC 2213 100.0 £ 0.0 100.0 £ 0.0 86.7 + 18.9 66.7 £9.4 246 +41b 17.8 £ 5.1 ab 84+21b 59+19b
JSAFC 2296 100.0 + 0.0 86.7 £ 9.4 66.7 +£9.4 26.7 £9.4 21.0+4.6Db 154 +35b 76 +1.6b 35+12c¢
Mock control 0.0 £0.0 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0c 0.0+0.0c 00£0.0c 0.0+0.0d

@ Percent disease incidence following inoculation of leaves and fruits of pecan. Data represent the mean of
3 replications, each with >5 leaves or fruits, respectively. b [ esion diameter following inoculation of leaves
and fruits of pecan. Data represent the mean of 3 replications, each with >5 leaves or fruits, respectively. Data
followed by different letters in each column are significantly different based on Tukey’s tests at the p < 0.05 level.

4. Discussion

In the present study, a collection of eleven isolates of B. cinerea was systematically ac-
quired from instances of gray mold disease affecting pecan trees in Jurong, Jiangsu Province,
China. Remarkably, all of these isolates consistently exhibited a morphological phenotype
that is characteristic of B. cinerea, as described by Mirzaei et al. [15]. While phenotypic
and genotypic diversity among B. cinerea isolates has been extensively explored in diverse
geographical locations worldwide, a comprehensive analysis specifically focusing on B.
cinerea isolates causing gray mold disease in pecan trees remains elusive in the published
literature to date.

Despite the widespread perception of Botrytis species as aggressive plant pathogens,
the Botrytis population displays remarkable diversity, encompassing isolates with various
morphotypes and virulence levels that coexist within the same host. Notably, this popu-
lation includes mycelial-type isolates that lack the ability to initiate infections [16]. This
phenotypic variability is potentially further influenced by the presence of transposable
elements and/or mycoviruses within the fungal genome, which may modulate fitness
attributes, particularly virulence, among Botrytis isolates [17]. In our study, all isolated
strains of B. cinerea proved to be pathogenic, causing necrotic lesions on pecan leaves and
manifesting as rot symptoms on the fruits. Among these, JSAFC 2188 emerged as the
most virulent isolate. Interestingly, despite no apparent morphological differences among
representative isolates, their pathogenicity varies significantly, particularly in the case
of JSAFC 2296, which exhibits relatively low pathogenicity when inoculated onto leaves
or fruits. This may be related to the mycoviruses it carries. More profoundly, given the
importance of B. cinerea in agricultural and forestry production, subsequent research could
aim to isolate the mycoviruses from hypovirulent strains and attempt to apply them in the
control of gray mold disease.

Botrytis cinerea boasts an exceptionally broad host range, encompassing 616 genera
and exceeding 1600 plant species, solidifying its position as the second most significant
phytopathogen globally, both scientifically and economically [3,18]. This fungus is no-
torious for causing gray mold, a pervasive and devastating disease that jeopardizes the
yields of numerous fruits, vegetables, and medicinal plants [19-21]. Given its potential as a
source of inoculum for gray mold in grapes, pears, and cherries in China [22-24], the threat
posed by B. cinerea is particularly acute. In Jiangsu Province, where cherry orchards, pear
orchards, and grape vineyards are often situated in close proximity to commercial pecan
orchards, the risk of cross-infection between these hosts escalates significantly. This prox-
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imity facilitates the spread of the pathogen, underscoring the need for vigilant monitoring
and management strategies to mitigate the devastating impacts of B. cinerea on agricultural
productivity.

5. Conclusions

In conclusion, our comprehensive analysis, incorporating symptom observation, cul-
tural and microscopic characterization, molecular data analysis, and pathogenicity testing,
definitively identified B. cinerea as the fungal pathogen responsible for gray mold disease on
pecan. Notably, this represents the first documented case of B. cinerea causing gray mold in
C. illinoinensis in China. These findings contribute valuable insights to the knowledge base
on gray mold on pecan and highlight the need for targeted control measures to mitigate its
impact on agricultural productivity.
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Abstract: Litchi downy blight (LDB) caused by Peronophythora litchii destroys 20-30% of litchi fruit
every year and causes significant economic losses. Some Exiguobacterium strains exhibit considerable
promise in both agricultural and industrial sectors. E. acetylicum SI17, isolated from the litchi fruit
carposphere, demonstrated significant biocontrol activity against LDB through pre-harvest treatment.
To elucidate its underlying regulatory mechanisms, the genome of SI17 was sequenced and analyzed,
revealing a circular chromosome spanning 3,157,929 bp and containing 3541 protein-coding genes
and 101 RNA genes. Notably, 94 genes were implicated in the production of secondary metabolites.
Among the 29 Exiguobacterium strains so far sequenced, SI17 possessed the largest genome. In the
phylogenomic analysis encompassing the entire genome, SI17 was clustered into Group I. Treating
litchi fruit with SI17 before harvesting resulted in a decrease in HyO; content in the fruit peel and
an increase in superoxide dismutase activity, thus enhancing resistance to LDB. Interestingly, SI17
did not display plate antagonism against Peronophythora litchii SC18. It can be inferred that SI17
generates secondary metabolites, which enhance litchi’s resistance to LDB. This study represents
the first documentation of an Exiguobacterium strain exhibiting a role in litchi plant disease and
showecasing significant potential for the biological control of LDB.

Keywords: Exiguobacterium acetylicum SI17; litchi downy blight; genome sequencing; defense activation;
biocontrol efficacy

1. Introduction

The litchi fruit (Litchi chinensis) belongs to the Sapindaceae family and is typically
found in subtropical areas of Asia, South Africa, Australia, the United States (especially
Hawaii), and Israel [1]. Originating from South China, it is predominantly cultivated in
the southern provinces of Fujian, Guangdong, and Hainan. Unfortunately, harvested litchi
fruit are highly susceptible to spoilage due to fungal diseases caused by pathogens such as
Peronophythora litchii, Geotrichum candidum, and Colletotrichum gloeosporiodes, resulting in a
20-30% loss. Among these, litchi downy blight (LDB), caused by P. litchii, is a significant
issue [2]. P. litchii infects litchi tender leaves, flowers, and mature fruits in the field and
post-harvest storage. This hemibiotrophic, homothallic, and polycyclic oomycete produces
oospores spherical in shape with smooth walls and a light-yellow color. Oospores can
survive in the soil or plant debris for several years and germinate directly or indirectly under
favorable conditions. Lemon-shaped deciduous sporangia with papillae at the apex are also
produced. Sporangium, wind or water dispersal, germinates directly, producing germ tubes

Horticulturae 2024, 10, 888. https:/ /doi.org/10.3390/horticulturae10080888

https:/ /www.mdpi.com/journal/horticulturae



Horticulturae 2024, 10, 888

and penetration hyphae able to penetrate the receptive organs. Alternatively, sporangia
can form secondary sporangia or release zoospores. Zoospores, kidney shaped, have two
lateral flagella, and rapidly germinate in cool, wet conditions. P. [itchii causes withering
and watery brown spots on the infection sites of tender leaves or fruit and produces downy
white sporangiophores, which trigger pre- and post-harvest fruit decay [3]. LDB also
affects the growth and development of young leaves, although it is most detrimental
during the period from bloom to fruit ripening, particularly in extremely humid and rainy
conditions [4]. At present, the prevailing methods for managing LDB largely rely on
post-harvest applications of chemical fungicides (like dimethomorph and propamocarb).
Regrettably, these residues may persist in fruits, posing carcinogenic hazards to consumers
and contributing to environmental pollution [5]. Hence, it is crucial and urgent to explore
alternative techniques like biological control to minimize post-harvest decay of litchi
fruit. This method provides safe, environmentally friendly, and sustainable results, in
line with the goals of global strategic initiatives for eco-conscious and/or organic farming
practices [6].

In recent years, there has been rapid progress in utilizing biological control agents
(BCAs) to manage post-harvest diseases [7]. These applications have exhibited effectiveness
in suppressing P. litchii and preventing decay in litchi fruit. Among the BCAs employed,
there are various antagonistic bacteria like Bacillus subtilis [1,8,9], endophytic strains such
as B. amyloliquefaciens TB2 and LY-1 [10,11], and Lactobacillus plantarum LAB [12]. Ad-
ditionally, certain metabolites have demonstrated antagonistic effects against P. litchii,
including hypothemycin from Paecilomyces sp. SC0924 [2], zeamines from Dickeya zeae [13],
and 4-ethylphenol from Streptomyces fimicarius BWL-H1 [14]. The primary mechanisms
through which BCAs inhibit diseases include the synthesis of antibiotics, release of extra-
cellular enzymes such as protease, chitinase, cellulase, and 3-1,3-glucanase, production
of siderophores, and generation of indole acetic acid (IAA). They also occupy ecological
niches, enhance microbial diversity in the phyllosphere and carposphere [15], and prompt
plant defense responses such as systemic acquired resistance, induced systemic resistance,
and/or priming [16].

Exiguobacterium exhibits significant promise for utilization across various sectors
like industry and agriculture, owing to the presence of certain strains that possess diverse
functionalities such as enzyme production, bioremediation, degradation of toxic substances,
and facilitation of plant growth [17]. For instance, E. sp. VSG-1 produces hydrolytic
enzymes like cellulase, pectinase, mannanase, xylanase, and tannase, which bolster the
conversion of fermented sugar from sugarcane bagasse into bioethanol [18]. Additionally,
E. profundum, known for its protease production ability, has been employed in the extraction
of chitin from shrimp shells [19]. Furthermore, various other hydrolytic enzymes like lipase,
amylase, and pullulanase have been isolated from different Exiguobacterium strains, further
expanding their potential applications [20-23]. E. alkaliphilum B-3531D, E. sp. AO-11, and
E. mexicanum M7 exhibit the capacity to metabolize crude oil, suggesting promise for the
development of bioremediation solutions for oil-contaminated marine ecosystems [24-26].
Additionally, four Exiguobacterium isolates have demonstrated the ability to reduce Cr (VI)
levels in polluted environments [27-30]. Moreover, Exiguobacterium exhibits significant
potential for agricultural usage, with several strains possessing traits that promote plant
growth across various crops [31-35]. While disease control is vital in agriculture, there have
been no reported applications of Exiguobacterium in plant disease management thus far.

The genus Exiguobacterium includes species and strains engaged in industry and agri-
culture, comprising enzyme production, bioremediation, degradation of toxic substances,
and plant growth-promoting properties [17]. Cellulase, pectinase, mannanase, xylanase,
and tannase produced by E. sp. VSG-1 make steam-exploded sugarcane bagasse useful
to biofuel fabrication by Saccharomyces cerevisiae fermentation [18]. A protease-producing
strain of E. profundum has been employed in the extraction of chitin from shrimp shells [19].
Lipase, amylase, and pullulanase have been isolated from different Exiguobacterium strains,
increasing their potential applications [20-23]. Exiguobacterium sp. AO-11, E. alkaliphilum
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B-3531D, and E. mexicanum M7 metabolize crude oil, suggesting promise for the bioremedi-
ation of oil-contaminated marine ecosystems [24-26]. Exiguobacterium strains ZM-2, GS1,
PY14, and E. mexicanum from chromite mines reduce Cr (VI) levels in polluted environ-
ments [27-30]. Moreover, several Exiguobacterium strains exhibit significant potential for
agricultural applications as plant growth promoting bacteria [31-35]. Exiguobacterium has
been reported to suppress fungal diseases of cereal crops in Australia [36], and E. acetylicum
strain 1P MTCC 8707 inhibited the in vitro growth of Rhizoctonia solani, Sclerotium rolfsii,
Pythium sp., and Fusarium oxysporum [37]. No applications of Exiguobacterium in pre- and
post-harvest plant disease management have been reported thus far.

The genomes of several Exiguobacterium strains have been sequenced. Based on the
concatenated single-copy core genes and 16S rRNA gene sequences, the Exiguobacterium
strains were clustered into two groups. Group I comprised strains capable of thriving at
temperatures of 7 °C or lower, while Group Il encompassed the remaining strains [38,39].
The proliferation of transporters, crucial for conveying vital substrates and conferring
resilience against environmental stresses, was a key factor propelling the genome expansion
in Group I strains, thus broadening their ecological niche [39]. Additionally, genome
sequencing enables us to elucidate the agricultural utility of these strains.

E. acetylicum SI17, sourced from the carposphere of litchi fruit, has demonstrated
efficacy in combating LDB through biocontrol measures [40]. The volatile organic com-
pounds (VOCs) emitted by SI17, particularly those containing x-Farnesene (AF), exhibited
the ability to hinder the growth of P. litchii, thus alleviating the severity of LDB [40]. The
purpose of the study was to gain deeper insights into the attributes of SI17. We carried out
genome sequencing and comparative analysis of its genome.

2. Materials and Methods
2.1. E. acetylicum SI17 Bioinformatics Analysis
2.1.1. Bacterial Culture and DNA Extraction

E. acetylicum SI17 was isolated from the interior of litchi fruit sarcocarp. The cells of E.
acetylicum SI17 were cultured in a 500 mL flask containing 100 mL of Luria—Bertani (LB)
medium (tryptone 10 g/L, yeast extract 5 g/L, and NaCl 10 g/L) at 28 °C with shaking at
200 rpm for 24 h. Subsequently, the cells were harvested at 4 °C through centrifugation
at 10,000x g for 5 min. Genomic DNA extraction was carried out immediately using the
method outlined by Hoffman and Winston [41]. The purity and integrity of the DNA
were evaluated by agarose gel electrophoresis, and its concentration was measured using a
Qubit™ fluorometer (Invitrogen, Carlsbad, CA, USA).

2.1.2. Genome Sequencing, Assembly, Annotation, and Phylogenomic Analyses

The genome of E. acetylicum SI17 was sequenced, assembled, and annotated follow-
ing the methodology outlined by Zheng et al. [42]. The genome was sequenced on the
Nanopore PromethION. Further, twenty-eight complete amino acid sequences of various
Exiguobacterium strains were retrieved from the NCBI database (https://www.ncbi.nlm.nih.
gov/genome/ (accessed on 24 May 2021)). A phylogenomic tree, based on whole genomes,
was then constructed using CVTree3 [43], employing Bacillus subtilis as the out-group.

2.2. Biocontrol (Antagonistic) Activity on Litchi Fruit
2.2.1. Inoculation Experiments on Litchi Fruit

The pathogen P. litchii SC18 and the biocontrol agent E. acetylicum SI17 were cultured
using the method described by Zheng et al. [40]. The pathogen was cultured on carrot
agar (CA) medium for 7 days. “Feizixiao” litchi fruits, approximately 60% ripe (about
65 days after flowering), were treated by spraying with E. acetylicum SI17 suspension
at a concentration of 5 x 10 CFU/mL or a 1/10 dilution of LB broth (as control) until
completely covered. After seven days, the harvested fruits were moved to a greenhouse
maintained at a steady temperature of 25 °C, 95% humidity, with 12 h day and night cycles.
Twenty-four hours later, the treatments were sprayed with 30 mL of P. litchii SC18 at a
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concentration of 5 x 10* sporangia/mL. Disease severity was measured every 12 h from 60
to 96 hpi. Each treatment contained 3 replicates, with 30 fruits per replicate. The disease
index was calculated following the procedure outlined by Zheng et al. [40].

2.2.2. Relative Quantification of P. litchii SC18 in Pericarp

Total RNA was extracted from the litchi pericarp by using the RNAprep Pure Plant Kit
(Tiangen, Beijing, China). The purity and integrity of the RNA were assessed using agarose
gel electrophoresis and the Agilent 2100 system (Agilent Technologies, Santa Clara, CA,
USA), while the RNA concentration was measured with the Nanodrop (Thermo Scientific,
Waltham, CA, USA) and Qubit 2.0 (Life Technologies, Carlsbad, CA, USA) systems. For
cDNA synthesis, one microgram of RNA was used with the PrimeScript™ RT Reagent Kit
with gDNA Eraser (Takara, Kusatsu, Japan). The qRT-PCR assay was carried out using TB
Green™ Premix Ex Taq™ II (Takara, Kusatsu, Japan), and the data were obtained using
the Thermal Cycler™ Dice Real Time System III (Takara, Kusatsu, Japan). The relative
expression levels were determined by calculating the fold change based on the 2~ ~4Ct
method. The primers were designed with Primer 3.0 (ABI, Carlsbad, CA, USA), and the
sequences were as follows: P. litchii Actin-F: ACATTGCCCTGGACTTCG, P. litchii Actin-R:
AGCTCCTTGGTCATACGOC, litchi Actin-F: CGGGAAATTGTCCGTGAC, litchi Actin-R:
GAGGACTTCTGGGCAACG. P. litchii Actin was quantified using litchi Actin as a reference
gene, and the results indicated the relative amount of P. litchii SC18 in the litchi peel.

2.2.3. Enzyme Activity in the Pericarp

In 2021, samples were collected from Litchi cv. “Feizixiao” fruits. Nine fruits were
taken for each treatment at each time point (0, 48, 84, 96, 108, and 120 h post-inoculation
(hpi)). The pericarp was then collected, promptly enveloped in tin foil, flash-frozen in liquid
nitrogen, and stored at —80 °C until required for experimental analyses. The levels of H,O,
and the activities of the enzymes catalase (CAT, EC 1.11.1.6), superoxide dismutase (SOD,
EC1.15.1.1), and peroxidase (POD, EC 1.11.1.7) were meticulously measured. The detection
kits for these analyses were obtained from Nanjing Jiancheng Biological Engineering
Institute, Nanjing, China (http:/ /www.njjcbio.com/ (accessed on 18 November 2021)).

2.3. Data Analysis

All statistical analyses were performed using SPSS 25.0 (IBM, Armonk, NY, USA).
Significant differences between more than two groups were determined using one-way
ANOVA and Duncan’s multiple comparison test. Statistical significance was set at p < 0.05.
Histograms were constructed using Microsoft Office Excel 2016 (Microsoft, Los Angeles,

CA, USA).

3. Results
3.1. Genome and Phylogenomic Analysis of E. acetylicum SI17
3.1.1. Genome Sequencing, Assembly, and Functional Annotation

The data gathered from the Nanopore platform were used to construct a circular be-
tween chromosomes, with a length of 3,157,929 base pairs (bp) and a GC content of 47.28%
(Figure 1, Table 1). Additionally, four plasmids were detected, measuring 119,838 bp,
43790 bp, 6694 bp, and 68,355 bp in length, with GC contents of 40.05%, 43.16%, 37.50%,
and 37.92%, respectively (Figure 1, Table 1). The genome comprises 3541 predicted protein-
coding sequences (CDS), accounting for 88.98% of the total genomic content. These se-
quences possess an average length of 846 bp, as shown in Table 1. Analysis of the genome
components revealed the presence of 154 interspersed repeats, 105 tandem repeats (TR),
70 tRNA genes, 27 rRNA genes, 1 sSRNA gene, 3 other RNA genes, 6 genomic islands (GlIs),
and 5 prophages. Notably, no clustered regularly interspaced short palindromic repeats
(CRISPR) sequences were identified, as specified in Table 2.
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Figure 1. Map of chromosome and four plasmids of Exiguobacterium acetylicum SI17. (A) chromosome,
from outside to inside, the map shows the (1) position of the genome, (2) coding genes on the + and —,
strands, (3) COG annotation, (4) GO annotation, (5) non-coding RNA, and (6) GC content. The outer
green indicates that the GC content in this region is higher than the genome-wide average, while the
inner red indicates the opposite. The height of the peak represents the magnitude of the difference
from the average GC content. Higher peaks indicate greater differences from the average GC content.
(7) GC skew value (G-C/G + C). When the value is positive, there is a high possibility that CDS is
transcribed from the positive chain; Otherwise, there is a high possibility that CDS is transcribed
from the negative chain. (B) plasmids, from outside to inside, the map shows the (a) COG annotation,
(b) position of the genome, (c) GC content, (d) GC skew value.

Table 1. Genomic features of strain SI17.

Features Value
Number of reads 716,365
Number of bases (bp) 8,189,664,288
Mean read length (bp) 11,4323
N50 read length (bp) 14,606
Mean read quality 10.1
Gene number 3541
Gene total length (bp) 3,022,368
Gene average length (bp) 846
Gene/genome (%) 88.98
Features Chromosome Plasmid 1 Plasmid 2 Plasmid 3 Plasmid 4
Genome size (bp) 3,157,929 119,838 43,790 6694 68,355
G + C content (%) 47.28 40.05 43.16 37.50 37.92
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Table 2. Genome component analyses of the strain SI17.

Non-coding RNA (ncRNA)

Type Number Average_Length Total_Length In Genome (%)
tRNA 70 77 5394 0.1588

5s rRNA 9 115 1035

16s TRNA 9 1550 13,950 1.2128

23s rRNA 9 2912 26,208
sRNA 1 86 86 0.0025

Genomics Islands (GIs)

GIs_ID Start End Length GC%
GIs001 (chr) 1,353,417 1,359,120 5704 41.09
GIs002 (chr) 1,511,852 1,532,374 20,523 39.63
GIs003 (chr) 1,710,372 1,718,135 7764 42.17
GIs004 (plas 1) 57,004 61,841 4838 36.59
GIs005 (plas 1) 96,328 103,839 7512 50.12
GIs006 (plas 2) 12,956 20,897 7942 36.15
Prophage
Prophage_ID Start End Length GC%
Prophage_1 (Chrl) 804,985 828,528 23,544 47.52
Prophage_2 (Chr1) 1,237,842 1,295,459 57,618 47.55
Prophage_3 (Chr1) 1,333,287 1,341,796 8,510 47.56
Prophage_4 (Chr1) 1,600,271 1,629,792 29,522 49.76
Prophage_5 (Chr1) 1,845,601 1,882,853 37,253 45.65
Interspersed Repeat
Type Number Total Length (bp) Average length (bp) In Genome (%)
LTR 89 7967 90 0.2346
DNA 14 1005 72 0.0296
LINE 35 3408 103 0.1003
SINE 14 1110 79 0.0327
RC 2 101 50 0.003
Total 154 13,043 0.384 90
Tandem Repeat
Type Number Repeat Size (bp) Total Length (bp) In Genome (%)
Tandem repeat (TR) 55 8~201 5332 0.157
Minisatellite DNA 50 11~51 4348 0.128
Microsatellite DNA 0 0~0 0 0

Functional annotation was conducted by aligning the predicted gene protein sequences
using the diamond alignment tool against several frequently used databases. In the context
of Clusters of Orthologous Groups (COG) analysis, a total of 2574 proteins were sorted
into 23 distinct functional groups. Apart from the general function prediction category,
both translation, ribosomal structure, and biogenesis, as well as the transcription category,
exhibited a higher percentage among the 22 categories, encompassing 237 and 230 genes,
respectively (Figure S1). In the Gene Ontology (GO) analysis, the 2409 proteins were
categorized into three primary groups: biological processes, molecular functions, and
cellular components. Interestingly, categories of metabolic processes and cellular processes,
catalytic activity and binding, as well as cell part and cell, demonstrated higher gene abun-
dance (Figure 52). Moreover, in the context of Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways, the metabolism pathway emerged as particularly notable (Figure S3).
The Carbohydrate-Active enZYmes (CAZy) database, dedicated to carbohydrate enzymes,
covers a broad spectrum of enzyme families pivotal in catalyzing the degradation, alter-
ation, and biosynthesis of carbohydrates. It features five main groups: glycoside hydrolase
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(GH), glycosyl transferase (GT), polysaccharide lyase (PL), carbohydrate esterase (CE), and
auxiliary activity (AA). Notably, there were 45, 36, 1, 5, 0, and 27 genes categorized under
GH, GT, PL, CE, AA, and CBM (carbohydrate-binding module), respectively (Figure 54).
Additionally, the Transporter Classification Database (TCDB) analysis (Figure S5) showed
that genes classified as porters, including uniporters, symporters, and antiporters (94 genes),
along with P-P-bond-hydrolysis-driven transporters (129 genes), collectively represented
74.33% of all predicted transporters (300 genes).

3.1.2. Phylogenomic and Comparative Genomic Analysis

The 29 Exiguobacterium genomes were divided into two groups. Notably, E. acetylicum
SI17 was clustered in the first group, showing greater homology to E. indicum and E.
enclensis (Figure 2). Despite differences in GC content, there were no significant variations
in genome size, gene count, proteins, rRNAs, or tRNAs between the two groups (Table S1).
To the best of our knowledge, this is the first documented instance of using Exiguobacterium
strains for controlling plant diseases. This suggests that the Group I strains may have
potential applications in agriculture.
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Figure 2. Phylogenomic tree based on whole-genome sequences of 29 Exiguobacterium strains. Bacillus
subtilis was used as an out-group. Strain E. acetylicum SI17 is highlighted in bold.
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3.2. Biocontrol Activity of E. acetylicum SI17 on LDB
3.2.1. Pre-Harvest E. acetylicum SI17 Treatment Suppressed LDB

Pre-harvest inoculation experiments on litchi fruit indicated that E. acetylicum SI17-
treated fruits had a significantly lower disease index at 60, 72, and 84 h, but this difference
lessened over time (Figure 3A,B).

A 72hpi 84hpi B C
4 | _ 120 o 30 —SI17 —CK *
< 100 * g 25
% 80 220
2 2 * IS
S 60 L=1s
2 &3
Z 40 —SI17 £310 *
é 20 ~——Control ; &5 — -
0 = 0
2t E 84 . & 0 12 24 36
SI l 7 Hours post Peronophvi'rh.orn litchii inoculation Hours post Peronophythora
(hpi) litchii inoculation (hpi)
Dﬁ 100 1117 = i Eﬁ 30 i M B
£ s0 - . * E 25 "
o0 20
2 60 b o * =l
Z 2
= 4 Z10
£ 20 2 5 | —s117 —CK
5] =
S0 L ' L s n s 5 0 1 L L L 1
9 0 48 84 96 108 120 0 48 84 96 108 120
= Hours post Peronophythora litchii inoculation Hours post Peronophythora litchii inoculation
(hpt) (hpi)
CK _250 [ .t a0 .
2 |-
£ 200 £ 250 . A
o6 20900
2, 150 2
.j 2,150
£100 £ 100
2 50 2 50
a —SI[17 —CK a —ISII' - CK ) )
S o R L s L ) o 0
- 0 48 84 96 108 120 0 48 84 96 108 120
Hours post Peronophythora litchii inoculation Hours post Peronophythora litchii inoculation

(hpr) (hpi)

Figure 3. Interaction between Exiguobacterium acetylicum strain SI17 pre-harvest treatment and
Peronophythora litchi on litchi cv. “Feizixiao” fruits: (A) litchi downy blight symptoms and (B) disease
index (B) development, (C) PlActin expression, (D) H,O, content, (E) catalase (CAT), (F) superoxide
dismutase (SOD), (G) peroxidase (POD) activities. CK = control. The * above bars indicate significant
differences at p < 0.05 in Duncan’s multiple range test.

3.2.2. Relative Quantification of P. litchii SC18 in Pericarp after E. acetylicum SI17 Treatment

Following the treatment with P. litchii SC18, the relative quantity of pathogens was
measured using qRT-PCR. In both the E. acetylicum SI17 treatment and control groups,
relative pathogen levels were low before 12 hpi (Figure 3C). By 24 hpi, pathogen levels
in the E. acetylicum SI17 treatment group were three times lower than those in the control
group, and by 36 hpi, they were six times lower (Figure 3C). As time progressed, the
pathogen growth rate in the control group was much higher than that in the E. acetylicum
SI17 treatment group.

3.2.3. Pre-Harvest E. acetylicum SI17 Treatment Enhanced the Activity of Defense-Related
Enzymes

After inoculation with P. litchii, HyO, levels in the E. acetylicum SI17-treated litchi
pericarp steadily declined, unlike the control group, which showed a rapid H,O, buildup
before 84 h, followed by a gradual increase. Overall, HyO, levels in the E. acetylicum
SI17-treated litchi pericarp were lower compared to the control (Figure 3D). In the treat-
ment group, the activity of SOD initially decreased before 84 h and then peaked at 108 h.
Conversely, in the control group, SOD activity continued to decline over time (Figure 3F).
CAT activity displayed an upward trend in the control group, whereas in the E. acetylicum
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SI17-treated litchi pericarp, it showed a downward trend (Figure 3E). Prior to 84 h, CAT
activity in the E. acetylicum SI17 treatment group surpassed that of the control group but
subsequently declined (Figure 3E). POD activity in the control group increased steadily
over time, whereas in the E. acetylicum SI17 treatment group, it initially rose, then declined
before rising again, peaking at 48 h and reaching its lowest point at 108 h (Figure 3F).

4. Discussion

E. acetylicum has been observed to enhance wheat seedling growth [32] and break
down shrimp shell waste [44]. Yet, its impact on plant diseases remains unexplored until
now. Our research reveals that E. acetylicum SI17 demonstrates efficacy in managing LDB.
By sequencing the whole genome of E. acetylicum SI17, we identified the genetic basis for
this functional trait. Compared to the other 28 Exiguobacterium genomes, E. acetylicum
SI17 stands out with the largest genome size and the highest counts of genes, proteins,
and tRNAs (Table S1). Exiguobacterium is clustered into two groups based on its ability to
withstand temperatures as low as 7 °C, yet there was no significant difference in functional-
ity between these groups. E. oxidotolerans (Group I) and E. profundum PHM11 (Group II)
demonstrated the capacity to enhance the growth and yield of Bacopa monnieri and rice,
respectively, particularly under conditions of salt stress [33,45]. Additionally, E. acetylicum
(Group I) and E. marinum a-1 (Group II) exhibited capabilities in degrading harmful sub-
stances, such as cyanide-containing effluents and polypropylene, respectively [46,47]. This
suggests that not only species within Group I but also those within Group II possess the
ability to manage plant diseases.

Existing research has shown that using post-harvest E. acetylicum SI17 treatment is
highly effective in controlling LDB. Additionally, exposing litchi fruits to SI17 VOCs before
harvest significantly decreases the severity of LDB [40]. In this study, we examined the
effectiveness of pre-harvest E. acetylicum SI17 treatment in controlling LDB to explore
its potential for field application. Our findings indicate promising results (Figure 3A,B).
H,0,, as a representative of reactive oxygen species (ROS), can be excessively generated in
response to various biotic and abiotic stresses, resulting in its heightened reactivity and
toxic effects on plants [48]. The accumulation of ROS is a widespread defense mechanism
for higher plants to resist pathogen attacks. However, excessive ROS can cause plant
damage and facilitate pathogen infection [49]. SOD, CAT, and POD are essential enzymes
that act as antioxidants, responsible for neutralizing ROS [50]. Many studies have shown
that biocontrol agents can effectively clear excess ROS that accumulate due to pathogen
induction. For example, Bacillus velezensis could enhance the activity of ROS-scavenging
enzymes, thereby enhancing the eggplant fruits” disease resistance [51]. A similar situation
occurred in Bacillus amyloliquefaciens GJ1 against citrus Huanglongbing [52] and Strepto-
myces griseorubiginosus LJS06 against cucumber anthracnose [53]. Litchi pre-treated with
SI17 demonstrated an increased ability to scavenge HyO, (Figure 3D), primarily due to
heightened SOD activity rather than CAT and POD activities (Figure 3E-G).

Fermentation (C), suspension (F), and supernatant (Q) of E. acetylicum SI17 demon-
strated no inhibitory effect on the growth of P. litchii SC18 (Figure S6). Therefore, it is
speculated that E. acetylicum SI17 may control disease by enhancing plant resistance rather
than directly suppressing P. litchii SC18 growth. This is one way for a biocontrol agent to re-
sist disease. Biocontrol agent Pseudomonas chlororaphis PA23 could induce systemic acquired
resistance against Sclerotinia sclerotiorum of Brassica napus [54]. Furthermore, various strains
of Exiguobacterium have been found to produce diverse hydrolytic enzymes [17]. Genome
analysis provided additional insights into the key features of E. acetylicum SI17 in its ability
to combat LDB. Within this strain, four gene clusters, comprising a total of 94 genes, were
identified to be linked with the biosynthesis of secondary metabolites (Table S2). These
clusters comprised one non-ribosomal peptide synthetase (NRPS), one siderophore, and
two terpenes (Table 52). Various metabolites produced by biocontrol agents showed disease
resistance in plants. Phenazine-1-carboxylic acid produced by Pseudomonas chlororaphis
YL-1 showed effectiveness against Acidovorax citrulli [55]. Nep1-like proteins generated by
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Pythium oligandrum enhanced plant resistance against Phytophthora pathogens and Sclero-
tinia sclerotiorum [56]. Hence, it can be deduced that E. acetylicum SI17 could enhance plant
resistance through the production of diverse secondary metabolites, although the specific
functionalities of these metabolites necessitate further verification.

5. Conclusions

The Exiguobacterium acetylicum SI17 exhibited a biocontrol effect on LDB caused by
P. litchii. This study marks the initial documentation of an Exiguobacterium strain being
employed for managing plant diseases. To deepen our comprehension of its regulatory
mechanism, we conducted a full genome sequencing of E. acetylicum SI17, revealing a
larger genome size with high numbers of genes, proteins, and tRNAs. Additionally, the
genome was clustered into Group . Litchi fruit pre-treated with E. acetylicum SI17 showed
increased SOD activity and improved capacity to scavenge HyO,. Pre-harvest treatment
with E. acetylicum SI17 suppressed LDB, suggesting promising prospects for its practical
application. These findings lead to the hypothesis that E. acetylicurn SI17 might generate
a metabolite that enhances litchi’s resistance, highlighting the need for more detailed
exploration and identification.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/horticulturae10080888/s1, Table S1: Characteristic of Exiguobac-
terium genomes used for phylogenomic analysis; Table S2: Secondary metabolism gene clusters
in E. acetylicum SI17; Figure S1: Clusters of Orthologous Groups (COG) function classifications. B:
Chromatin structure and dynamics; C: Energy production and conversion; D: Cell cycle control,
cell division, chromosome partitioning; E: Amino acid transport and metabolism; F: Nucleotide
transport and metabolism; G: Carbohydrate transport and metabolism; H: Coenzyme transport and
metabolism; I: Lipid transport and metabolism; J: Translation, ribosomal structure and biogenesis; K:
Transcription; L: Replication, recombination and repair; M: Cell wall/membrane/envelope biogene-
sis; N: Cell motility; O: Posttranslational modification, protein turnover, chaperones; P: Inorganic
ion transport and metabolism; Q: Secondary metabolites biosynthesis, transport and catabolism;
R: General function prediction only; S: Function unknown; T: Signal transduction mechanisms; U:
Intracellular trafficking, secretion, and vesicular transport; V: Defense mechanisms; W: Extracel-
lular structures; X: Mobilome, prophages, transposons; Figure S2: Gene Ontology (GO) analysis.
Biological process (from left to right): biological adhesion, biological regulation, cell proliferation,
cellular component organization or biogenesis, cellular process, death, developmental process, es-
tablishment of localization, growth, immune system process, localization, locomotion, metabolic
process, multi-organism process, multicellular organismal process; negative regulation of biological
process, positive regulation of biological process, regulation of biological process, reproduction,
reproductive process, response to stimulus; rhythmic process, signaling; viral reproduction; cellular
component (from left to right): cell, cell junction, cell part, extracellular region, extracellular region
part, macromolecular complex, membrane-enclosed lumen, organelle, organelle part, virion, virion
part; molecular function (from left to right): Antioxidant activity, binding, catalytic activity, channel
regulator activity, enzyme regulator activity, molecular transducer activity, nucleic acid binding
transcription factor activity, protein binding transcription factor activity, structural molecule activity,
transporter activity; Figure S3: Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway annota-
tion. Cellular Processes (A): Transport and catabolism (1), Cellular community-prokaryotes (2), cell
motility (3), cell growth and death (4); Environmental Information Processing (B): Signal transduction
(5), Membrane transport (6); Genetic Information Processing (C): Translation (7), Transcription (8),
Replication and repair (9), Folding, sorting and degradation (10); Human Diseases (D): Substance
dependence (11), Neurodegenerative diseases (12), Infectious diseases (13), Inmune diseases (14),
Endocrine and metabolic diseases (15), Drug resistance (16), Cardiovascular diseases (17), Cancers
(18); Metabolism (E): Xenobiotics biodegradation and metabolism (19), Nucleotide metabolism (20),
Metabolism of terpenoids and polyketides (21), Metabolism of other amino acids (22), Metabolism of
cofactors and vitamins (23), Lipid metabolism (24), Glycan biosynthesis and metabolism (25), Energy
metabolism (26), Carbohydrate metabolism (27), Biosynthesis of other secondary metabolites (28),
Amino acid metabolism (29); Organismal Systems (F): Nervous system (30), Inmune system (31),
Excretory system (32), Environmental adaptation (33), Endocrine system (34), Digestive system (35),
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Aging (36); Figure 54: Carbohydrate-Active enZYmes Database (CAZy) annotation. AA: auxiliary
activity; CBM: carbohydrate-binding module; CE: carbohydrate esterase; GH: glycoside hydrolase;
GT: glycosyl transferase; PL: polysaccharide lyase; Figure S5: Transporter Classification Database
(TCDB) annotation. 1.A: alpha-Type Channels; 1.B: beta-Barrel Porins; 1.C: Pore-Forming Toxins
(Proteins and Peptides); 1.E: Holins; 2.A: Porters (uniporters, symporters, antiporters); 3.A: P-P-
bond-hydrolysis-driven transporters; 3.D: Oxidoreduction-driven transporters; 3.E: Light absorption-
driven transporters; 4.A: Phosphotransfer-driven Group Translocators; 4.C: Acyl CoA ligase-coupled
transporters; 5.A: Transmembrane 2-electron transfer carriers; 8.A: Auxiliary transport proteins;
9.A: Recognized transporters of unknown biochemical mechanism; 9.B: Putative transport proteins;
Figure S6: Plate antagonism against Peronophythora litchii SC18 of fermentation (C), suspension (F),
and supernatant (Q) of SI17.
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Abstract: Protected geographical indications (PGIs) share health problems related to plant propa-
gation material. The PGI “Faba de Lourenza” encompasses a 1660 km? area in northern Galicia,
Spain, renowned for its “Faba Galaica” (FG) and Faba do marisco” (FM) bean cultivars. The lack of
certified virus-free seeds poses a challenge. From 2019 to 2023, seeds from 60 lots were tested for
BCMV. Plants from several plots were tested periodically to develop disease progress curves (DPCs).
Control methods (plots out PGI zone, virus-free seedlings, rogueing, corn borders, and intercropping)
were tested. Yields in five plots were used to assess BCMV’s economic impact. Seed lots were 22.3%
FG-infected and <5% FM-infected. The transmission rate of BCMV from infected FG plants to their
seeds was 25.5 + 5%, while for FM it was 12 4 3%. FG yield losses were on average 31.6 + 4.5%.
Combining virus-free seedlings and infected plant removal in plots outside the PGI area proved
effective at reducing infection rates; combining with intercropping resulted in the lowest incidence in
an FG plot. Farmer training and off-site plot selection to produce healthy sowing beans are key to
improving results.

Keywords: Phaseolus; PGI; ELISA; virus-free seeds; disease progress curves (DPCs); intercropping

1. Introduction

The germplasm of the common beans, Phaseolus vulgaris L. (Fabaceae family), brought
to Europe after the XV century from different areas of South America, has evolved and
adapted to new environments. The occasional crosses and the strong selection for consumer
preferences in terms of bean types played an important role in the evolution of new genetic
variants of dry beans in Europe. New evolutions that were not present in the American
centres of origin appeared in Europe: the new germplasm came from recombination
between Mesoamerican ones and Andine genetic improvements, which were better adapted
to the conditions of diverse new agroecosystems [1].

In Spain, the North and Northwest of the Iberian Peninsula is the area where greater
genetic variability of legumes has been found [1] and where traditional farming systems
such as smallholdings and self-consumption agriculture are still maintained. The character-
istics of local cultivars grown in special locations are recognized by the EU as Protected
Geographical Indications (PGIs). In the North of Galicia (Spain), the area of A Marifia
(1660 km?) (Figure 1) was recognized in 2008 as the PGI “Faba de Lourenza” [2]. The
products protected are dried beans, which are separated from the pod of the local variety
known as “Faba Galaica” (FG) that belongs to the International commercial class (ICC)
‘Favada’ [3]; another traditional cultivar in the same area is “Faba do Marisco” (FM), a
different cultivar (also known as “verdina”) included in the ICC “flageolet” [4]. Researchers
from the “Consejo Superior de Investigaciones Cientificas” (CSIC) [3] developed a line
of improvement PMB-0382 “Faba Galaica” from the local variety PHA-0917, now in the
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Spanish register of commercial varieties. “Faba do Marisco” is also registered by CSIC
(2020/0103) [4].
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Figure 1. Geographical area included in the PGI “Faba de Lourenza” in A Marifa, Galicia, Spain.
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Cultivars within the PGIs have some qualitative characteristics that differentiate them
from other beans and that make them highly demanded by consumers. FG is known for
its exceptional culinary quality, due to its low proportion of skin (between 8 and 10%),
its high-water absorption capacity (greater than 100%), and its behaviour when cooked,
resulting, at the end of the process, in whole and complete grains in which the pastiness
of the pulp stands out, free from lumps and barely differentiated from the skin. The
plant has a climbing habit and indeterminate growth with long internodes [3]. FM seed
is small (0.3-0.4 g), with a pale green colour thanks to the harvest conducted at a certain
physiological stage; Its name in Galicia comes from the way it is cooked: a bean stew with
shellfish (“marisco”). The plant is a low-stalk variety and has determined growth [4].

Beans can be infected with various pathogens transmitted through seeds, primarily
viruses and bacteria. This complicates disease control in the field, especially for potyviruses,
which can also be transmitted horizontally by aphids, pollen, or via mechanical means.
Viruses transmission via seeds can occur through direct invasion of embryonic tissue,
and/or indirectly by infecting pollen grains or ovules, which lead to an infected embryo
after fertilization, resulting in an infected seed in a plant in which the virus is not de-
tected [5]. Potyviruses are a major concern for Phaseolus spp. [6]. The most common are
bean yellow mosaic virus (BYMV) and bean common mosaic, caused by two Potyvirus species:
Bean common mosaic virus (BCMV) and Bean common mosaic necrosis virus (BCMNV). The
difference between the two viruses is the phenotype generated in resistant cultivars. More
than 200 aphid species, mainly in the Aphidinae subfamily (particularly the Macrosiphum
and Myzus genera), can transmit potyviruses. In Spain, most potyviruses affecting beans
have been identified [7-9]. Since potyviruses are transmitted non-persistently by aphids,
epidemics can develop rapidly from even low seed-borne populations in areas where dry
beans are the dominant crop. Utilizing aphicides to control non-persistently transmitted
viruses like BCMYV is generally ineffective [10].

The average seed transmission rate of BCMV and BCMNYV from infected plants usually
ranges from 15% to 35% [5,11,12] but can vary widely (3-95%) depending on the viral
strain and bean variety [13]. This high seed transmission is a major cause of global BCMV
epidemics, as it serves as the primary virus source in the field [14]. BCMV can survive for
more than 30 years in seeds that keep their germination potential stored under suitable
conditions [14].

In susceptible bean genotypes, BCMV infection induces a wide variety of symptoms,
including mosaic, stunting, chlorosis, and leaf curling [15]. Mottling and malformation
of the first true leaves indicate that the initial infection occurs through the seed [16]. The
severity of these symptoms depends on various factors, including the viral strain, the bean
cultivar, and the plant’s age [17].
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BCMV can seriously affect the common bean’s yield or even cause total produc-
tion loss [18]; however reported yield losses due to BCMV and BCMNYV vary between
6 and 98% [6,16], depending on the cultivar, the time of infection [19], and the virus
strain [20]. There are references to high losses due to potyvirus infections of aggressive
breeds [19,21,22], but even mild or symptomless infections can decrease crop yield by
50% [22]. For many cultivars all over the world, progress has been made in combating
BCMYV through breeding bean varieties possessing the I gene, a dominant gene conferring
resistance to most BCMYV strains [6]. Potyvirus-resistant varieties have been the preferred
control measure for extensive cultivation of green and dry beans because they are easier and
more economical than trying to prevent transmission of potyviruses in the field [14,23,24];
however, for landraces in PGIs, this is not a viable option.

Several strategies can help ensure a healthy crop, including using seeds with low
potyvirus levels and cultivating in highlands distant from major legume production areas.
Other effective methods for preventing potyvirus transmission include removing infected
or symptomatic plants (roughing), oil spraying [25], using straw or reflective mulches
to reduce the attraction of vectors [26], using barrier crops, or intercropping [27]. These
methods have been combined as an integrated strategy for effective protection against
potyvirus in potato, cucurbit, maize, and bean crops [28-30].

Accurate and early diagnosis of BCMV and other potyviruses in P. vulgaris tissues is
critical to be able to start with as low as possible levels of virus in the seed lots, to check
when the epidemic reaches its exponential phase, and to predict the final level in the seeds.
The potyvirus can spread easily, thus being able to detect it in asymptomatic plants is
crucial. However, the most sensitive molecular methods are out of the question because
they are too expensive and complex for routine testing of a high number of seedlings
or plants in the field [24]. Some serological methods are very useful for quick and easy
virus detection (Lateral flow tests, ImmunoStrips®) but again, their price makes their use
impossible for high numbers of samples. Tissue printing assays have many advantages
for epidemiological studies and for checking planting material [31]: samples are easy to
obtain, deliver, and process; the use of commercial monoclonal and polyclonal antibodies
at low concentrations is very efficient; nitrocellulose membranes or different kinds of paper
are cheap support for assays; it uses common substances and standard buffers; the period
of incubation and development of purple colour in positive samples is short; it is possible
to check the tissue where a particular virus is detected; and it is possible to test groups of
seedlings/petioles in a single print.

In a preliminary analysis of growers” FG seed lots in 2006 and 2014 in Lourenza (A
Marifa, Lugo, Spain), the prevalence of potyvirus was >95% [32]. Serological analysis
indicated that BCMV was the most widespread potyvirus, and the presence of BCMNV
was not detected. In addition to viruses, there could also be a high incidence of seeds
infected with bacteria that cause rot during germination or plant damage when conditions
are favourable, as was found in other local bean cultivars in the North of Spain [33].

Studying the epidemiology of potyvirus in these traditional cultivars, its seed trans-
mission rate and the associated yield losses would undoubtedly help growers—in this and
other similar PGIs—make informed decisions about the need for control measures and
the advantages of coordination to do it properly. Obtaining seeds with the lowest possible
levels of potyvirus could help delay the development of epidemics and reduce economic
losses.

2. Materials and Methods

Phaseolus vulgaris seed lots: A total of 43 lots of Faba Galaica (FG) and 14 lots of Faba
do Marisco (FM) bean seeds were obtained from various sources: the CSIC collections
(Consejo Superior de Investigaciones Cientificas), Cooperativa Terras da Marifia S.L., local

growers within the PGI, and small shops selling bulk seeds from local farmers outside the
PGI (Table 1).
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Table 1. Identification of the lots of bean seeds from different groups that were analysed in this study.

Origin Group Year #Lots Identification !
2014 1 CG(®O
2017 1 C_G((2
CsIC I 2018 1 C_G(@®)
2019 1 CG®
2021 1 C_G((5)
2018 2 CTM_G (1-2)
TERRAS DA MARINA 2019 6 CTM_G (3-8)
S.COOP.GALEGA I 2021 3 CTM_M (1-2.7)
(LOURENZA) 2022 4 CTM_M (3-6)
2022 19 CTM_G (9-27)
2019 3 AL_G (1-3)
2019 3 L_G(1-3)
2019 1 LuC G (1)
p 2020 1 L.G@®)
ALFOZ f& LOURE.NZA III 2021 1 L.G(5)
(out of cooperative) 2021 1 L_G(6)
2021 1 LuC_G (2)
<2021 2 LuC_M (1-2)
2022 5 LuC_M (3-7)
Total # lots 57

1 C, csIC (Consejo Superior de Investigacioes Cientificas); G, faba Galaica; CTM, Cooperativa Terras da Marifia;
M, faba do Marisco; AL, Alf6z; L, Lourenza; LuC, Lugo, bulk sale in stores.

A total of 2040 seeds were randomly selected from each seed lot and germinated in
14 cm diameter petri dishes at 25 °C in the dark. Seed development was monitored daily
for signs of bacterial or fungal presence. Seed-borne viruses and bacteria were analysed
using either root or leaf tissue from the same plants.

Fields: Tables 2 and 3 show details of the commercial and experimental plots sampled.
While most plots were planted with cv. FG, several FM plots were included in the 2023
study. The plot code is as follows: first letter(s) for location (A, Alfoz; L, Lourenza; M,
Mondoiiedo; SF, San Fiz; EI, plots in the USC (Campus Lugo), followed by the cultivar
code (G, faba Galaica and M faba do Marisco). Next, letters indicate virus transmission
control techniques (Mz, maize; B, border; I, Greenhouse). The last two numbers represent
the year. Seeds were sown in trays, and all plants were tested before planting to ensure
they were BCMV-free. In most cases, the experimental fields were planted with plantlets
tested for BCMV originating from the same batch of seeds (CG_5).

Some plots were analysed only once, at the end of the growing season (LG_20, LG21,
LM_23) while others were analysed on several dates to check the progress of the disease
incidence and draw Disease Progress Curves (DPCs).

Harvest: in plots AG1_20, AG2_20, LG_22, LGBMz_23, and RGI_23, the plants that
were sampled during the season were classified according to the date of virus detection. A
total of 10-30 plants per class were harvested and the number of pods, the weight of pods
before threshing, and the final dry weight of seeds were registered.

Virus transmission to seeds. Samples of seeds from the 7 fields where the incidence
of BCMV had been estimated at harvest (Table 2) were germinated in seedbed trays and
analysed (root, leaf, or both) to check the percentage of seeds with BCMV.

2020: From the AG1_20 and AG2_20 harvest, sixty seeds were analysed for BCMV
and Ps-Ph.

2021: From the LG_21 harvest, the field where all plants tested positive for BCMV, two
samples of 200 and 156 seeds were analysed.

2022: From the LG_22 harvest, four replicates of 10 seeds taken randomly from lots on
each date of detection of infection were germinated in Petri dishes and analysed for BCMV,
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Ps-Ph, and Xa-Ph in roots. Leaves of potted plantlets that were negative for BCMV in roots
were tested again for BCMV.

2023: from the LGBMz_23 and RGI-23 harvest, more than 50 seeds taken randomly
from the plants on each date of detection of the infection were germinated in pots and
leaves analysed for BCMYV. For FM, 10-40 seeds from infected plants from EIM_23 and
SFM_23 were germinated separately and analysed for BCMV.

Table 2. Plots studied between 2020 and 2023 in several locations.

Study
Plot Year cv Location
DPC! Harvest TTS2  One Test3
AG1_20 2020 FG Alfoz + + +
AG2_20 2020 FG Alfoz + + +
LG_20 2020 FG Lourenza - - - +
LG_21 2021 FG Lourenza - - + +
LG_22 2022 FG Lourenza + + +
LGBMz_23 2023 FG Lourenza + + +
MGI_22 2022 FG Mondonedo - - -
MGBMz_22 2022 FG Mondonedo - - -
RGI_23 2023 FG Ribadeo + + +
EIG_22 2022 FG Lugo + - -
EIM_23 2023 ™M Lugo + - -
SFM_23 2023 M Lugo + - -
SFGMz_23 2023 FG Lugo + - -
LGMz1_23 2023 FG Lourenza - - - +
LGMz2_23 2023 FG Lourenza - - - +
LM_23 2023 M Lourenza - - - +

L DPC: disease progress curve; 2 TTS, Transmission to seeds; 3 One test at the end of the season.

Table 3. Details on initial bean common mosaic virus incidence, sampling frequency, and number of
plants analysed on each sampling date in the plots described in Table 2.

Plot % BCMYV Seedlings Sampling Frequency Samples/Date
AG1_20 10% Same plants ! monthly 107
AG2_20 10% Same plants ! monthly 104

LG_20 nt 2 (>20%) Random at harvest >500
LG_21 nt (>20%) All plants in 2 lines at harvest 200
LG_22 nt Same plants ! 10 days 200 (300)
LGBMz_23 0 Random & same monthly 335
MGI_22 0 All plants 10 days 360
MGBMz_22 0 All plants 10 days 450
RGI_23 0 All plants 10 days 220
EIG_22 0 All plants 15 days 50
EIM_23 0 All plants 15-30 days 50
SFM_23 0 All plants 15-30 days 50
SFGMz_23 0 All plants 15-30 days 50
LGMz1_23 nt Random At harvest 75
LGMz2_23 nt Random At harvest 75
LM_23 nt Random At harvest 75
1 after most plants were infected, a new batch of plants was tested; 2 nt: not tested (% based on average seed
infection).

Virus and bacteria detection. All the analyses were conducted using direct immuno-
printing DIP-ELISA (Enzyme-linked Immunosorbent Assay), following the basic protocol
in [34,35], with some modifications/simplifications in sample printing, antibody dilutions
(Table 4), and buffers.
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Table 4. Optimized dilutions of commercial antibodies used in tissue printing ELISA.

Reactive Company Procedure Dilution Buffers
BCMV + AP Loewe® Biochemical Direct 1:800 BCB
GmbH,
BCMV — Ab Sauerlach, Germany Indirect 1:200 Carbonate buffer

Bio-Rad Laboratories,

Anty-rabbit + AP S.A., Madrid, Spain Indirect 1:3000 BCB
Ps-ph + AP Aedia I Direct 1:500 BCB
Xa-ph + AP Eglkll'f rt‘c' Direct 1:100 BCB
Ps-ph — Ab IN UaSr A’ Indirect 1:100 Carbonate buffer
Xa-ph — Ab ! Indirect 1:100 Carbonate buffer

Xa-ph: Xanthomonas axonopodis pv phaseoli; Ps-ph Pseudomonas syringae/savastanoi pv phaseolicola.

Several plant tissues were used for analysis: roots (collected a few days after ger-
mination), leaf petioles, or leaf blades. Roots and petioles were printed, and leaf blades
were gently squashed with skewers onto nitrocellulose membranes (0.45 pm pore size)
from Sartorius (Gottingen, Germany). The target pathogens were BCMV and the bacte-
ria Xanthomonas axonopodis pv. phaseoli (Xa-ph) and Pseudomonas syringae/savastanoi pv.
phaseolicola (Ps-ph).

After blocking the membranes with a 1.5-2% skim milk solution in distilled water for
one hour, two distinct detection procedures were employed:

Direct Procedure: Membranes were incubated with alkaline phosphatase (AP)-conjugated
antibodies specific to each pathogen (dilutions in Table 4) in conjugate buffer (BCB, Bioreba
AG, Reinach, Swizerland; ref. 110140/-42). Following washes with saline buffer (8.5%
NaCl + 0.05% Tween 20) three times for 3-5 min each, the membranes were incubated with
a ready-to-use BCIP-NBT liquid substrate (Sigma-Aldrich, St. Louis, MO, USA, ref. B-1911)
for colour development.

Indirect Procedure: This method added an extra incubation step. Membranes were
first incubated with coating antibodies specific to each pathogen in carbonate buffer for
1.5 h or overnight at 4 °C. After washing, they were incubated with an anti-rabbit antibody
conjugated with AP (BIO-RAD, ref. 1706518) for 30 min. Washes and colour development
were performed as in the direct procedure.

A blue colour indicating a positive reaction typically developed within 15-30 min, but
sometimes later. The reaction was stopped under running tap water once positive controls
showed clear distinction.

Disease progress curves for BCMV epidemics: DPC were drawn as “days after first
analysis” (DAFA) and BCMYV incidence for the 9 plots indicated in Table 2. Analysis of the
DPCs was conducted using the EPIMODEL V3.4 software program, which fits temporal
disease progress data to five temporal population growth models that are commonly used
in the analysis of plant disease epidemics: monomolecular, exponential, logistic, Gompertz,
and linear models. This process involves examining disease progress and rate curves
and then, based on the shapes of these curves, choosing one or more models that are
likely to provide the best fit for the raw data. Transformed datasets are then graphed
and evaluated based on coefficients of determination (R?), mean square errors (MSE), and
standard deviations of parameter estimates [36,37].

Statistical analysis: Comparison of BCMYV levels in the seed lots (dependent variable)
from each zone/origin/plot/date of infection was conducted using analysis of variance
(ANOVA) according to a general linear model (GLM); data in percentage (in the range
0-30%) were transformed [/(X + 0.5)]. Comparisons of the data for yield/plant in each
plot were done using one-way ANOVA with the date of virus detection as the independent
variable and yield/plant as the dependent variable. Tukey’s b test with p < 0.05 significance
level was used to separate the means of different treatments after ANOVA. To compare data
(in percentage) from different seed lots and transmission to seeds, x? tests were performed.
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3. Results
3.1. BCMV and Bacteria in Seed Lots

The prevalence of BCMV was >95% in the sampled lots of FG, with only 2 out of
43 seed lots being negative. The percentage of positive seeds in each lot was quite variable
(0-70%) and on average (+£se), the incidence was 22.3 % 2.6%, which was not significantly
different for lots in the three groups (F: 0.155; p: 0.86 > 0.05) (Figure 2). The germination of
lots of FG <5 years old was almost as good as fresh (more than 90%) and bacterial rot was a
rare event; older seeds kept quite good germination levels if stored at 4-5 °C.
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Figure 2. Average incidence of bean common mosaic virus (percentage + se) in the lots with the
three groups of Faba Galaica (FG) and two groups of Faba do Marisco (FM); (I, CSIC; II, Cooperative
Terras da Marifia; III: PGI but out of Cooperative). Columns with black borders are the mean values
of incidence for the two bean varieties, with different letters for significant differences after one-way
ANOVA (F = 11.57; p = 0.01).

FM seed lots showed very poor or no germination when they were not from the last
harvest. Most ungerminated seeds exhibited typical bacterial soft rot, with oozing observed.
Additionally, both Ps-ph and Xa-ph were detected by tissue printing ELISA in these older
seeds. BCMV was not detected in either the roots or leaves of six of the ten fresh FM seed
lots. The average BCMYV incidence in the remaining lots was less than 5% (Figure 2).

BCMYV incidence in FG (22%) was significantly higher than in FM (3.2%) (Figure 2).

The prevalence of Ps-ph and Xa-ph in seed lots was 61.1% and 78.9%. However, the
proportion of infected seeds within each lot with at least one positive seed was generally
low. The average contamination rates were similar for both bacteria, with 9.2% for Xa-ph
and 8.8% for Ps-ph. It is important to note that both these values had high standard
deviations. Many seeds that tested positive for bacteria failed to complete germination,
rotting shortly after radicle emergence. Interestingly, seeds infected with Ps-ph were
frequently co-infected with Xa-ph.

3.2. Transmission of BCMV to Seeds

In plots AG1_20 and AG2_20, the seeds from harvest classified according to the date
of detection of infection had BCMYV levels of between 23 and 45%. In AG_1, there were
significant differences between the only two dates of detection of BCMV in mother plants
(x?=5.2>3.84, p < 0.05, df = 1). No significant differences (x?=43<781, p <0.05, df
= 3) or trends were observed in BCMV levels in AG_2 based on the date of detection of
infection (Figure 3).
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Figure 3. Percentage of transmission of bean common mosaic virus to bean seeds based on the date

of detection of infection in mother bean plants in plots AG1_20 and AG2_20. Different letters indicate
significant differences based on X tests for each plot.

Seeds from BCMYV from the plot of FG tested at harvest in 2021 (LG_21) were
25.5 £ 5% infected. The transmission of BCMYV to seeds in the harvest from LG_22 showed
a slight trend towards a higher percentage of infection when transmission occurred at later
dates (Figure 4), but the differences between dates were not significant based on x? test
(x> = 12.54 < 14.06; p = 0.05; df: 7). The average transmission was 28.4 & 3.2%.
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Figure 4. Percentage of transmission of bean common mosaic virus to seeds based on the date of
detection of infection of bean plants in plot LG_22. There were no significant differences between
dates of infection based on the x2 test.

In 2023, significant differences in seed transmission were observed between the two
plots: LGBMz_23, surrounded by corn, and RGI_23, grown under protected cultivation
(Figure 5) (F: 41.97, p = 0.003, df: 1). Seeds from LGBMz_23 had a higher proportion of
infected seeds compared to those harvested from plants infected early in the season, but
the chi-square test revealed no significant differences in infection rates among dates of
detection of infection (x? = 4.44 < 5.99, p = 0.05, df = 2). The average BCMV transmis-
sion rate in LGBMz_23 seeds was 26.1%. BCMV levels in seeds from greenhouse plants
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were very low (2.5%), and no significant differences were detected across infection dates
(x?>=0.73 < 5.99, p = 0.05, df = 2). Since all BCMV-positive plants were removed within the
first month, there are no data from plants infected for longer periods in the greenhouse.
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Figure 5. Percentage of transmission of bean common mosaic virus to bean seeds based on the
elapsed time between the date of detection of infection of bean plants by BCMV and the harvest in
LGBMz_23 and RGI_23. Columns with black borders are the mean incidence for the two 2023 plots;
different letters indicate significant differences.

The prevalence of BCMYV in seeds harvested from plants of FM in EIM_23 and SFM_23
at harvest was 76% (Figure 6). However, only seeds from two plants (one from each plot)
had high levels (>40%) of BCMV detected in the radicle sample. The overall transmission of
BCMV to seeds was 12.2 &= 3%. There were no significant differences between the two plots.
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Figure 6. Percentage of transmission of bean common mosaic virus to bean seeds harvested from FM
plants in EIM_23 and SFM_23; mean percentage of transmission in the two plots.

3.3. Harvest

Three out of five plots did not show significant differences in harvest weight based on
the date of detection of infection. However, a trend towards higher yields was observed in
plants infected at the end of the season and in plants testing negative for BCMV at harvest
(Figure 7).
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Figure 7. Harvest based on the date of detection of infection by bean common mosaic virus in bean
plants in AG1_20, AG2_20, RGI_23, LGBmZ_23, and LG_22. The dry weights of seeds are shown in
g/plant £se when p > 0.05; the different letters represent significant differences based on the Tukey”
b test, with p < 0.05.

In plots where significant differences were observed, they were typically between
plants infected earliest and those infected later or not infected at all. The largest yield
differences were observed in LG_22, reaching up to 50%, followed by LGBMz_23, with a
maximum difference of 24%.

Similar trends were observed for fresh weight, number of pods per plant, and the
percentage of seed weight relative to pod weight mirroring the pattern seen for dry
seed weight.

3.4. Epidemiology and Control Strategies

As shown in Table 5 and Figure 8, the DPCs for BCMV incidence varied significantly
across locations, years, and cultivars. FG consistently exhibited higher infection rates and
final BCMV incidence compared to FM. In the absence of control measures, all FG plots
(AG1_20, AG2_20, LG_21, LG_22) reached 100% BCMYV incidence, often early in the season.

In 2020, two plots (AG1 and AG2) were planted with two lots of seeds with 10% BCMYV.
The initial infection rate was similar for both fields. However, by July, all sampled plants in
AGI1 were positive for BCMV, while those in AG2 reached 100% infection only at the final
sampling (September). The rate of increase (slope of the linear regression line) was highest
for AG1 throughout the study (Table 5). This rapid spread seems to be prevalent within the
PGIs, as exemplified by LG_20; by harvest, nearly all plants in LG_20 were infected. To
identify uninfected plants for harvest comparison, we had to analyse over 500 additional
plants free of potyvirus symptoms, and most were positive for BCMV. Similarly, in 2021,
LG_21 had 100% of plants infected at harvest and LG_22 displayed an intermediate spread
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rate in 2022 (Table 4). However, similar to other plots, nearly all plants tested positive for
BCMV at harvest.

Despite starting with virus-free seedlings, removing infected plants initially, and
having no neighbouring bean crops, MGI_22 and MGBMz_22 experienced rapid disease
spread (40% infection in MGI within a month and 75% infection in MGBMz within two
months). This was likely due to poor weed management practices and late or no proper
vine training. As a result, the grower abandoned these plots, and no further data collection
was possible after July.

During the 2023 season, the DPCs showed promising results in managing BCMV
infection using various approaches. In the two plots chosen randomly among those with
traditional intercropping corn/bean as the only difference with respect to the standard
monoculture, the final level of BCMYV infection was under 60%. Despite initially removing
infected plants and minimal aphid catches on the yellow sticky traps, the virus became
established within the protected greenhouse (RGI_23) (Figure 8). However, by harvest time,
only 45% of the plants tested positive for BCMYV, indicating a reduction in infection rates
over time. In the field plot LGBMz_23, the corn border strategy was initially ineffective in
preventing transmission, likely due to delayed corn growth and poor weed management,
but the rate of spread of the virus decreased later on and at harvest, it was 75%. As
expected, all plots situated outside the PGI area yielded improved results. In SFGMz_23, the
combination of techniques successfully delayed the epidemic, resulting in a low infection
rate and 25.7% of infected plants at the end of a long season.

The three plots with FM had significantly lower rates of infection inside and outside
the IGP area. Despite being sown with untested seeds and surrounded by FG fields that
reached 100% infection by August, the 2023 Lourenzd plot (FM) showed a BCMYV infection
rate of 45% at that time. The two plots in Lugo planted with tested FM seeds had 25 and
35% infection at the end of the season, but considerably lower infection levels (9 and 20%)
at the time this cultivar would be typically harvested (before maturity).

Table 5. Results of the epidemiological study. For bean common mosaic virus epidemics with enough
data, values of R?, slope, and SEEy are from the model that best fits the DPC.

Plot LA Model R? Slope SEEy % BCMYV Expected % BCMYV Observed
AG1_20 bh Linear 0.89 0.009 0.153 >100 100
AG2_20 bh Linear 0.99 0.02 0.007 100 100

LG_20 bh - 97
LG_21 bh - 100
LG_22 bh Linear 0.95 0.017 0.077 92 98
LGBMz_23 h Monomolecular 0.82 0.012 0.28 80 75
MGI_22 35d2 - - 40
MGBMz_22 56 d 2 - - 75
RGI_23 h Gompertz 0.74 0.02 0.750 40.5 45
EIG_22 h Gompertz 0.80 0.04 0.62 55 60
EIM_23 h Linear 0.92 0.003 0.037 24 25
SFGMz_23 bh Gompertz 0.55 0.01 0.49 22 25.7
SFM_23 h Gompertz 0.84 0.019 0.418 31 34.8
LGMz1_23 bh - 52.6
LGMz2_23 bh - 59.7
LM_23 h - 45

1 LA: last analysis; bh. before harvest; h, at harvest; ah, after harvest. 2 Monitoring stopped due to wrong
management of the plot. SEE standard error of the estimate.
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Figure 8. Disease progress curves for 9 of the bean common mosaic virus epidemics studied between
2020 and 2023. DAFA: days after first analysis of bean plants. The regression lines correspond to the
expected values based on the epidemiological model that best fits the DPC values (Table 5).

4. Discussion

Dry beans are one of the most important crops in the world and BCMYV is considered
economically important throughout Africa, Europe, North America, and Latin America,
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with infection levels that often reach 100% and estimated yield losses of 35-98% [16]. Our
findings with Faba Galaica (FG) align with these general trends in BCMV prevalence and
damage. For large-scale cultivation, various control strategies exist to minimize losses
from seed-borne pathogens, ranging from certified seeds to resistant cultivars (CABI, 2023).
In Protected Geographical Indications (PGls), managing plant and seed health is critical
for the long-term viability of traditional cultivars and farming practices. These elements
define the unique characteristics (typicity) required for PGI certification. That makes PGIs
interesting crop systems to study plant disease epidemics: they are limited to a certain
area, use one or few cultivars in small fields with traditional growing systems, and usually
get high prices in specific markets. For small PGIs like ‘Faba de Lourenzd’, the total seed
requirement is low, and like in many other PGIs in the EU and bean crops in developing
countries [38], farmers often save or exchange seeds from the previous year. In this context,
we observed a very high prevalence of seed-borne pathogens, particularly viruses. Despite
these findings and potential yield losses (Figure 7), growers often express minimal concern,
likely because, similar to potato varieties infected with Potato Virus Y (PVY), plants infected
during the season may not exhibit clear disease symptoms.

This study analysed thousands of samples between 2020 and 2024, a throughput
impossible with other virus detection methods due to cost constraints. Tissue printing
proved to be the most efficient technique for field screening and evaluating propagation
material in our previous studies with grapevine and potatoes [29]. Tissue printing has been
used since the 1990s for the detection of viruses, bacteria, and MLO in cereals, citrus, plums,
and potatoes, and for polyphagous viruses such as cucumber mosaic virus (CMV) or tomato
spotted wilt virus (TSWV) among many others [39]. Legume viruses were among the first
viruses detected using this technique [34,39]. ELISA tests for bacteria, including tissue
printing ELISA, have been approved as one of the European Plant Protection Organization
(EPPO) Standards (2010-09) [40] but to our knowledge, it has not been reported for Xa-ph
or Ps-ph in bean germinated seeds or leaves.

Analysis of FG seed lots from PGI fields and seeds from known BCMV-infected mother
plants yielded similar average infection rates in the range of 20-30%. That seed infection
rate translates to near-complete field infection by harvest, as observed in our samplings
from Lourenza (2020-2022) where no control measures were implemented. Cifuentes
et al. [23] reported that sowing seeds with only 4% infection resulted in 100% plant infec-
tion at harvest. In our study, with a much higher seed infection rate (>20%), this level of
virus prevalence will likely be reached well before the end of the season, as exemplified
by plot AG2_20. The only exception to the high seed transmission rate observed in FG
is RGI_23, which showed a very low value of 2.5%. This could be due to greenhouse
conditions, but further confirmation is needed. There are a number of factors that influence
seed transmission rates, including environmental conditions [41]. Greenhouse environ-
ments differ significantly from open fields in the region, potentially explaining the lower
transmission rate observed in RGI_23. FM lower incidence in seed lots (<5%) corresponds
to lower levels of transmission to seed (2.5%).

The BCMV levels observed in FG within the PGI Faba de Lourenza are comparable to
those reported for other Spanish PGIs [23,42]. However, Asturias reported a significantly
lower incidence of potyviruses [43]. FM, cultivated alongside FG, exhibits a contrasting
pattern. FM seed lots have lower infection rates, field plants typically test negative until
later in the season, and seed transmission from infected plants is also lower compared
to FG. This lower level of BCMV infection in FM might be attributed to two factors: its
determinate growth habit leading to a shorter growing season, and the harvesting of green
pods before full maturity and drying. The lower BCMYV seed transmission in FM compared
to FG translates to a reduced initial inoculum for aphids within FM plots. Additionally,
late-season transmission from surrounding infected FG fields, via aphids, would likely
occur after FM seed harvest. The two FM individual plants with over 40% infected seeds
(Figure 6) were likely exceptions, possibly due to harvesting at a later stage when seeds
were more mature.
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Our findings revealed significant harvest weight differences, primarily between plants
infected early in the season and those testing negative at harvest. This highlights the
importance of planting seeds with minimal BCMV infection. Yield reductions in fields
sown with 20-40% infected seeds might be more substantial than growers acknowledge.
Studies in other Spanish PGIs report bean yield losses of 40-50% due to BCMV [42,43].
Though traditional varieties cultivated for decades may seem unaffected, the true impact
of potyvirus infections is likely underestimated due to the absence of data on potential
yields achievable with disease-free seeds. Local minor cultivars grown in small, often
non-irrigated fields, exhibit high yield variability due to various factors. This makes it
challenging for farmers to attribute yield losses specifically to viral diseases, especially
when symptoms are mild or absent in plants infected later in the season [42]. Tolerance
is assumed when symptoms are very mild or not shown at all in plants infected after the
first month [42]. Current seed certification programs, effective in reducing seed-borne
diseases, are often impractical for small regions cultivating local varieties due to limited
economic viability. In these cases where seeds are reused and exchanged and vector control
in the field is absent, the risk of reaching 100% infection at harvest and progressive plant
degeneration is very high [20]. Moreover, although these traditional beans fetch a higher
price in gourmet shops than common varieties (15-25 €/kg in 2023), their production costs
are also higher due to being less intensively cultivated and requiring more manual labour
compared to fully mechanized improved varieties. Therefore, minimizing virus-related
losses becomes crucial for maintaining their profitability.

Our efforts to reduce virus transmission were sometimes hampered by grower deci-
sions related to weed control, planting density, or vine training. In some cases (MGI_22,
MGBMz_22, and early stages of LGBMz_23), this was due to inadequate weed and vine
management just after planting. This is because weeds, including leguminous species
(Trifolium spp.) that can harbour BCMYV, attract aphids at the beginning of summer. Carazo
and Romero [44] identified 15 additional reservoir species for BCMV beyond legumes. In
Nigeria, virus incidence in weeds around the legume plots was 2.5% [45]. Studies have
shown that mulching reduces early-season infection in seed potatoes [26].

Figure 8 showcases the diverse effects of location, cultivar, and control strategies on
Disease Progress Curves (DPCs). While some models provide superior fits to the epidemic
data, the slopes of these best-fit DPCs are also demonstrably influenced. Interestingly, natu-
ral epidemics were best modelled by linear functions with high R-squared values and low
errors (Table 4). Conversely, controlled epidemics were primarily described by Gompertz
models, albeit with a consistently lower goodness-of-fit. In most cases, the predicted final
infection level aligned well with observed values (Table 5). This information could be
valuable for pre-emptively determining crop destination based on anticipated infection
severity. Early removal of infected plants most significantly impacts DPC trajectory and
model fit.

The parallels between BCMV and Potato Virus Y (PVY) in seed potato production are
evident. Consequently, established management strategies for potatoes can be effectively
applied to control seed-borne viruses in beans and other crops [26,28,29,46,47]. This
strategy combines using low-infection seeds, removing symptomatic young plants, and
implementing intercropping. Maize as an intercrop offers distinct advantages over border
crops, particularly in small fields [26].

For indeterminate growth cultivars like FG, intercropping with maize is a simple
practice. It provides support for climbing vines and leads to significant cost reductions.
Interestingly, the traditional cultivation system for FG has been associated with corn.
However, this practice is declining in favour of monoculture. While there is no such
tradition for FM, intercropping with sweetcorn has been proposed for bush bean cultivars
in other regions of Spain as well [48].

Similar to potato intercropping, interplanted crops surrounding the bean plants act as
a mechanical barrier for aphids and a virus sink. These companion crops attract aphids
away from the main bean crop [26], which likely explains the positive results observed in
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SFGMz_23 and the lower level of BCMYV at the end of the season in both LGMz_23 plots.
An integrated approach that combines multiple techniques like these is most effective.
Additionally, utilizing virus detection methods like tissue printing ELISA for pre-planting
seed lot evaluation is crucial.

5. Conclusions

The high prevalence of Bean common mosaic virus (BCMYV) in FG fields is primarily
caused by infected seeds. This is due to the virus’s high seed transmissibility and the
occurrence of early horizontal transmission by aphids.

The significant differences in BCMYV incidence and seed transmission between the
two evaluated bean cultivars seem to be related to their different growing seasons and
durations in the field. Harvesting before full maturity in FM results in poor germination of
seeds older than the previous season ones but also in lower seed transmission.

The best way to reduce the virus incidence and minimize yield losses is through the
commitment of farmers in the PGIs to:

(a) locate plots for seed production far from the growing area where a combination of
techniques for preventing virus transmission will be applied by trained growers using
an IPM approach,

(b) test representative samples of the seeds produced in those plots and use exclusively
lots with the lowest possible virus level, and

(c) train growers to pay special attention to soil and plant management from the begin-
ning of crop planting to delay virus transmission.
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Abstract: Analysis of the viromes of three symptomatic Fabaceae plants, i.e., red clover (Trifolium
pratense L.), pea (Pisum sativum L.), and common bean (Phaseolus vulgaris L.), using high-throughput
sequencing revealed complex infections and enabled the acquisition of complete genomes of a
potyvirus, bean yellow mosaic virus (BYMYV). Based on phylogenetic analysis, the Slovak BYMV
isolates belong to two distinct molecular groups, i.e., VI (isolate FA40) and XI (isolates DAT, PS2).
Five commercial pea genotypes (Alderman, Ambrosia, Gloriosa, Herkules, Senator) were successfully
infected with the BYMV-PS2 inoculum and displayed similar systemic chlorotic mottling symptoms.
Relative comparison of optical density values using semi-quantitative DAS-ELISA revealed significant
differences among virus titers in one of the infected pea genotypes (Ambrosia) when upper fully
developed leaves were tested. Immunoblot analysis of systemically infected Alderman plants
showed rather uneven virus accumulation in different plant parts. The lowest virus accumulation
was repeatedly detected in the roots, while the highest was in the upper part of the plant stem.

Keywords: Fabaceae; high-throughput sequencing; pea; potyvirus; virome; virus accumulation

1. Introduction

Cultivated or wildly grown legumes, i.e., plants belonging to the Fabaceae family, are
known to naturally host a wide range of viruses [1,2]. Some of these pathogens cause severe
symptoms, decreasing yields and the quality of legumes [3]. This results in subsequent
economic losses, as legumes represent an important source of protein in human and
livestock nutrition [4].

Potyviruses belong to the largest genus in the Potyviridae family, comprising more
than 200 species (https:/ /ictv.global/taxonomy, accessed on 22 January 2024). Potyviruses
are characterized by a positive-sense single-stranded RNA genome of approximately 10 kb
encapsidated in flexuous rod-shaped filaments [5,6] (Supplementary Figure S1). Bean
yellow mosaic virus (BYMV) is one of the most important legume-infecting potyviruses,
although its wide host range also includes various monocots and dicots within both
domesticated and wild plant species [7,8]. Based on studies of BYMV molecular variability,
at least nine molecular groups have been identified [9-11].

Over the past decade, high-throughput sequencing (HTS) technologies have revolu-
tionized plant virome research by providing an unbiased approach to the identification
and characterization of viruses present [12,13]. The application of HTS has proven to be
very successful for virus discovery, resolving disease etiology in many agricultural crops,
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and has enabled the description of new viral pathogens also in various legumes [14-16]. In
addition to the discovery of new virus species, the use of HTS has enabled the characteriza-
tion of divergent forms of known and well-established viruses, thus expanding knowledge
of their global molecular variability [17,18].

As for other RNA viruses, mutations and recombination contribute to host adaptation,
host-dependent pathogenicity, vector transmissibility, and/or viral accumulation in differ-
ent hosts [19-21]. Therefore, understanding intra-species diversity may provide essential
information to adopt tailored control and preventive measures, e.g., through polyvalent
detection or planting of less susceptible plant genotypes [22,23].

Molecular and phylogenetic analyses based on partial genomic sequencing or single
genes can provide biased results and misleading interpretations due to unequal evolution-
ary rates of individual genes or possible recombination event(s) in untargeted parts of the
genome. In this work, we obtained three complete genomes of BYMYV isolates from Slovakia
by HTS-based virome analysis of Fabaceae environmental samples and performed their
molecular and phylogenetic analyses. To contribute to a better understanding of host/virus
interactions, we further evaluated the susceptibility of commercial pea genotypes to BYMV
infection and compared the relative accumulation of viral proteins in different plant parts.

2. Materials and Methods
2.1. Determination of Complete BYMV Genomes Using HTS

HTS analysis of the Fabaceae samples was performed, as described previously [24].
Briefly, total RNAs were extracted from the leaves of original host plants using a Spectrum™
Plant Total RNA Kit (Sigma-Aldrich, St. Louis, MO, USA). To enrich the viral fraction,
ribosomal RNA was depleted using the Zymo-Seq RiboFree Universal cDNA Kit (Zymo
Research, Irvine, CA, USA). Ribosome-depleted RNA preparations were used for double-
stranded cDNA synthesis using the SuperScript II kit (Thermo Fisher Scientific, Waltham,
MA, USA), and the samples were processed with the transposon-based chemistry library
preparation kit (Nextera XT, [llumina, San Diego, CA, USA), followed by HTS on an Illu-
mina MiSeq platform (2 x 150 bp paired reads paired-end sequencing, Illumina, San Diego,
CA, USA).

High-quality trimmed reads were used for de novo assembly and contigs were aligned
to the viral genomes database (ftp:/ /ftp.ncbi.nih.gov/genomes/ Viruses/all.fna.tar.gz, ac-
cessed on 4 November 2023) using CLC Genomic Workbench and Geneious v.8.1.9 software.
Subsequently, the reads were remapped against the BYMV full-length sequence NC_003492
retrieved from GenBank (https://www.ncbi.nlm.nih.gov, accessed on 4 November 2023)
and against the genomes of additional viruses identified in the previous step to complement
and validate the obtained genomic sequences.

The presence of BYMV in the samples analyzed using HTS was confirmed by Sanger se-
quencing of RT-PCR products encompassing the CP gene, amplified using specific primers
designed from the HTS-based sequence (BY_8548F 5'-AGAGAAGCTCAATGCTGGTG-
3/, forward/BY_9322R 5'-GACATCTCCTGCTGTGTGTC-3', reverse). Moreover, double-
antibody sandwich (DAS)-ELISA, using commercial BYMV-specific antibodies (DSMZ No.
RT-0717, [25]), or western blot analysis, using BYMV-specific polyclonal antibodies [26],
were used for initial immunological detection.

2.2. Biological Experiments

The PS2 isolate was mechanically transmitted to Nicotiana benthamiana from the original
pea plant (Figure 1). Fourteen days p.i., the systemically infected leaves were harvested,
sliced, and frozen at —80 °C in order to be used as a homogenous source of BYMV for
subsequent biological experiments.
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FA40

Figure 1. Leaf symptoms observed in Fabaceae plants at the time of sampling for HTS analysis
(DAT—red clover (T. pratense), PS2—pea (P. sativum), FA40 common bean (P. vulgaris).

Five commercial pea varieties, i.e., Alderman, Ambrosia, Gloriosa, Senator (all sup-
plied by Osiva Moravia Ltd., Olomouc, Czech Republic), and Herkules (supplied by
Zelseed Ltd., Horna Potdn, Slovakia) were sown in a sterilized garden soil in classic plastic
rooting containers and cultivated under controlled conditions in a growth chamber with a
16 h photoperiod (16 h of light/8 h of darkness), a light intensity of 152 umol m~2 s~! FAR,
and a temperature of 22 £ 2 °C.

Pea plants were then mechanically inoculated at the stage of one to two fully developed
leaves. The infectious juice was obtained by grinding PS2-infected N. benthamiana leaves
from the previous step. The development of symptoms was observed visually, and the
presence of BYMV was tested by DAS-ELISA 14 days p.i.

2.3. Estimation of Virus Accumulation in Plants

Two-week-old plants of P. sativum from five BYMV-susceptible genotypes (Alder-
man, Ambrosia, Gloriosa, Herkules, Senator) were mechanically inoculated with BYMV-
PS2-containing sap (1/15 dilution in Norit buffer, https://www.dsmz.de/fileadmin/
_migrated/content_uploads/Inoculation_01.pdf, accessed on 22 April 2020). Overall,
homogeneous groups of five to eight plants of each genotype, grown in individual pots,
were successfully inoculated. The plants were tested individually by DAS-ELISA [25]
21 days p.i. using the polyclonal antibody (DSMZ set No. RT-0717) to compare relatively
the virus antigen accumulation in systemically infected plants. Five leaf discs of ca. 0.15 g
were taken from the top fully developed leaf of each inoculated plant and uninfected
control pea plants using the bottom of a pipette tip to standardize the amount of tested
sample for each plant. The discs were homogenized in PBS (1/25 w/v) containing 0.05%
Tween-20 and 2% polyvinylpyrrolidone 40. Each plant sample (5-8 per genotype) was
applied in duplicate to a single ELISA plate, so that absorbance values measured at 405 nm
for four genotypes could be compared. Statistical analysis was conducted in R version
4.3.2 [27], using the “stats” package.

Whole proteins were extracted from six different parts of the Alderman pea plants
(pod, upper stem, upper leaf, bottom stem, bottom leaf, root) using the Pierce™ Plant
Total Protein Extraction Kit (Thermo Fisher Scientific, Waltham, MA, USA). A standard
curve prepared using bovine serum albumin was applied for the calculation of the protein
concentrations, determined using the Pierce TM BCA Protein Assay Kit (Thermo Fisher
Scientific, Waltham, MA, USA). For each sample, the same amount of proteins (50 ug) was
mixed 1:1 with Laemmli sample buffer, subjected to SDS-PAGE in 12% gel, transferred
to a PVDF membrane by a semidry blotting apparatus, and detected using a polyclonal
anti-BYMV antibody (DSMZ No. AS-0717)/goat anti-rabbit IgG antibody conjugated with
alkaline phosphatase (Sigma, St. Louis, MO, USA) and NBT/BCIP as substrate (described
in Novakova et al. [28]). The membrane was recorded using a camera, and densitometry
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analysis of specific bands was performed using the Image Studio Lite Quantification
Software v. 5.2 (LI-COR Biosciences, Lincoln, NE, USA).

3. Results and Discussion

In an effort to unravel the virome of three symptomatic Fabaceae plants, i.e., red clover
(T. pratense), pea (P. sativum), and common bean (P. vulgaris), leaf samples were subjected to
HTS analysis.

For two samples (DAT, FA40), HTS analysis revealed multiple viral infections. While
the DAT sample was infected with BYMYV, soybean dwarf virus (SDV, genus Luteovirus),
and blackgrass cryptic virus-2 (unclassified), the infection of FA40 involved BYMV and
cucumber mosaic virus (CMV, genus Cucumovirus). On the contrary, only a single BYMV
infection was found in the PS2 sample (Table 1). Currently, it is largely proven through
virome analyses that mixed infections of plants are frequently found in nature, complicating
the elucidation of disease etiology [24,29,30]. The presence of multiple viruses in both DAT
and FA40 plants made it difficult to decipher the role of any single virus in causing the
observed symptoms (Figure 1).

Table 1. List of Fabaceae samples used for HTS analysis and their characteristics.

Sample Natural Host Location Year (.)f Leaf Symptoms Viruses Identlﬁcled in the
Sampling Sample
DAT Trifolium pratense Bratislava 2020 Mosaic BYMYV, SbDV, BGCV-2
PS2 Pisum sativum Pezinok 2021 Mottling, mild leaf distortions BYMV
FA40  Phaseolus vulgaris ~ Vrbova nad Vahom 2022 Severe mosaic, yellowing BYMV, CMV

1 SbDV: soybean dwarf virus (genus Luteovirus), BGCV-2: black grass cryptic virus-2 (unassigned), CMV: cucumber
mosaic virus (genus Cucumovirus).

3.1. Genome Characterization of Slovak BYMYV Isolates

Although BYMYV is a worldwide pathogen infecting a huge range of hosts, information
on virus molecular variability from Slovakia was lacking. Three complete BYMV genomes
have been assembled from HTS data (Table 2), further confirming the robustness and
applicability of new sequencing technologies for plant virome studies [12,13]. Although the
5 and 3’ extremities of the Slovak BYMV genomes were not properly confirmed by RACE,
the high coverage of reads in both untranslated regions enabled their proper determination
in silico. The complete genomic BYMYV sequences obtained have been deposited in the
GenBank database under the accession numbers OR791742 (DAT), OR791741 (PS2) and
OR791743 (FA40).

Table 2. Analysis of HTS data from the three Fabaceae samples related to BYMV genome reconstruction.

Total Number of Reads Mapped Percentage of the
Sample Reads/Average against BYMV Full-Length Coverage Depth The CII{(;sizst:itV]ZLAST
Length (bp) Reference NC_003492 Genome Covered
DAT 4,449,806/137.1 662,105 99.9% 9764.5x AB373203, pea, Japan
PS2 4,025,394/103.7 414,925 99.9% 4794.5% AB373203, pea, Japan
FA40 16,948,908/117.5 1,075,143 99.9% 14,139.7 HG970866, lupine,
Australia

For all three isolates, a single variant BYMV genome was identified, and no indication
of intra-isolate heterogeneity was obvious in the individual datasets. However, mixed
infection of a plant with different genetic variants belonging to the same virus species has
been previously reported for some viruses [31-33].

Previous works have revealed the broad intra-species molecular diversity of BYMV [20],
resulting in their classification into nine molecular groups [9]. Phylogenetic analysis gen-
erated from complete BYMV genomes revealed the similar grouping of DAT and PS2
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isolates into molecular group IX, together with pea and broad bean isolates from different
continents (Figure 2). The closest sequence found by the BLAST search belonged to a
Japanese pea isolate (AB373203). On the contrary, the FA40 isolate clustered in group VI
contains geographically distant isolates from lupine and broad bean. Interestingly, the clos-
est relative of FA40 is the HG970866 isolate from Australia [9]. Therefore, the phylogenetic
analysis showed the absence of geographical- or host-based clustering of BYMV, indicating
the long evolutionary history of the virus and its effective dissemination within regions
facilitated by hardly controlled seed transmission [34,35].

The complete coding sequences of the three Slovak BYMYV isolates were collinear
and determined to be 9168 nucleotides (nt) in length, putatively encoding a polyprotein
of 3056 aa (347.3-347.7 kDa). Computer analysis showed that the potyviral motifs were
conserved in the BYMV DAT, PS2, and FA40 polyproteins, confirming the functionality of
the obtained genomes. Specifically, three separate motifs associated with aphid transmis-
sion were conserved in the HC-Pro, i.e., RITC (aa position 335-339, appearing generally
as KITC in potyviruses) [36], CCC (aa 575-577), and PTK (aa 593-595). The metal-binding
motif FRNK-X12-CDNQLD, affecting symptom expression [37], was found at aa position
464-485.

The CI protein, thought to function as an RNA helicase in genome replication, con-
tained the expected NTP-binding motif GAVGSGKST (aa 1227-1235) as well as other motifs
characteristic of helicase proteins: DECH (aa 1316-1319), KVSAT (aa 1343-1347), LVYV (aa
1394-1397), VATNIIENGVTL (aa 1445-1456), and GERIQRLGRVGR (aa 1489-1500), while
the VLLLEPTRPL motif appeared as VLM(I/V)ESTRPL (aa 1247-1256) [38-40].

Typical conserved motifs of potyviral polymerases QPSTVVDN and GDD, found in
the NIb protein at aa positions 2577-2584 and 2615-2617, respectively, correspond to a
broader motif SG-(X)3-T-(X)3-NT-(X)30-GDD (aa 2575-2617), proposed as the active site of
RNA-dependent RNA polymerases [41]. Other conserved motifs, including SLKAEL (aa
2435-2440, RNA polymerase activity), CVDDEN (aa 2468-2473), CHADGS (as CDADGS,
aa 2510-2515, and RNA-dependent polymerase activity [42], were present.

Similarly, CP of all Slovak isolates contained several highly conserved potyvirus motifs.
The DAG motif, associated with aphid transmission, appeared as NAG (aa 2790-2792), sim-
ilar to other BYMYV [20,43]. Other conserved motifs found included MVWCIEN (2906-2912),
AFDF (2989-2992), QMKAAA (3009-3014), and ENTERH 3034-3039 [44,45].

3.2. Experimental Infection of Pea Genotypes and Analysis of Virus Accumulation in Plants

In recent years, mixed viral infections and complex viromes have been frequently
detected within a single plant [47,48], which can complicate the biological characteriza-
tion of respective viruses or plant/virus interaction studies. In our work, HTS analysis
revealed a single BYMV infection in only one of the three analyzed samples (pea PS2,
Table 1). Therefore, this sample was used as a source of inoculum to establish systemic
infection in experimental N. benthamiana plants by mechanical inoculation. Twenty days
p-i., infected tobacco plants displayed mottling and mosaic symptoms (Figure 3) and tested
positive in DAS-ELISA and RT-PCR. Verification of the CP sequence from N. benthamiana by
Sanger sequencing (primed byBY_8548F/BY_9322R) did not reveal any nucleotide changes
compared to the original HTS-derived sequence.
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Figure 2. Phylogenetic tree generated from the complete genome nucleotide sequences of bean yellow
mosaic (BYMYV) isolates. Phylogenetic analysis was inferred using maximum likelihood (ML) based
on the General Time Reversible (GTR) model, selected as the best fitting nucleotide substitution
model based on the Bayesian Information Criterion (BIC) implemented in MEGA X [46]. Isolates are
identified by their name, GenBank accession number, and country of origin. Slovak BYMYV isolates
sequenced in this study are highlighted in bold and marked with an arrow. Bootstrap values higher
than 70% (500 bootstrap resamplings) are indicated. A closely related potyvirus, clover yellow vein
virus (CYVV, Genbank accession number NC_003536), was used as an outgroup. Scale bars indicate

genetic distances of 0.2.
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Alderman Ambrosia

Gloriosa Herkules Senator

Figure 3. Systemic symptoms developed on N. benthamiana and five commercial pea genotypes after
experimental mechanical inoculation with BYMV-PS2 isolate.

As an important part of virus disease management, attention has been given to
breeding for resistance in order to provide growers with plant genotypes that are resistant
or suffer less from infection [3,49]. In order to evaluate host susceptibility to BYMV-PS2
infection, homogenous lots of five commercially available pea genotypes were mechanically
inoculated and tested (cvs. Alderman, Ambrosia, Gloriosa, Herkules, Senator). Based on
repeated experiments, all five genotypes were repeatedly infected by BYMYV, as determined
by symptom evaluation (Figure 3), ELISA, and western blot analysis. The infection rate
was 62.5% (Gloriosa) or 100% (Alderman, Ambrosia, Herkules, Senator). Previous reports
have revealed different degrees of susceptibility of pea to experimental BYMYV infection,
including resistant genotypes [50-52]. It has been reported that the recessive resistance gene
mo controls resistance to BYMV and wlv confers specific resistance to BYMV-W [50,53]. As
these reports may be biased, continued biological experiments with molecularly different
isolates are needed to confirm potential resistance of pea genotypes to BYMV due to the
possible emergence of resistance-breaking BYMV variants.

In our experiments, all five BYMV-PS2-infected pea genotypes displayed similar
symptoms, consisting of chlorotic mottling and mosaics on leaves, while the growth of
plants was not affected compared to non-inoculated controls. In order to comparatively
assess the accumulation of virus in the top leaves of different pea genotypes, a semi-
quantitative ELISA was performed. One-way ANOVA revealed significant differences
between OD values of different plants [F(6, 69) = 65.49, p < 0.001)]. Differences between
individual pea genotypes were further addressed by a post hoc TukeyHSD test (Figure 4),
which revealed no significant difference between Herkules, Senator, and Alderman cultivars
but a significant difference between Ambrosia and all other genotypes (Figure 4).
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Figure 4. Semiquantitative comparison of virus accumulation, measured as the absorbance at 405 nm
in DAS-ELISA, in five different pea genotypes 21 days p.i. Infected N. benthamiana and mock-
inoculated pea cv. Alderman were used as controls. The graph shows the mean OD values and
standard deviation error bars calculated only from BYMV-positive plants, the number of which is
indicated. Deviations from the initial number of eight inoculated plants per genotype are caused
by plant death, not due to virus infection (Alderman, Hercules, Senator) or uncomplete infection
(Gloriosa). Compact letter display method was used to interpret results of post-hoc TukeyHSD
test, showing differences between individual plant groups OD values. Groups sharing the same
superscript letter are not significantly different (p > 0.05).

The Alderman genotype was selected for subsequent experiments aimed at evaluating
the accumulation of virus in different parts of the pea plant, as tested by immunoblot
analysis. Separately, for each of the four Alderman plants tested, a relative comparison
was made between different standardized samples consisting of equal amounts of protein
extracted from the root, stems, and leaves from the bottom and upper parts of the plant and
from the immature pod (Figure 5A). Immunoblot analyses showed that the level of virus
accumulation was specific for each tissue. The results from the four replicates, although
with broad variability and no statistical significance, suggested a higher virus accumulation
in the actively growing parts of the plant. The relative virus accumulation (compared
between different samples as the optical density of the corresponding specific band) was
indeed 2.2-13.1-fold higher in the upper stem compared to the root (Figure 5B).

Although it is well-documented that potyviruses systemically infect a wide range
of plant species, information on the distribution of the virus within a single plant is still
limited. Uneven distribution of potyviruses in different hosts has been reported [54-56].
Rajamaki and Valkonen [57] noted differences in the accumulation of potato virus A in the
roots and systemic leaves of Solanum commersonii between different isolates of the virus.

Analysis of the correlation between virus titer and symptom severity yielded conflict-
ing results depending on the particular plant/potyvirus model. Furthermore, the results
suggest that viral load may or may not correlate (TuMYV, [58]; PVY, [59]) with symptom
severity. Overall, knowledge of virus distribution in the plant is critical for disease man-
agement (although it appears to be virus- and host-specific) and may also have practical
implications, e.g., for efficient sampling before testing.
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Figure 5. Schematic representation of the collection of different samples for the purpose of conducting
relative comparison of virus accumulation within a single pea plant by immunoblot analysis (A).
Four independent tests of infected cv. Alderman showing relative densitometric analysis of specific
bands, performed using Image Studio Lite quantification software v. 5.2. (B).
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the BYMV genome.
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Abstract: Strawberry root rot caused by Neopestalotiopsis clavispora is one of the main diseases of
strawberries and significantly impacts the yield and quality of strawberry fruit. Currently, the only
accessible control methods are fungicide sprays, which could have an adverse effect on the consumers
of the strawberries. Biological control is becoming an alternative method for the control of plant
diseases to replace or decrease the application of traditional synthetic chemical fungicides. Trichoderma
spp. are frequently used as biological agents to prevent root rot in strawberries. In order to provide
highly effective biocontrol resources for controlling strawberry root rot caused by Neopestalotiopsis
clavispora, the biocontrol mechanism, the control effects of T. asperellum CMT10 against strawberry root
rot, and the growth-promoting effects on strawberry seedlings were investigated using plate culture,
microscopy observation, and root drenching methods. The results showed that CMT10 had obvious
competitive, antimycotic, and hyperparasitic effects on N. clavispora CMGF3. The CMT10 could
quickly occupy nutritional space, and the inhibition rate of CMT10 against CMGF3 was 65.49% 7 d
after co-culture. The inhibition rates of volatile metabolites and fermentation metabolites produced
by CMT10 were 79.67% and 69.84% against CMGEF3, respectively. The mycelium of CMT10 can act
as a hyperparasite by contacting, winding, and penetrating the hyphae of CMGEFE3. Pot experiment
showed that the biocontrol efficiency of CMT10 on strawberry root rot caused by Neopestalotiopsis
clavispora was 63.09%. CMT10 promoted strawberry growth, plant height, root length, total fresh
weight, root fresh weight, stem fresh weight, and root dry weight by 20.09%, 22.39%, 87.11%, 101.58%,
79.82%, and 72.33%, respectively. Overall, this study showed the ability of T. asperellum CMT10 to
control strawberry root rot and its potential to be developed as a novel biocontrol agent to replace
chemical fungicides for eco-friendly and sustainable agriculture.

Keywords: strawberry root rot; Trichoderma asperellum; biocontrol mechanism; biocontrol efficacy;
growth-promoting effect

1. Introduction

Strawberries (Fragaria ananassa), perennial herbaceous plants belonging to the genus
Fragaria in the Rosaceae family, are renowned for their short cultivation cycle and high
economic yield. This fruit is popular among consumers because of its exceptional taste
and nutritional value. Strawberries are an important economic crop both in China and
globally [1]. According to data from the Food and Agriculture Organization (FAO) of the
United Nations, as of 2020, China boasted a strawberry cultivation area of over 127,000 hm?,
with a production surpassing 3.336 million tons, ranking it as the world’s leading pro-
ducer of strawberries [2]. The predominant method of cultivation in China is greenhouse
cultivation, which involves enclosed spaces, elevated temperatures, and high humidity.
Continuous cultivation practices have led to the accumulation of pathogens, resulting
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in frequent outbreaks of strawberry diseases and economic losses, which hinder the sus-
tainable development of the strawberry industry [3]. One of the major diseases affecting
strawberries is root rot, particularly in continuously cultivated fields [4]. The complex array
of pathogens that contribute to strawberry root rot includes Neopestalotiopsis clavispora,
Phytophthora fragariae, Fusarium solani, Fusarium oxysporum, Rhizoctonia solani, Colletotrichum
acutatum, and Armillaria mellea [5,6]. The primary method of controlling strawberry root rot
in current production practices is to use chemicals, because of the diversity of pathogens
and the lack of strawberry varieties with a high resistance to root rot [7,8]. However, the
use of fungicides on edible strawberry fruits poses a potential risk to human health. Hence,
there is an urgent need to explore novel control strategies for strawberry root rot. Biological
control measures are particularly effective to reduce soil-borne pathogens. The screening
and application of biocontrol microorganisms to control root rot is very important for the
sustainable development of the strawberry industry.

Trichoderma species have been used as biological control agents (BCAs) and as an
alternative to synthetic fungicides to control a variety of plant diseases [9,10]. The biocontrol
mechanisms of Trichoderma are based on the activation of multiple mechanisms, either
indirectly, by competing for space and nutrients, promoting plant growth, plant defensive
mechanisms, and antibiosis, or directly, by mycoparasitism [11,12]. Studies have indicated
that Trichoderma spp. can increase the resistance of strawberries to root pathogens. Zhang
et al. [13] found that T. harzianum M10-3-2 could significantly inhibit F. solani, which was
an agent of strawberry root rot. T. asperellum D7-3 had remarkable growth-promoting
effects on strawberries, whereas T. koningiopsis M0-3-3 enhanced the biocontrol efficiency
of other strains against strawberry root rot. They also proved that the combination of the
three Trichoderma strains (M10-3-2, D7-3, and M0-3-3) was more effective than individual
treatments. Mercado et al. [14] discovered that T. harzianum could effectively control the
strawberry root rot caused by C. acutatum. Rees et al. [15] found that T. atrobrunneum
significantly reduces the incidence of strawberry root rot caused by A. mellea. Mirzaeipour
et al. [16] obtained three Trichoderma strains with effective control against the strawberry
root rot caused by R. solani. Despite substantial research on the use of Trichoderma strains to
control strawberry root rot, focus has mainly been on the control of pathogens including
R. solani, C. acutatum, F. solani, and A. mellea. Studies are still relatively lacking on the
screening of Trichoderma strains against the strawberry root rot caused by N. clavispora.

In this study, the potential role of T. asperellum CMT10, isolated from healthy straw-
berry rhizosphere soil, was investigated as a biological control agent of the strawberry root
rot caused by N. clavispora. To achieve this goal, plate culture, microscopy observation,
and root drenching methods were employed to investigate the biocontrol mechanism and
control efficiency of T. asperellum CMT10 on strawberry root rot, as well as its growth-
promoting effect on strawberry seedlings. This study reveals that T. asperellum CMT10 can
effectively control the occurrence of the strawberry root rot caused by N. clavispora and had
an obvious promotion effect on strawberry seedling growth. These results indicate that
T. asperellum CMT10 is a promising biocontrol microorganism for controlling strawberry
root rot.

2. Materials and Methods
2.1. Plant Pathogen and Plant Materials

Neopestalotiopsis clavispora CMGF3 was isolated from strawberries with symptoms
of root rot through the tissue isolation method, and the fungus was cultured on potato
dextrose agar (PDA; 20% potato, 2% dextrose, 1.5% agar) for 7 d at 28 °C. N. clavispora
CMGEF3 was identified based on morphological characteristics and molecular identification.
One-year-old strawberry seedlings of the commercial cultivar “Hongyan” were provided
by the “Shilixiang” strawberry seedling cultivation facility.
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2.2. Isolation and Screening of Trichoderma Strains

Soil samples were collected from the healthy strawberry rhizosphere soil of the “Shilix-
iang” strawberry planting field (112°57'14.51” E, 34°7942.23" N) in Luoyang, Henan
Province. One gram of soil was taken in a Falcon tube (50 mL) containing sterile distilled
water (SDW) and shaken (180 rpm) for 1 h. The samples were diluted from 10~ !- to
10~2-fold with sterile distilled water, and a 100 uL dilution (10~°-fold) was spread onto
potato dextrose agar (PDA) plates [17]. The Trichoderma colonies were transferred to a new
PDA medium 7 d after incubation at 28 °C for purification.

A total of 10 Trichoderma strains were screened for antagonistic activity against the
mycelial growth of N. clavispora CMGF3 using a dual-culture plate assay, as described
by Pimentel et al. [18]. One myecelial disc (4 mm diameter) of each Trichoderma sp. and
N. clavispora was excised from the growing edges of 7-day-old cultures and placed 2 cm
apart on opposite sides of PDA plates (90 mm). The plates were incubated for 7 days
at 28 °C. A control of N. clavispora alone on PDA plates was used. The experimental
design was completely randomized, with 20 treatments and three replicates. The growth
rate of N. clavispora was determined by measuring the colony diameter. The percent
inhibition was calculated as follows: percent inhibition (%) = [(pathogen colony diameter
in the control treatment — pathogen colony diameter in the challenge treatment)/pathogen
colony diameter in the control treatment] x 100.

2.3. Morphological and Molecular Identification of Trichoderma CMT10

Purified Trichoderma CMT10 was inoculated on a PDA plate medium and cultured
in the dark for 7 days at 28 °C. Macroscopic morphology was observed, including the
color and texture of the colony surface verse and reverse, the presence or absence of
pigmentation, and the pattern of growth and sporulation, and images of the colonies were
obtained. Microscopic morphologies such as conidia and conidiophores were observed
using an optical microscope (ZEISS Axio Scope5, Oberkochen, Germany). Morphological
identification relied on the descriptions found in previous research [19,20].

Trichoderma CMT10 was cultured in PDA medium at 28 °C for 7 days. Myecelia
were harvested from the cultures, and genomic DNA (gDNA) was extracted using a
DNA extraction kit (TTANGEN Biotech, Beijing, China). The extracted DNA was used
as a template to amplify the internal transcribed spacer (ITS) region and the translation
elongation factor-1c (tefl-x) region. The primers were designed with reference to previous
studies [21,22]. All amplified loci, primers, and PCR conditions are presented in Table 1.
PCR was performed using the TTANGEN Golden Easy PCR kit (TTANGEN Biotech, Beijing,
China). The PCR products were subjected to direct automated sequencing using fluorescent
terminators on an ABI 377 Prism Sequencer (Sangon Biotech, Shanghai, China). The
sequences were confirmed with a BLAST (Basic Local Alignment Search Tool) search of
the NCBI (National Center for Biotechnology Information) database (https://www.ncbi.
nlm.nih.gov/, accessed on 23 September 2023), and a phylogenetic tree was constructed
using the neighbor-joining (N]J) method, with 1000 bootstrap replications in the MEGA 10.0
package. Phylogenetic analysis with ITS-tefI-a gene sequences was performed to determine
the position of Trichoderma CMT10. After identification, the sequences were submitted
to Genbank. The strains used in this study and their corresponding GenBank accession
numbers are listed in Table 2.

Table 1. Amplification sites, primer sequences, and PCR conditions used in this study.

Gene? Primer Primer Sequence (5'-3) PCR Conditions Reference
ITS ITS1 TCCGTAGGTGAACCTGCGG 94 °C for 5 min (94 °C for 30 s, 55 °C for 30 s and [21]
ITS4 TCCTCCGCTTATTGATATGC 72 °C for 40 s) x 35 cycles, 72 °C for 7 min
tef-1a TEF-F TGGGCCATCAACTGAGAAAGA 94 °C for 5 min (94 °C for 30 s, 53 °C for 30 s, and (22]
TEF-R TCTCCCTACACTTCAACTGCACA 72 °C for 1 min) x 35 cycles, 72 °C for 7 min

Genes?®: ITS, internal transcribed spacer; fef-1a, translation elongation factor.
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Table 2. The ITS and tef-1a gene sequences of Trichoderma strains from the NCBI database, used for
the construction of the phylogenetic tree used in this study.

Code Culture Accession Original Name Accession Accession
Number(s) no. ITS no. tef-1ua
1 CEN1463 T. asperellum MK714888 MK696646
2 T34 T. asperellum LC123614 EU077228
3 ZJSX5002 T. asperellum JQ040324 JQ040480
4 KUFA0403 T. asperellum OM169354 OP132635
5 RM-28 T. asperellum MK092975 MK095221
6 TR5 T. longibrachiatum KC859426 KC572116
7 Tr5 T. harzianum OP938774 0OP948262
8 DUCCO001 T. citrinoviride JE700484 JE700485
9 S206 T. caerulescens JN715590 JN715624
10 TW20050 T. gamsii KU52389%4 KU523895
11 YMF1.02659 T. kunmingense KJ742800 KJ742802
12 CBS 121219 T. yunnanense GU198302 GU198243

2.4. In Vitro Biocontrol of Trichoderma CMT10 against N. clavispora
2.4.1. Inhibitory Effects of Volatile Compounds

To determine the effect of the volatile compounds secreted by Trichoderma CMT10
against the growth of N. clavispora CMGEF3, exposure of Trichoderma'’s volatile compounds
was performed using the confrontation culture method [23]. Mycelial discs of Trichoderma
were cut using a sterile cork borer (5 mm diameter) and were placed at the center of a
freshly prepared PDA plate and cultured for 3 days at 28 °C in the dark. A mycelial disc
(5 mm diameter) of the fungal pathogen N. clavispora CMGF3 was placed onto another
freshly prepared PDA plate in the same manner. PDA plates inoculated with N. clavispora
myecelial plugs were placed on top of the PDA plates inoculated with Trichoderma CMT10
and the plates were then sealed with parafilm. A control without Trichoderma inoculation
was used and the inhibition of the mycelial growth of N. clavispora was observed at 28 °C
for 7 d. The experiment was performed in triplicate.

2.4.2. Inhibitory Effects of Soluble Compounds

The effect of the soluble compounds of Trichoderma CMT10 against the growth of
the fungal pathogen N. clavispora CMGF3 under in vitro conditions was determined as
follows: Trichoderma CMT10 was diluted with sterile water to obtain a conidial suspension
containing 1 x 10® spores/mL, and 100 pL conidial suspension was inoculated into 100 mL
of potato dextrose broth (PDB) medium at 28 °C for 4 d under shaking conditions (180 rpm).
The fermented liquid was centrifuged at 8000x g rpm for 2 min and the supernatant was
filtered through a 0.22 pm filter to obtain the sterile filtrate. Therefore, the sterile filtrate
was spread onto PDA plates at a ratio of 1:9 and a 7-day-old cultured N. clavispora CMGF3
mycelium plug was placed onto a PDA plate. A mixture of sterile water was used as the
control. After 7 days of incubation at 28 °C, the diameter of the pathogen was measured
and the inhibition rate (IR) was calculated. The experiment was performed in triplicate.

2.4.3. Hyperparasitism of Trichoderma CMT10

The hyperparasitism of Trichoderma CMT10 on N. clavispora CMGF3 was observed
using a dual culture method [24]. Under sterile conditions, 1 mL of melted PDA medium
was pipetted onto a sterilized glass slide to make a PDA membrane. After the solidification
of the medium, Trichoderma CMT10 and N. clavispora CMGF3 mycelial discs were separately
inoculated onto the membrane (with a 6 cm distance between them) at 28 °C for an
incubation period of 24-72 h. Growth was recorded at 12 h intervals. After successful
fungal superparasitism on the pathogen, the dual culture areas were observed using an
optical microscope (ZEISS Axio Scope5, Oberkochen, Germany).
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2.5. Biochemical Properties of Trichoderma CMT10

The precipitated Caz(POy); on Pikovskaya’s agar media (glucose, 10 g; (NH4)2SOy,
0.5 g; NaCl, 0.3 g; MgSQy, 0.3 g; MnSOy, 0.03 g; K504, 0.3 g; FeSO4, 0.03 g; Caz(POy)z,
5.0 g; agar, 15.0 g; pH 7.0-7.5) was used for the qualitative detection of the phosphate
solubilizing of Trichoderma CMT10 [25]. Briefly, Trichoderma CMT10 was inoculated in
Pikovskaya’s agar media. The cultures were incubated for 5 days at 28 °C and the fungal
growth was evaluated. Siderophore production was carried out using chrome azure S
(CAS) agar media (CAS, 0.06 g; HDTMA, 0.07 g; FeCl;3-6H,0, 0.003 g; NaH,PO4-2H,0,
0.30 g; NapHPO4-12H,0, 1.21 g; NH4Cl, 0.125 g; KH,PO4, 0.038 g; NaCl, 0.06 g; agar,
9.0 g; pH 6.7-6.9) [26]. Trichoderma CMT10 was inoculated in the CAS agar media. The
cultures were incubated for 5 days at 28 °C and the fungal growth was evaluated. Nitrogen
fixation was determined using nitrogen-free agar medium (KH;POy, 0.20 g; MgSQOy, 0.20 g;
Na(l, 0.20 g; CaCOs3, 5.0 g; mannitol, 10.0 g; agar, 15.0 g; pH 6.9-7.91) [27,28]. Specifically,
nitrogen-free agar plates were streaked with a 5 mm disc from a PDA culture. The cultures
were incubated for 5 days at 28 °C and the fungal growth was evaluated. IAA production
by Trichoderma CMT10 was quantitatively tested according to Brick et al. [29]. A 5 mm disc
was inoculated to a 100 mL Erlenmeyer flask containing 50 mL DF salts minimal medium.
The medium was supplemented with 1.02 g/L tryptophan and incubated at 28 °C with
continuous shaking at 150 rpm. After a 5 days incubation, 1.5 mL of culture medium was
centrifuged at 10,000 rpm for 10 min. Then, a 50 uL aliquot of the supernatant was mixed
vigorously with an equal volume of Salkowski’s reagent in a 1.5 mL tube and incubated
in the dark at 25 °C for 30 min. Uninoculated culture solution mixed with Salkowski’s
reagent served as a negative control and 50 puL IAA (50 mg/L) mixed with Salkowski’s
reagent served as a positive control. IAA production was observed as the development of
a pink-red color.

2.6. Control Effects of Trichoderma CMT10 on Strawberry Root Rot

Myecelial discs of Trichoderma CMT10 and N. clavispora CMGF3 were inoculated at
the center of PDA plates at 28 °C for 7 d. The conidial suspensions (1 x 108 spores/mL)
of Trichoderma and pathogen were prepared using sterile water, then stored at 4 °C for
later use. One-year-old strawberry seedlings of the commercial cultivar “Hongyan” were
used. The seedlings were carefully selected from the nursery with one plant per pot. Each
plant was transplanted into a plastic pot (diameter, 28 cm; bottom diameter, 20 cm; height,
30 cm). Plants were grown in soil in a growth chamber at 22 °C and 75% humidity with a
16 h light/8 h dark photo period. After acclimation for 15 d, plants were used for pathogen
infection and to assess the control efficiency of Trichoderma CMT10 on strawberry root rot.
The potting root irrigation method was used for inoculation. The experiment included four
treatments: (1) inoculation with N. clavispora CMGEF3 only; (2) inoculation with Trichoderma
CMT10 only; (3) inoculation with N. clavispora CMGF3 after 3 d followed by Trichoderma
CMT10; and (4) water inoculation as a control. Each treatment consisted of 5 pots, with
3 replicates. Plants were inoculated with 5 mL of the conidial suspension of CMGEF3 and
CMT10 through the soil around each plant. All the treatments were followed by 60 days
of incubation at 28 °C and 80% relative humidity. The disease severity of the seedlings
was assessed using a scoring system of 0-5, modified from the report of Vestberg et al. [30].
Level 0 signifies an entire plant in a healthy state; Level 1 indicates a root disease incidence
of <30%, with normal leaves; Level 2 is characterized by a root disease incidence greater
than 30% and equal to or less than 60%, with normal leaves; Level 3 represents a root
disease incidence greater than 60% and equal to or smaller than 80%, accompanied by
yellowing leaves; Level 4 indicates a root disease incidence exceeding 80%, leading to
leaf wilting; and Level 5 signifies complete plant mortality. The disease index and control
efficiency were calculated based on the grading results. Disease Index =} (disease level x
number of plants at that level)/(total number of plants x highest disease level) x 100 and
control efficiency (%) = (control disease index — treatment disease index)/control disease
index x 100.
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2.7. Growth-Promoting Effects of Trichoderma CMT10 on Strawberry Seedlings

The same method used in Section 2.6 was used in this experiment, which consisted
of two treatments: (1) inoculation with Trichoderma CMT10 and (2) water inoculation
as a control. Each treatment consisted of 5 pots, with 3 replicates. Plants were inoc-
ulated with 5 mL of the conidial suspension (1 x 10% spores/mL) of CMT10 through
the soil around each plant, and the plants were incubated for 60 days at 28 °C. After-
ward, the strawberry seedlings were carefully excavated and their height, root length,
and fresh weight (stem and leaf fresh weight, root fresh weight, and total fresh weight)
were measured. The roots were dried at 45 °C in an oven, and their dry weight (g) was
measured. The growth-promoting rate was calculated as follows: growth promotion
rate (%) = (treatment biomass — control biomass)/control biomass x 100.

2.8. Data Statistics and Analysis

Data obtained from the experiments were processed using Excel 2010 and a one-way
analysis of variance (ANOVA) was performed using DPS 7.05 statistical software. Duncan’s
new multiple range test was used to assess the significant differences, and the significance
level was set at p < 0.05.

3. Results
3.1. Screening of Trichoderma Strains with Inhibitory Effects on N. clavispora

Ten Trichoderma strains were isolated using the dilution culture method. Two Trichoderma
isolates, CMT10 and CMT4, were found to inhibit the mycelial growths of N. clavispora
CMGF3, with inhibitory rates of 65.49% and 51.37%, respectively. CMT10 displayed
significant inhibition activity against N. clavispora (Table 3). Further observations indicated
that the mycelial growth of CMT10 was faster than that of CMGEF3 and could, thus, quickly
occupy the nutrient space. After 3 d of the dual culture, the mycelia of pathogen CMGF3
only reached one-third of the culture dish and an inhibition zone appeared between
CMT10 and CMGEF3. Moreover, the mycelia of CMGEF3 near the inhibition zone were
sparse, indicating a weakened growth. By day seven of the dual culture, the mycelia of
CMT10 completely covered the CMGEF3 colony and completely inhibited the growth and
reproduction of CMGF3 (Figure 1). The results indicate that Trichoderma CMT10 could
strongly inhibit the mycelial growth and reproduction of CMGEF3, demonstrating a robust
competitive advantage against the strawberry root rot pathogen.

N. clavispora

Figure 1. Dual cultures of Trichoderma CMT10 against N. clavispora on PDA plates.
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Table 3. Antagonism test of Trichoderma strains against N. clavispora on PDA plates.

Treatments Colony Diameter (cm) Inhibition Rate (%)
CMT10 2.93 +0.153 65.49 a
CMT4 4.13 £ 0.058 51.37b
CMGEF3 8.50 + 0.000 -

Note: Colony diameter (cm) represented the colony diameter of N. clavispora CMGEF3 for each treatment. Data
were mean £ SD. Different letters in the same column indicated significant difference at the 0.05 level using
Duncan’s new multiple range test.

3.2. Identification of Trichoderma CMT10

Trichoderma CMT10 displayed a fast growth on PDA medium, with aerial mycelia
completely covering the entire culture dish within three days. Initially, the colony appeared
white, but it changed to yellow-green and green later. The green conidia were produced and
completely covered the plate after five days (Figure 2A). Microscopically, it was observed
the branches were pyramidal in type with verticillate, frequently pared lateral branches that
arose from main axis with 2-5 phialides clustered at the top. The angle with the main axis
was 90°, and the lateral branches re-branched. The phialides were ampulliform, somewhat
thicker in the middle, and terminated with conidia (Figure 2B). The conidia were spherical
to ellipsoidal, 2 (—3.7) x 3.2 (—4.5) um, single-celled, and light green (Figure 2C). Based
on these cultural and morphological characteristics, the strain CMT10 was identified as
T. asperellum.

Figure 2. Cultural and morphological characteristics of Trichoderma CMT10. (A) The colony mor-
phologies on PDA medium incubated at 28 °C for 7 days; (B) conidiophores; and (C) conidia. Scale
bar = 10 um.

The ITS regions and fefl-aregions of Trichoderma CMT10 were amplified and sequenced.
The GenBank accession numbers were PP126513 and PP171486, respectively. The phylo-
genetic tree based on the ITS-tefl-a gene sequences showed that Trichoderma CMT10 was
closely related to T. asperellum strains CEN1463, T34, Z]SX5002, KUFA0403, and RM-28
(Figure 3). The details of the strain names, origins, and accession numbers are listed in
Table 2. Therefore, the CMT10 strain was identified as T. asperellum, according to morpho-
logical characterization and molecular analysis.
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Figure 3. The phylogenetic tree of Trichoderma CMT10, based on the ITS-tefl-x gene sequences and
their homologous sequences. Phylogenetic trees were constructed using the neighbor-joining method
of MEGA 10.0 with bootstrap values based on 1000 replications. The accession numbers of the
sequences are provided in Table 2. Bootstrap values are shown at branch points. The scale bar
indicates 0.020 substitutions per nucleotide position.

3.3. In Vitro Biocontrol of Trichoderma CMT10 against N. clavispora
3.3.1. Inhibition Rates of Volatile Metabolites from Trichoderma CMT10 on N. clavispora

The effect of volatile metabolites emitted by T. asperellum CMT10 was tested against the
growth of N. clavispora using the confrontation culture method. The mycelia of pathogenic
CMGE3 were inhibited significantly by the volatile metabolites of CMT10, compared to
the control. The IR was 69.84% at 7 d after confrontation culture (Figure 4). On the tenth
day, the mycelia of the pathogenic CMGF3 had ceased to grow, while the mycelia of T.
asperellum CMT10 continued to spread and encroach upon the colony of the pathogenic
CMGES3.

Figure 4. The inhibitory effect of volatile metabolites produced by T. asperellum CMT10 against
the growth of the fungal pathogen N. clavispora. (A) PDA plate inoculated with N. clavispora and
(B) the PDA plate inoculated with N. clavispora was placed on top of the PDA plate inoculated with
T. asperellum CMT10 for 7 d at 28 °C, and the colony diameter was measured.

78



Horticulturae 2024, 10, 246

3.3.2. Inhibition Rates of Soluble Metabolites from Trichoderma CMT10 on N. clavispora

The antifungal activity of soluble metabolites produced by T. asperellum CMT10 was
assessed against the fungal pathogen CMGF3. The results demonstrated that the soluble
metabolites of CMT10 had a strong inhibitory effect against the growth of the fungal
pathogen CMGF3 on PDA plates. After 7 d of incubation at 28 °C, the colony diameter of
the CMT10-treated fungal growth was reduced significantly, compared to the untreated
control (Figure 5). The IR of soluble metabolites produced by T. asperellum CMT10 was
79.67% against CMGEF3.

Figure 5. The inhibitory effect of soluble metabolites produced by T. asperellum CMT10 against the
growth of the fungal pathogen N. clavispora. (A) inoculated with N. clavispora on the PDA plate mixed
with sterile water and (B) inoculated with N. clavispora on the PDA plate mixed with the sterile filtrate
of T. asperellum CMT10 for 7 d at 28 °C, and the colony diameter was measured.

3.3.3. Hyperparasitism of Trichoderma CMT10 on N. clavispora

Microscopic observation of the hyphal interaction between T. asperellum CMT10 and
the pathogen CMGEF3 revealed that the mycelia of both strains began to contact each
other, but the antagonistic effect between them was not evident after 48 h (Figure 6A).
CMT10 mycelia were attached to CMGE3 after 72 h (Figure 6B). After 96 h, CMT10 mycelia
grew along and entwined with CMGF3 mycelia, causing the contraction of CMGF3 mycelia
(Figure 6C,D). Moreover, CMGF3 mycelia were observed being penetrated and were embed-
ded by CMT10 mycelia (Figure 6E). The results showed that T. asperellum CMT10 indicates a
strong hyperparasitic effect against the strawberry root rot pathogen N. clavispora CMGF3.

Figure 6. The hyperparasitic effects of T. asperellum CMT10 against N. clavispora. (A) Healthy
mycelium morphology of CMT10 and healthy mycelium morphology of CMGF3; (B) the hyphae of
CMGEF3 were attached by CMT10 hyphae (as shown by the red arrow); (C,D) the hyphae of CMGF3
were entangled by CMT10 hyphae (as shown by the red arrow); and (E) the hyphae of CMGF3 were
penetrated by CMT10 hyphae (as shown by the red arrow). The hyphae of CMT10 and CMG3 were
determined primarily by the difference in mycelia diameter under microscopic conditions.
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3.4. Determination of Biochemical Properties of T. asperellum CMT10

The results of the biochemical properties” determination revealed that the mixed
solution of T. asperellum CMT10 with the Salkowski reagent did not turn pink, indicating
that CMT10 could not produce indole-3-acetic acid (IAA), but it could grow on inorganic
phosphate medium (Figure 7A). In the nitrogen-fixing medium, the mycelia were sparse,
sporulation was limited, and spore distribution exhibited a spotty pattern (Figure 7B).
Moreover, CMT10 grew on siderophore medium, demonstrating its ability to produce
siderophores (Figure 7C).

Figure 7. The biochemical properties of T. asperellum CMT10. (A) The ability of inorganic phosphorus
solution; (B) the ability of nitrogen fixation solution; and (C) the ability of siderophore production.

3.5. Biocontrol Efficiency of T. asperellum CMT10 against Strawberry Root Rot

The incidence of strawberry root rot on each treatment was investigated after in-
oculation for 60 days (Table 4, Figure 8). The results revealed that the inoculation with
T. asperellum CMT10 and the water control did not exhibit disease symptoms in strawber-
ries. Treatment with the inoculation of N. clavispora CMGF3 showed the most severe disease
symptoms, with a disease index of 84.00, which was significantly higher than that of the
other treatments (p < 0.05). The disease index for treatment with N. clavispora CMGF3
+ T. asperellum CMT10 was 31.00 and its biocontrol efficiency against strawberry root rot
reached 63.09%, indicating that T. asperellum CMT10 effectively controlled the occurrence
of potted strawberry root rot.

water-treated CMT10-treated

Figure 8. The control efficiency of T. asperellum CMT10 against strawberry root rot.
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Table 4. The control efficiency of T. asperellum CMT10 against strawberry root rot.

Treatments Disease Index Control Efficiency (%)
CMGEF3 84.00 +0.04 a -
CMT10 0.00 £ 0.00 ¢ -
CMGEF3 + CMT10 31.00 £ 0.61 b 63.09 £0.07 a
Control 0.00 £ 0.00 ¢ -

Note: water inoculation was used as a control. Data were mean + SD. Different letters in the same column
indicate a significant difference at the 0.05 level using Duncan’s new multiple range test.

3.6. Growth-Promoting Efficiency of T. asperellum CMT10 on Strawberry Seedlings

The growth-promoting effects of T. asperellum CMT10 on strawberry seedlings were
investigated after 60 days of inoculation. There was a significant increase in plant height,
root length, total fresh weight, root fresh weight, stem fresh weight, and root dry weight
compared with the water control. The growth-promoting rates were 20.09%, 22.39%, 87.11%,
101.58%, 79.82%, and 72.33%, respectively (Table 5, Figures 9 and 10).

Table 5. Growth-promoting effects of T. asperellum CMT10 on strawberry seedings.

. Total Fresh Root Fresh Stem Fresh Root Dry
Treatments Plant Height Root Length Weight Weight Weight Weight
(cm) (cm)
(g (g (g (g)
CMT10 1257 £1.35a 2375+ 218a 13.55+3.53a 718+ 3.37a 6.37 £2.08 a 2.66 +=1.00a
Control 10.53 £141b 19.67 £2.70b 7.61 £1.66 b 3.87+1.59b 3.74+0.61b 1.56 £0.50 b

Note: water inoculation was used as a control. Data were mean + SD. Different letters in the same column
indicate a significant difference at the 0.05 level using Duncan’s new multiple range test.

CMT10-treated water-treated

Figure 9. Growth-promoting effects of T. asperellum CMT10 on strawberry seedlings.
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Figure 10. The increasing rates of T. asperellum CMT10 on the biomass of strawberry seedlings.

4. Discussion
4.1. Significance of Exploring Biocontrol Resources for Strawberry Root Rot

The prevention of strawberry root rot is complicated due to its diverse composition
of pathogens, making it difficult to control. This disease is responsible for significant
economic losses to the strawberry industry under greenhouse cultivation [31]. Trichoderma
spp., recognized as crucial biocontrol resources, have been widely utilized in the disease
control of various crops [32]. Trichoderma spp. have played a pivotal role in the prevention
and control of strawberry root rot. However, due to the diverse composition of root rot
pathogens, most studies have focused on Trichoderma against Fusarium spp. and Rhizoctonia
solani [33,34]. Studies focusing on N. clavispora, a pathogen associated with strawberry
root rot, are scarce. In this study, N. clavispora, an important pathogen causing strawberry
root rot, was specifically selected as a target pathogenic fungus and obtained a strain of
T. asperellum CMT10 with significant inhibition activity against N. clavispora. This study
highlighted the remarkable effectiveness of T. asperellum against strawberry root rot and
its ability to promote growth in strawberry seedlings. These findings contributed to the
development of biocontrol resources for managing strawberry root rot and broadened the
potential applications of T. asperellum.

4.2. Biocontrol Mechanism of T. asperellum CMT10

Most studies had demonstrated that Trichoderma strains could inhibit pathogenic
fungi through nutrient and spatial competition, hyperparasitism, and the production
of antimycotic secondary metabolites, while they could also promote plant growth and
enhance plant stress resistance [35]. Ecological niche competition is a crucial mechanism of
biocontrol microorganisms for preventing disease in biocontrol. Trichoderma, a biocontrol
agent, is able to rapidly occupy ecological niches in environments with low concentrations
of nutrients, which can cause pathogenic fungi to lose their ability to thrive and survive [36].
Risoli et al. [37] found that the growth rate of Trichoderma was 2.0-4.2 times that of Botrytis
cinerea, indicating a significantly faster growth of Trichoderma compared to the pathogen,
impeding the growth and reproduction of the pathogen. The results of this study indicated
that T. asperellum CMT10 could significantly inhibit the growth and reproduction of N.
clavispora. In the initial phase, CMT10 exhibited rapid growth and a strong competitiveness,
and it quickly occupied nutritional and ecological spatial sites and produced an inhibition
zone. In the later stages of cultivation, the N. clavispora colony completely disappeared and
was replaced by dark green conidia of T. asperellum.

Trichoderma employes the mechanism of antibiosis in its biological control. Metabolites
produced by Trichoderma, both volatile and soluble, have been reported to restrict the growth
of various pathogenic fungi [38]. The metabolites included triohodexrmin, gliotoxin, viridin,
and peptide antimycotics [39]. Naglot et al. [40] found that metabolites of Trichoderma

82



Horticulturae 2024, 10, 246

significantly inhibited F. oxysporum with an inhibition rate of up to 54.81%. Manganiello
et al. [41] discovered that volatile secondary metabolites secreted by T. viride TG050609
caused irregular growth, fragmentation, and even dissolution of Phytophthora nicotianae. By
determining the inhibitory effects of the soluble and volatile metabolites of T. asperellum
CMT10 on the N. clavispora, causing strawberry root rot, it was found that after 7 days
of cultivation on CMT10-fermented metabolite plates, the inhibition rate reached 79.67%
and the inhibition rate of volatile metabolites against N. clavispora reached 69.84%. This
suggests that CMT10 metabolites have a strong inhibitory effect on the N. clavispora that
causes strawberry root rot. However, the metabolites responsible for this effect have not
been identified in our study and require further investigation.

Hyperparasitism was a vital mechanism employed by Trichoderma for its biological
control. Trichoderma recognized lectins on the mycelia of a pathogenic fungi and engages in
processes such as identification, contact, wrapping, penetration, parasitism, and dissolution
of the fungi [42]. Hewedy et al. [43] found that T. harzianum Thé could adhere to, invade,
and disrupt the mycelia of F. graminearum. Larran et al. [44] observed that T. harzianum could
form adhesive structures on the mycelia of F. sudanense, leading to curling, wrinkling, and
dissolution of the mycelia of F. sudanense. The present study also found that T. asperellum
CMT10 exhibited hyperparasitism against N. clavispora. It could recognize, contact, wrap,
and parasitize the mycelia of the pathogen. However, mycelium dissolution, protoplasm
leakage, or cell disintegration were not observed, which may be related to the observation
time during cultivation. It is believed that the cell wall hydrolytic enzymes secreted by
Trichoderma played a crucial role in its hyperparasitic activity, such as chitinases, glucanases,
and proteases, which can dissolve the cell walls of pathogenic fungi, allowing Trichoderma
to parasitize, absorb nutrients, and ultimately cause the death of the pathogenic fungi [45].
Whether T. asperellum CMT10 can secrete enzymes with lytic effects was not investigated in
our study and is a direction for future research.

4.3. Practical Application of T. asperellum CMT10

Currently, the production of Trichoderma generally involves the simultaneous or se-
quential action of several disease prevention mechanisms. Trichoderma can utilize different
antagonistic mechanisms at different stages to biocontrol effects [46]. This study demon-
strated that T. asperellum CMT10 exerted competitive, antibiosis, and hyperparasitic effects
against the pathogenic fungus causing strawberry root rot. T. asperellum CMT10 could effec-
tively control the occurrence of strawberry root rot. However, the biocontrol mechanisms
at different stages of interaction between Trichoderma and the pathogenic fungi in plants
still need further exploration, which may provide a theoretical foundation for the practical
application of T. asperellum CMT10 in strawberry production. Therefore, future research
should focus on the field disease control effect and the interactive relationships among
T. asperellum CMT10, the pathogenic fungi causing root rot, and the host plant. In addition,
this study specifically evaluated the growth-promoting effects of T. asperellum CMT10 on
strawberry seedlings by measuring parameters such as plant height, root length, total fresh
weight, root fresh weight, stem fresh weight, and root dry weight. It is essential to conduct
more field experiments to fully understand the growth-promoting effects of CMT10 on
strawberry plants, as well as to investigate the impact of T. asperellum CMT10 on strawberry
fruit size, yield, and quality.

5. Conclusions

In summary, T. asperellum CMT10 was obtained among 10 Trichoderma strains as a
potent biocontrol agent against N. clavispora, the pathogenic fungi causing strawberry root
rot. The results of the pot experiment demonstrated that T. asperellum CMT10 effectively
inhibited root rot and significantly enhanced the growth of strawberry seedlings. These
findings indicate that T. asperellum CMT10 has great potential as a biocontrol resource
for preventing and controlling strawberry root rot, making it a promising candidate for
future development.
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Abstract: Bio-control agents are the best alternative to chemicals for the successful management of
plant diseases. Among them, Trichoderma is commonly used as a biological control agent in plant
disease management due to its ability to suppress soil-borne plant pathogens. In the present study,
20 Trichoderma asperellum isolates were collected from different geographical locations and confirmed
using morphological characteristics and molecular phylogenetic inferences based on combined ITS
and B-tubulin sequences. All twenty isolates were screened for their antagonism against the collar rot
pathogen under in vitro and in planta conditions. The isolates were evaluated through dual culture
and volatile methods in an in vitro study. Isolate A10 inhibited the test pathogen Agroathelia rolfsii at
94.66% in a dual culture assay and 70.95% in a volatile assay, followed by the isolates A11 and A17,
which recorded 82.64% and 81.19% in dual culture assay and 63.75% and 68.27% in the volatile assay
respectively. An in planta study was conducted under greenhouse conditions in tomato var. pusa
ruby by pre- and post-inoculation of T. asperellum isolates in the A. rolfsii infected soil to evaluate their
antagonistic potential against the disease. The A10 isolate was found effective under both pre- and
post-inoculation conditions, with a disease inhibition percent of 86.17 and 80.60, respectively, followed
by the isolates A11 and A17, which exhibited inhibition of 77.80% and 75.00% in pre-inoculation and
72.22% and 69.44% in post-inoculation, respectively. Further, biochemical analysis was conducted to
determine the specific activity of hydrolytic enzymes produced by T. asperellum during interaction
with A. rolfsii. We found that isolate A10 produces more hydrolytic enzymes with the specific activity
of 174.68 IU/mg of (3-1,3 glucanase, 183.48 IU/mg of 3-1, 4 glucanase, 106.06 IU/mg of protease,
followed by isolate A17, A11 respectively. In GC-MS analysis, we observed maximum anti-microbial
volatile organic compounds from the isolate A10, including 2H-Pyran-2-one (17.39%), which was
found to be most abundant, followed by dienolactone (8.43%), a-pyrone (2.19%), and harziandione
(0.24%) respective retention time of 33.48, 33.85, 33.39, and 64.23 min, respectively, compared to other
isolates. In the TLC assay, we observed that a greater number of bands were produced by the A10
and A17 isolates in the Hexane: Ethyl Acetate (1:1) solvent system than in the 9:1 solvent system,
which represents the presence of major metabolites in the ethyl acetate extract.

Keywords: bio-control; bio-efficacy; GC-MS; hydrolytic enzymes; Agroathelia rolfsii; secondary
metabolites; Trichoderma asperellum
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1. Introduction

Agroathelia rolfsii (Sacc.) Redhead and Mullineux (Agaricomycetes: Amylocorticiales)
is a destructive, necrotrophic, soil-borne plant pathogen that causes collar rot or southern
blight disease [1]. It was first reported in Florida in 1892 by Rolfs on tomatoes. They have
an extremely wide host range that includes more than 600 plant species across 100 plant
families, such as groundnut, green bean, lima bean, onion, garden bean, pepper, potato,
sweet potato, tomato, and watermelon [2—4], causing huge losses worldwide. It causes
significant losses in various crops in India, including peanuts, soybeans, tomatoes, peppers,
and many others. In peanut and tomato crops, the losses due to A. rolfsii in India have been
estimated to be around 30—40% of the total crop yield [5-7]. Management is not successful
in the field because of the soil-borne nature of the pathogen.

Moreover, it produces prolific growth and can produce persistent sclerotia, which
plays a key role in the disease cycle. Like many other soil-borne fungal diseases, A. rolfsii
continues to be a difficult pathogen to control due to its wide host range, abundant per-
sistent sclerotia, and genetic variability among populations [8]. Biological control is an
environmentally sound and effective means of managing plant diseases. Recently, the use
of potential biocontrol agents has gained importance for the management of pests and
diseases because of their cost-effectiveness, sustainability, and eco-friendly nature.

The genus Trichoderma is a group of fungi that is well-known for their biocontrol
potential against a range of plant pathogens, including A. rolfsii [9-12]. Trichoderma spp. are
natural antagonists that can compete with plant pathogens via various mechanisms, viz.,
space and nutrients, production of enzymes, and secondary metabolites that can inhibit or
kill the pathogens [13,14] and confrontation through mycoparasitism or either by inducing
resistance and plant defense reactions [15-17].

However, Trichoderma asperellum (Sordariomycetes; Hypocreaceae) possesses a dual
activity of both biocontrol and plant growth-promoting properties [18-20]. The colonization
of the Arabidopsis root by T. asperellum SKT-1 and its culture filtrate elicit an ISR (Induced
Systemic Resistance) against Pseudomonas syringae pv. tomato DC3000 through the increased
expression of JA (Jasmonic Acid)/ET (Ethylene) and SA (Salicylic Acid) inducing genes [21].
Similar to Plant Growth Promoting Rhizobacteria (PGPR), T. asperellum- ISR is activated
by the JA/ET signaling pathway [22]. For instance, T. asperellum was used by a number of
nations to stop crown rot, root rot, and damping off [23]. Swollenin production is induced
in plants as a result of T. asperellum colonization of the roots to provide a local defense [24].
The ethylene and H,O,-mediated plant defense responses against Rhizoctonia solani attacks
were induced by the synthesis of T. asperellum xylanases in plants [25].

There were many secondary metabolites like 6-pentyl-2H-pyran-2-one (6-PP), 2,4-
ditert-butyl phenol, propenyl phenyl methyl ester, heptanes, viridin, and harzianolides
were reported from Trichoderma spp. [26]. More importantly, metabolites, like 6-pentyl-2H-
pyran-2-one, have antifungal activity against various plant pathogens [27]. The isolates
of T. asperellum were known to produce several hydrolytic enzymes like cellulase, (3-1,3-
glucanases, 3-1,4-glucanases, chitinase, and protease with antifungal ability by degrading
the cell wall components of the various plant pathogens [28-31].

Therefore, the present study was carried out to evaluate T. asperellum isolates for their
antagonistic activity against the collar rot pathogen under in vitro and in planta conditions
and to characterize the bioactive compounds produced by this bio-control agent. This
information will facilitate extensive applications of formulation in the field of bio-control
in the future for the successful management of collar rot disease.

2. Materials and Methods
2.1. Collection and Isolation of the Fungus

In 2022, from March to October, 20 soil and rootsamples were collected from the nine
states of India (New Delhi, Andhra Pradesh, Rajasthan, West Bengal, Gujarat, Karnataka,
Maharashtra, Tamil Nadu, and Uttar Pradesh). Isolation of the potential fungal biocontrol
isolates from soil samples was performed on potato dextrose agar (PDA) according to
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the procedure described by [32]. Plates were incubated at 28 & 2 °C for 5-7 days. The
Trichoderma growth was obtained after 5-7 days and further purified by sub-culturing. The
purified fungal isolates were maintained on PDA slants at 4°C. All the twenty obtained
isolates were deposited in the Indian Type Culture Collection (ITCC) at the Indian Agri-
cultural Research Institute, New Delhi. A highly virulent isolate A. rolfsii (St38), obtained
during our previous work (ITCC Code: 8665, Accession number: OR192927), was used to
evaluate the biocontrol potential of the obtained twenty T. asperellum isolates.

2.2. Morphological Observations

Morphological identification of the twenty potential biocontrol T. asperellum isolates
was performed under the compound microscope along with camera attachment (Pro-
gRes capture pro2.7- JENOPTIK). Isolates were identified based on microscopic features,
including conidiophores branching, the shape and size of the phialides, and the conidia.

2.3. Molecular Identification and Phylogenetic Analysis

DNA from all the twenty isolates was extracted using a CTAB (Cetyl Trimethyl Am-
monium Bromide), procedure given by Cullings [33]. The amplification of the ITS region
was carried out using universal primers ITS1 5'-TCCGTAGGTGAACCTGCGG-3' and ITS4
5'-TCCTCCGCTTATTGATATGC-3' [34], B-tubf1-F 5-CAGCTCGAGCGTATGAACGTCT-
3’and B-tubr1-R 5-TGTACCAATGCAAGAAAGCCTT-3' primers were used for the ampli-
fication of 3-tubulin region [35]. A total volume of 25 uL. PCR mixture consisted of 12.5 uL
DreamTaq Green PCR master mix (Thermo Scientific, Pune, India) (including 0.25 mM
each of dNTP, 2mM MgCl, and Taq DNA polymerase), 9.5 uL nuclease-free water, 1 uL
(10 Pmol/ pL of each forward and reverse primer), and 1 uL (100 ng/ uL) of fungal DNA.
PCR was performed with initial denaturation for 3 min at 94 °C, 30 cycles of denaturation at
94 °C for 30 s, annealing temperature at 57 °C for 1 min, primer extension at 72 °C for 2 min,
and final primer extension at 72 °C for 5 min for the ITS region. The PCR for 3-tubulin
was performed with initial denaturation for 3 min at 94 °C, 30 cycles of denaturation at
94 °C for 30 s, annealing temperature at 61 °C for 40 s, primer extension at 72 °C for 30 s,
and final primer extension at 72 °C for 7 min. The electrophoresis was performed using
1.2% agarose gel with 0.5 mg/puL ethidium bromide in 1XTAE buffer (100 V, 400 mA for
30 min) to visualize the PCR products. The 1 kb DNA marker (Thermo Fisher Scientific,
Waltham, MA, USA) was used to estimate the size of the PCR products, and further, the
samples were sequenced through outsourcing. The NCBI Nucleotide BLAST was done
on all the sequences to confirm the species' identity. The phylogenetic analysis and the
tree were constructed by combining sequences of ITS (550 bp) and {3-tubulin (1025 bp)
using MEGA version 11 with the maximum likelihood method. The ex-type strain of T.
asperellum CBS 433.97 (NR130668, XM024905825) as a reference sequence, Chaetomium globo-
sumCBS 160.62 (NR144851, KT214742) as an outgroup, and other closely related species
includes T. pubescens (KF294849, KF609264), T. harzianum (MK886859, MK895942), T. hama-
tum (LT707583, LT707606), T. longibrachiatum (JN039058, KF595268), T. virens (HM046563,
KF595234) were used to construct the tree. To assess the stability of branches, a bootstrap
analysis with 1000 replications was performed.

2.4. In Vitro Antagonistic Assay

The twenty T. asperellum isolates were tested for their in vitro antagonistic activity
against A. rolfsii using a dual culture assay. All the T. asperellum isolates, and A. rolfsii isolate
Sr38 were grown on PDA plates for 7 days at 28 £ 2 °C. On the PDA plate, a 5 mm disc
of T. asperellum and the test pathogen (A. rolfsii) were placed immediately opposite one
another, 2 cm from the edge, and cultured for 7 days at 28 £ 2 °C. As a control, separate
petri plates containing only the pathogen (A. rolfsii) were kept. Three replications of each
treatment were used for the whole experiment. Following Garcia’s formula [36], which
measures Inhibition (%) = 100 [(C — T)/C], the radial growth (mm) and percent inhibition
were measured and calculated. C represents the growth of the pathogen in the control plate,
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and T represents the growth of the pathogen in the dual culture plate (treatment) [37]. The
impact of antibiotics generated by antagonistic fungi (Trichoderma) was investigated using
a volatile assay [38,39]. A 5 mm T. asperellum mycelial disc was centered on the PDA plate,
and another plate had the pathogen A. rolfsii inoculated in the same way. Each petri dish
pair was sealed together with cellophane adhesive tape with the antagonist plate down
and the pathogen plate on the upside and incubated at 28 + 2 °C for 7 days. As a control,
Petri dishes were used with the pathogen on the top plate and without the antagonist on
the bottom plate. According to Garcia, the percentage of mycelial growth inhibition was
calculated 7 days after inoculation.

2.5. In Planta Bio-Control Assay

An in planta study was conducted on one-month-old tomato plants (var. Pusa Ruby)
by pre- and post-inoculation approach of T. asperellum isolates in the A. rolfsii infected soil to
evaluate their antagonistic potential against the disease. The experiment was carried out at
the Center for Protected Cultivation Technology (CPCT), IARI, New Delhi. The experiment
was conducted by keeping four treatments for all the isolates, viz., control (treated with
distilled water), biocontrol treated, pathogen treated, and pathogen + biocontrol-treated
plants to compare the effect.

Sorghum grains were used to multiply the test pathogen A. rolfsii. The grains were
initially soaked in water overnight and then drained off the excess water, filled 100 g
sorghum grains in 500 mL Erlenmeyer flasks, plugged with non-absorbent cotton, and
autoclaved at 15 psi at 121 °C for 30 min. After cooling at room temperature, the flasks were
inoculated with mycelial discs of the 7-day-old culture of A. rolfsii under aseptic conditions
and incubated at 28 £ 2 °C for 7 days until the sorghum grains were completely covered
with A. rolfsii growth. The evaluation was conducted by mixing 10 g of A. rolfsii inoculums/
kg of soil to make the infected soil.

The seven-day-old pure culture of T. asperellum isolates was used after culturing on
PDA plates upon incubation at 28 & 2 °C. To prepare the spore suspension, 5 mL of sterile
distilled water was added to each plate, and the spores were then scraped off with a
sterile spatula; the spore suspensions were filtered, and the concentrations were adjusted
to 108 spores/ ml for all the isolates. The evaluation was carried out through pre- and
post-inoculation approaches by applying 100 mL of T. asperellum spore suspension per pot
as a drench and seedling root dip.

In the case of the post-inoculation approach, each T. asperellum isolate’s spore suspen-
sion was then added separately for each isolate evaluation after 5 days of transplanting
plants in the infected soil in the pot. Dipping the seedlings in T. asperellum spore suspension
for 60 min and then transplanting the plants in the soil, which is already drenched with T.
asperellum spore suspensions in the infected soil in case of the pre-inoculation approach.

After 10 days, the disease severity index was calculated according to the scale, which
includes 0 = no disease symptoms; 1 = disease symptoms without visible fungal outgrowth;
2 = disease symptoms with visible fungal growth; 3 = partial wilting of the plant; and
4 = complete wilting and plant death. The experiment was conducted thrice, with three
replications of each treatment, using a Completely Randomized Design (CRD). The data
collected from the pathogen + biocontrol treatment from all the isolate’s evaluation and the
disease severity index (DSI) was calculated for both pre- and post-inoculation conditions.
The disease severity index was calculated using the following formula,

Y (Severity score x Number of infected plants having the sames core)
DSI (%) = - , x 100
Total number of plants observed x Maximum rating scale number

2.6. Biochemical Analysis

The specific activity of the hydrolytic enzymes (cellulase, 3-1,3 glucanase, 3-1,4 glu-
canase, protease, and chitinase) in association with A. rolfsii was investigated for all the
isolates of T. asperellum. The enzyme assay was conducted in a minimal synthetic medium
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supplemented with colloidal chitin at 0.05% (w/v) as sole carbon source by inoculation
with 1 mL spore suspension of T. asperellum isolates (2 x 108 cfu/mL) and test pathogen (A.
rolfsii) in a 50 mL medium and incubated in a BOD cum rotary shaker at 150 rpm at 28 +
2 °C for 7 days. The mycelial mat was separated to obtain the culture filtrate by running
it through Whatman no. 42 filter paper before centrifuging at 6000 rpm for 10 min at 4
°C. The supernatant was immediately tested for enzyme activity after being collected into
a sterilized conical flask. Enzyme activity was expressed in specific activity as IU/mg
protein. The approach utilized by Bradford [40] was used to calculate the protein content
of each treatment’s culture supernatants. Non-enzymatic controls were performed using
boiled enzymes and were subtracted from the enzymatic values. The details of substrates
and standards used are given in Table 1. The amount of enzyme required to create one
micromole of reducing sugar per minute per milliliter of culture supernatants was the
definition of unit activity.

Table 1. Details of the selected enzymes used in this study.

Supplier and Product Standards .
Enzymes Substrates Number (1 mg/mL Stock) OD (in nm)
Cellulase Cellulose (0.5%) Sigma-Aldrich—435236 Glucose 530
Laminarin (3.2 mg/mL . .
3-1,3 glucanase distilled water) Sigma-Aldrich—L9634 Glucose 530
Carboxy methyl . .

(3-1,4 glucanase cellulose (1%) Himedia—GRM329 Glucose 575
Chitinase Colloidal chitin (0.5%) Himedia—GRM1356 NAG 420
Protease Casein (1%) Sigma-Aldrich—C9801 Tyrosine 280

2.6.1. Cellulase Assay

A total of 1 mL of 0.5% cellulose was suspended in 50 mM (0.05 M) citrate phosphate
buffer (pH 4.8), and 1 mL of culture filtrates from various T. asperellum isolates were used
separately in the assay mixture taken in 15 mL test tubes. At 50 °C, the reaction mixture was
incubated for 30 min. A 3 mL solution of 1% DNS (Dinitrosalicylate) reagent was added to
stop the reaction. It was then heated for 10 min at 100 °C to produce the reddish-brown
coloration. In place of culture filtrate, distilled water was used to create the blanks. The
amount of reducing sugar released was calculated using the standard glucose curve, and
the absorbance was measured at 530 nm [41].

2.6.2. 3-1,3 Glucanase Assay

The assay mixture contains 0.5 mL laminarin (3.2 mg/mL distilled water), 1 mL
of 0.05 M citrate buffer, and 0.5 mL of culture filtrates of various T. asperellum isolates
separately. At 40 °C, the reaction mixture was incubated for 60 min. The reaction was
stopped by mixing 2 mL of DNS and incubating in a boiling water bath for 15 min. The
absorbance was measured at 530 nm and calculated using the standard glucose curve [42].

2.6.3. 3-1,4 Glucanase Assay

A mixture of 1.0 mL of culture filtrate, 2.0 mL of 0.05 M citrate buffer (pH 4.8), and
1 mL of 1.0% carboxy methyl cellulose was combined and incubated at 55 °C for 30 min
in a water bath with periodic shaking. By boiling the mixture and adding 4.0 mL of the
dinitro salicylic acid reagent to terminate the reaction, the absorbance was measured at
575 nm, and the enzyme activity was calculated using a standard glucose curve [43].

2.6.4. Chitinase Assay
Preparation of Colloidal Chitin

The colloidal chitin was made from crude chitin from shrimps using the process
described by Vessey and Pegg [44]:
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A total of 30 g of crude chitin (Himedia-GRM1356) were ground and washed in 500 mL
of distilled water. After decanting the water, the residue was combined with 505 mL of
acidified ethanol- ether combination (ethanol: diethyl ether: Hcl = 250:250:5 mL). The
mixture was centrifuged for 15 min at 5 °C at 12,000 rpm, and the residue was recovered.
At 0°C, 10 mL acetone was added, followed by concentrated HCI until the residues were
completely dissolved. The mixture was centrifuged for 15 min at 5 °C at 12,000 rpm, and
the supernatant was collected. 1.5 L distilled water and ice was added to the supernatant,
and chitin was allowed to precipitate for 2 h at 0 °C. Chitin was washed three times with
1 L of distilled water, and each time it was centrifuged. The last residue was collected, and
this colloidal form of chitin was stored in an airtight container at 0 °C for subsequent use.

Enzyme Assay

A total of 1.0 mL of Mcllvaine’s buffer (pH 4.0), 0.5 mL of culture filtrate (an enzyme
source), and 0.5 mL of colloidal chitin suspension were added to the reaction mixture. This
mixture was properly mixed before being incubated at 37 °C for 20 min in a water bath
with occasional shaking. By boiling the mixture for three minutes in a water bath, the
process was stopped. 3.0 mL of potassium ferric cyanide reagent was added and warmed
in a boiling water bath for 15 min. The absorbance of the reaction mixture at 420 nm was
used to calculate the amount of N-acetyl glucosamine (NAG) released using the standard
NAG curve [45].

2.6.5. Protease Assay

The substrate (1% casein in 50 mM phosphate buffer, pH 7.0) was denatured in a water
bath at 100 °C for 15 min before cooling to room temperature. Later a reaction mixture
consisting of 1 mL of the substrate and 1 mL of enzyme solution was incubated for 20 min
at 37 °C. To that reaction mixture, 3 mL of tri-chloro acetic acid (TCA) was added to settle
down. The tubes were left at 4 °C for an hour to allow the precipitation of undigested
protein. At 280 nm, the absorbance of liberated tyrosine in the filtrate was measured.

2.7. Secondary Metabolites Profiling
2.7.1. Extraction and Separation of Antifungal Metabolites

Seven T. asperellum isolates (A8, A10, A11, A12, A15, A17, and A20) were chosen
according to their efficiency for the secondary metabolites profiling. They were then
cultured in 100 mL of potato dextrose broth (PDB). Following inoculation, the medium
was incubated for 15 days at 28 + 2 °C while being continuously shaken at 160 rpm in
an incubator shaker. The mycelial biomass was then separated by passing it through a
Whatman no. 1 filter, and the filtrates were then successively extracted three times using
a separating funnel with an equal volume of ethyl acetate. The extracted fractions were
evaporated to produce a concentrate of ethyl acetate using a rotary evaporator (IKA® RV
10; Staufen, Germany). The remaining polar filtrates were passed through anhydrous
sodium sulfate (10 g) to remove the excess water and stored for further analysis. The ethyl
acetate concentrate was diluted to prepare a 5 ug/mL solution in gas chromatography-
mass spectrometry (GCMS) grade ethyl acetate and subjected to analysis for volatile
organic compounds.

2.7.2. GC-MS Analysis

Volatile organic compounds produced by each of the seven tested isolates were ana-
lyzed on 6850C Agilent GC-MS (Agilent Technologies®, Santa Clara, CA, USA). Following
their separation by an Agilent HP-5MS column (30 m, 0.25 mm, film thickness 0.25 um), the
components was identified by the mass spectrometer based on their retention index and
molecular weights. Helium gas (>99.99% purity) was utilized as the carrier gas at a flow
rate of 1 mL/min and a pressure of 10 psi. Each sample (1 pL) was injected using a built-in
auto-injector with a 20:1 split ratio into the gas chromatograph (GC). A GC-MS temperature
program was developed that started at 40 °C, increased by 3 °C each minute to 130 °C,
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and then held that temperature for 2 min. In addition, the temperature increased by 5 °C
every minute until it reached 210 °C and stayed there for two minutes. The temperature
was then increased by 10 °C/min to 350 °C. The total run time for each sample was 64 min.
The following settings were used for the MS acquisition parameters: a solvent delay of
2 min, an E.M. voltage of 1214 V, an ion source temperature of 200 °C, electron ionization
energy of 70 eV, a transfer line temperature of 200 °C, and full scan mode (50-550 amu).
Identification of the compounds from their respective spectrum was done using the NIST
library, matching with their accurate mass and retention index.

2.8. Thin Layer Chromatography (TLC) Assay

The TLC assay was conducted to identify the number of spots present in the ethyl
acetate extract, which could give preliminary knowledge about the major components
present in the isolates. For primary component partition, thin layer chromatography
was done on Merck TLC Silica gel60 Fys4 plates (Product number: 1.05554.0007). Seven
metabolite extracts of T. asperellum isolates were spotted using capillary tubes at a height
of one inch above the plate’s bottom. Two different solvent systems, viz., Hexane: Ethyl
Acetate (9:1) and Hexane: Ethyl Acetate (1:1) was used for the analysis to determine the
best mobile phase to separate the components. Various spots were detected in the TLC
plate, and the number of spots was identified using visualizing agents like iodine and UV
light at 350 nm [46].

2.9. Data Analysis

The statistical program WASP 1.0 (Web Agri Stat Package) (https:/ /ccari.icar.gov.in/
waspnew.html) (accessed on 15 June 2023) was used to analyze the data using ANOVA to
determine whether there were any differences in parameter values. Three replications of
each treatment were used in the experiments. At a 5% level of significance, changes between
treatments were assessed using Duncan’s multiple-range test. The SRplot (Science and
Research Online Plot) (https://www.bioinformatics.com.cn/en (accessed on 15 June 2023))
was used to create the heat maps by statistically analyzing the GC-MS data. The NTSYSpc-
2.20e version was used to create the dendrogram by analyzing the TLC banding patterns
from the metabolite profiles of seven T. asperellum isolates.

3. Results
3.1. Morphological Identification of T. asperellum Isolates

On the PDA medium, by incubating at 28 4 2 °C, all the isolates grew faster, and the
mycelial colonies were initially white three days after incubation (DAI) and turned greenish
after sporulation on 7DAI (Table 2, Figure S1). The microscopic observation resulted in
branched, mostly paired conidiophores, ampuliform phialides, and slightly ovoidal to
globose light green conidia (Figure 1).

Table 2. Collection, identification, and NCBI GenBank accession numbers of the twenty T. asperel-
lum isolates.

i GPS Location
Isolates Code Collection S.o uree ITS 2 B-Tubulin 2 Colony .
and Location Latitude Longitude Characteristics
. onal o1t Abundant mycelium
Al Soil, IARI 28°38' N 77°10" E OR133614 OR193716 .
with dark green spores
Abundant mycelium
A2 Soil, IARI 28°38' N 77°10' E 00892293 OR193717 with yellowish-green
spores
Rhizosphere Less aerial mycelium
A3 Gunlt)ur ! 16°18' N 80°27' E OR133699 OR193718 with dark green

centered spores
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Table 2. Cont.

Isolates Code

Collection Source
and Location

GPS Location

Latitude

Longitude

ITS 2

B-Tubulin 2

Colony
Characteristics

A4

A5

A6

A7

A8

A9

A10

All

Al2

A13

Al4

Al5

Alé

Al17

A18

A19

A20

Groundnut field,
TN

Vegetable field, TN

Soil, ITHR, KA
Soil, Akola

Soil, Tirupathi

Soil, Navsari

Soil, Navsari

Soil, Jaipur

Veg. field, IARI

Chilli field, IARI

Soil, Lucknow

Soil, Varanasi

Soil, Barracpore

Soil, THR

Soil, Navsari

Soil, Navsari

Soil, NBPGR

11°39’' N

11°3’ N

13°7' N

20°42' N

13°37' N

20°57' N

20°57' N

26°55' N

28°38' N

28°38' N

26°50" N

25°19' N

22°45' N

13°7' N

20°57' N

20°57' N

28°38' N

78°12' E

77°17' E

72°29' E

76°59' E

79°25' E

72°55" E

72°55' E

75°49' E

77°10' E

77°10" E

80°55' E

82°58' E

88°22' E

72°29' B

72°55' B

72°55' B

77°10" E

OR133720

OR133722

OR133723

OR133724

OR133725

OR133728

OR137590

OR133981

OR134019

OR134022

OR134094

OR134235

OR134238

OR134254

OR134258

OR134337

OR134338

OR193707

OR193719

OR193720

OR193721

OR193708

OR193709

OR193710

OR193711

OR193712

OR193722

OR193723

OR193713

OR193714

OR193724

OR193725

OR193715

OR193726

Abundant mycelium
with yellowish-green
spores
Dense dark green
spores with less aerial
mycelium form rings
Dense dark green
spores with cottony
mycelium
Cottony mycelium
with light green spores
Dark green spores
forming rings with
cottony mycelium
Dense light to dark
greenish spores with
aerial mycelium
Fast-growing, dense
dark green spores with
aerial mycelium
Fast-growing,
abundant cottony
mycelium forms spores
at later
Dark green-centered
spores with aerial
mycelium
Aerial mycelium with
abundant yellowish to
light green spores
Abundant aerial
mycelium with dense
dark green spores
Less mycelium, slow
growing with very less
spores
Dense light green
spores with aerial
mycelium
Fast-growing, dense
aerial mycelium forms
spores at later
Dense light green
spores abundant
throughout the plate
Dense yellowish to
light green spores with
less mycelium
Dense dark green
spores with less aerial
mycelium

2 GenBank accession number.
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Figure 1. Morphological characteristics of T. asperellum. (A) Colony growth on potato dextrose agar.

(B) Microscopic images showing conidiophores structures and branching pattern (magnification at
40x). (C) Phialides arrangement with conidia (magnification at 40 x). (D) Conidia (magnification at
100x).

3.2. Molecular Identification and Phylogenetic Analysis

The amplified products of ITS and p-tubulin gene primers were confirmed using
agarose gel electrophoresis (Figures S2 and S3) and then sequenced using the Sanger
technique by outsourcing (Anuvanshiki (OPC) Pvt. Ltd.). All sequences were submitted
to GenBank, and accession numbers obtained are listed in Table 2. All isolate’s taxonomic
identities were established by NCBI blast, and phylogenetic analysis of combined partial ITS
and -tubulin sequences was performed using the maximum likelihood method (Figure 2).
The phylogenetic tree represents that the isolates A10, A8, A9, A13, A20, A7, A3, A14, A19,
Al, A16, and A6 forms a clade. The isolates A5, A11, A15, A18, A4, A17, A2, and A12 form
a separate clade, which shows the genetic diversity among the isolates between the above
two clades. The outcome revealed that all the 20 isolates share the highest homology with
T. asperellum Type strain CBS 433.97 followed by T. pubescens, T. harzianum, T. hamatum, T.
virens, T. longibrachiatum with Chetomium globosum CBS 160.62 used as an outgroup.

3.3. In Vitro Antagonistic Assay

Under the dual culture assay, the mycelial growth of A. rolfsii was significantly inhib-
ited by all the T. asperellum isolates, with the percent inhibition ranging from 20.87% to
94.66% (p < 0.05). Among them, the A10 isolate showed maximum inhibition of 94.66%,
followed by All and A17, which exhibited 82.64% and 81.19% inhibition, respectively,
7 days post-inoculation. The volatile compounds produced by the T. asperellum isolates
showed 11.55% to 70.95% myecelial inhibition. Among them, the A10 isolate showed maxi-
mum inhibition of 70.95%, followed by A17 and A11, which showed 68.27% and 63.75%
inhibition, respectively (Table 3, Figures 3 and 4). The isolates A12 and A15 showed the
least inhibition in both assays, which shows that they have low antagonistic potential, and
the remaining isolates showed moderate mycelial growth inhibition. The comparison of
the treatment means was evaluated using Duncan’s multiple-range test.

Table 3. Effect of T. asperellum isolates on radial growth inhibition of A. rolfsii on PDA at 28 4= 2 °C at
7 days after inoculation (DAI).

Percent Inhibition of A. rolfsii Growth

Isolates Dual Culture Assay Volatile Assay
R1 R2 R3 Average SD R1 R2 R3 Average SD
Al 64.58 64.22 64.15 64.32 f 0.23 40.61 41.50 41.85 41.32k 0.64
A2 64.62 64.50 63.66 64.26 f 0.52 45.20 44.00 44.50 44571 0.60
A3 66.69 66.20 65.90 66.26 € 0.40 48.15 46.20 46.50 46.951 1.05
A4 68.62 67.50 68.22 68.11 4 0.57 50.16 48.26 48.80 49,070 0.98
A5 68.89 67.82 66.95 67.89 4 0.97 50.88 49.60 49.22 49900 0.87
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Table 3. Cont.

Percent Inhibition of A. rolfsii Growth

Isolates Dual Culture Assay Volatile Assay

R1 R2 R3 Average SD R1 R2 R3 Average SD
Ab 50.61 51.20 52.33 51.38h 0.87 28.06 26.30 26.75 27.04™ 0.91
A7 67.10 67.85 68.45 67.80 4 0.68 51.66 50.20 49.24 50.37 8h 1.22
A8 69.23 68.50 68.00 68.58 4 0.62 53.24 51.76 51.90 52.30 f 0.82
A9 62.31 60.50 61.45 61428 091 46.32 46.90 46.15 46.461 0.39
A10 95.23 94.60 94.15 94.66 2 0.54 72.10 70.15 70.60 70.952 1.02
All 82.64 80.69 84.59 82.64 P 1.95 65.72 63.16 62.38 63.75 ¢ 1.75
Al12 30.58 31.22 31.00 30931 0.33 22.64 22.55 21.80 22.33" 0.46
Al3 70.54 71.66 71.50 71.23°¢ 0.61 60.50 61.25 61.80 61.18 4 0.65
Al4 70.12 71.50 70.88 70.83 ¢ 0.69 60.12 59.00 59.25 59.46 € 0.59
Al5 22.82 18.92 20.87 20.871 1.95 11.20 12.30 11.15 11.55 °p 0.65
Ale6 68.23 67.77 68.00 68.00 4 0.23 59.88 58.20 56.30 58.13 ¢ 1.79
Al7 80.46 82.10 81.00 81.19b 0.84 69.21 67.24 68.35 68.27 0 0.99
Al8 65.91 65.25 64.20 65.12 ©f 0.86 52.65 51.60 51.25 51.83 8 0.73
A19 68.70 68.45 68.00 68.38 4 0.35 50.12 49.45 50.00 49.86 1 0.36
A20 52.35 51.00 53.70 52.35h 1.35 31.22 29.45 28.60 29.761 1.34

CD @5% 1.497 1.603

SEm + 0.823 0.943

CV (%) 1.411 2.034

SD—Standard Deviation, CD—Ceritical Difference, SEm—Standard Error of mean, CV—Coefficient of variation,
Different letters after values are significantly different at p < 0.05.

”

Trichoderma asperelium A10 (OR137580, OR193710)
jiz | Trichoderma asperelium AB (OR133725, OR133708)
Trichoderma asperellum AS (OR133728, OR193709)
Trichoderma asperellum A13 (OR134022, OR193722)
Trichoderma asperelium A20 (OR134338, OR193726)

5‘2 -lTn'dJoderma asperellum AT (OR133724, OR193721)

Trichoderma asperelium A3 (OR133899, OR193718)
Trichoderma asperelium A14 (OR134094, OR193723)
Trichodsrma asperslium A19 (OR134337, OR193715)
Trichoderma aspersilum A1 (OR133614, OR193T16)

Trichoderma aspersllum A16 (OR134238, OR193714)

. <|— Trichoderma asperelium AS (OR133723, OR193720)
Trichodk

CBS 433.97 TYPE MATERIAL (MR130668, XM024905825)

1 850

Trichodermna asperellum AS (OR133722 OR193719)

Trichoderma asperelium A11 (OR133881, OR13711)
Trichoderma asperellum A15 (OR134235, OR193713)
Trichoderma asperelium A1 (OR134258, OR1893725)
Trichodermna asperelium Ad (OR133720, OR193707)
Trichoderma aspersllum A17 (OR134254, OR193724)
Trichoderma asperelium A2 (OQB92293, OR19371T)
Trichoderma asperelum A12 (OR134019, OR183712)
Trichoderma pubescens Tpu-01 (KF294349 KFA09264)

Trichoderma longibrachiatum TP1 (JNO39058, KFS95268)

Trichoderma virens V-02 (HMD46563, KF395234)

[ Trichoderma harzianum TP3-36 (MKB36859 MKE35542)

2]

Trichoderma hamatum T-KNT (LT707583, LT707606)

—_—

020

Chaetomium globosum CBS 160.62 (NR144851, KT214742)

Figure 2. Maximum likelihood phylogenetic tree based on concatenated Internal Transcribed Spacer

(ITS) and B-tubulin sequences of the 20 T. asperellum test isolates and its related species and reference
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T. asperellum Type strain CBS 433.97 retrieved from the NCBI database. The tree was rooted using
Chaetomium globosum CBS 160.62 as an outgroup.

Figure 3. Effect of T. asperellum isolates on A. rolfsii growth through the bio efficacy tests. (A) Dual
culture assay. (B) Volatile assay.

3.4. In Planta Bio-Control Assay

In the greenhouse pot assay, twenty T. asperellum isolates were evaluated against collar
rot in tomatoes using a completely randomized design, and the disease severity index was
recorded. The disease was significantly inhibited by all the T. asperellum isolates ranging
from a maximum of 86.17% and 80.60 % disease inhibition from the A10 isolate to the
minimum disease inhibition of 11.11% and 8.33% from the isolate A15 during pre- and post-
inoculation treatment. The isolates A10 (13.83%), A11 (22.20%), and A14 (27.67%) treated
plants on the A. rolfsii infected soil showed lower disease incidence as compared to pathogen
alone treated when applied as a pre-inoculation approach against A. rolfsii. Pathogen
treatment was maintained by inoculating only with A. rolfsii, which exhibited complete
wilting and plant death, to compare the effect. The efficiency of T. asperellum isolates was
also assessed by the post-inoculation approach of T. asperellum against A. rolfsii. The lowest
percent of disease incidence was observed from the evaluation of A10 (19.40%), followed
by A1l (27.78%) and A14 (33.33%), respectively, in post-inoculation conditions. Notably,
the A15 isolate-treated plants on the infected soil recorded a maximum disease incidence
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of 88.89% in pre-inoculation and 91.67% in post-inoculation. The standard deviation was

recorded from each measurement to analyze the variance (Table 4, Figures 5 and 6).
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Figure 4
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Table 4. Effect of T. asperellum isolates against collar rot disease in tomato plants var. pusa ruby in

pot condition.

% Disease Severity Index (DSI)

Isolates Pre-Inoculation Treatment Post-Inoculation Treatment

R1 R2 R3 Average SD R1 R2 R3 Average SD

Al 50 41.67 41.67 44.45 4.81 50 50 58.33 52.78 4.81
A2 50 50 41.67 47.22 4.81 50 58.33 58.33 55.55 4.81
A3 41.67 41.67 33.33 38.89 4.82 58.33 41.67 41.67 47.22 9.62
Ad 50 50 50 50.00 0.00 58.33 58.33 41.67 52.78 9.62
A5 50 25 33.3 36.11 12.73 58.33 50 33.3 47.22 12.75
A6 66.67 66.67 58.33 63.89 4.82 66.67 66.67 75 69.45 4.81
A7 41.67 41.67 41.67 41.67 0.00 50 50 50 50.00 0.00
A8 50 25 33.3 36.11 12.73 58.33 50 33.37 47.22 12.71
A9 50 41.67 41.67 44.48 4.81 50 58.33 50 52.78 4.81
A10 16.6 8.3 16.6 13.83 4.79 16.6 16.6 25 19.40 4.85
All 25 25 16.6 22.20 4.85 25 25 33.33 27.78 4.81
Al12 66.67 83.33 83.33 77.77 9.62 66.67 91.67 91.67 83.33 14.43
Al13 50 41.67 25 38.89 12.73 33.33 50 50 44.44 9.62
Al4 25 25 33 27.67 4.62 33.33 33.33 33.33 33.33 0.00
Al5 91.67 91.67 83.33 88.89 4.82 91.67 91.67 91.67 91.67 0.00
Ale 41.67 41.67 33 38.78 5.01 41.67 41.67 50 44.45 4.81
Al17 25 25 25 25.00 0.00 25 25 41.67 30.56 9.62
A18 41.67 41.67 33.33 38.89 4.82 41.67 41.67 50 44.45 4.81
A19 41.67 41.67 41.67 41.67 0.00 41.67 41.67 58.33 47.22 9.62
A20 66.67 66.67 58.33 63.89 4.82 66.67 75 58.33 66.67 8.34
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In-planta evaluation of T. asperellumisolates on collar rot disease in tomato
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Figure 5. Graphical representation of the effect of T. asperellum isolates against collar rot disease
in tomato.
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Figure 6. Effect of the T. asperellum isolate A10 on percent disease inhibition of A. rolfsii through the
in planta evaluation.

3.5. Enzyme Assay

The results revealed that all the tested isolates of T. asperellum significantly produced
different hydrolytic enzymes during their interaction with the test pathogen. The isolate
A10 (174.68 IU/mg) produced the highest amount of 3-1,3 glucanase, followed by A1l
(149.08 IU/mg), Al4 (134.68 IU/mg), and the least in A15 (24.79 IU/mg). The isolate
A10 (183.48 IU/mg) showed the highest production of 3-1, 4 glucanase followed by A11
(159.60 IU/mg) and A14 (147.25 IU/mg), and the least production was observed in A15
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(51.28 IU/mg). The isolate A17 (80.92 IU/mg) produced the highest production of cellulase,
followed by A14 (77.94 IU/mg), Al16 (77.82 IU/mg), and the least production in A15
(20.84). In protease production, isolate A10 (106.06 IU/mg) showed the highest production,
followed by A17 (103.08 IU/mg), and the least production was recorded in isolate A15
(15.60 IU/mg). In chitinase production, A17 (53.09 IU/mg) recorded the maximum yield,
followed by A16 (52.17), and the least was observed in A15 (13.07 IU/mg) (Table 5, Figure 7).

Table 5. Specific activity of hydrolytic enzymes produced by T. asperellum isolates during the interac-
tion with A. rolfsii.

Specific Activity in IU/mg

Isolates B-13 p-14 Cellulase Protease Chitinase
Glucanase Glucanase
Avg SD Avg SD Avg SD Avg SD Avg SD
Al 78.251 2.00 79.60 k 2.30 73.00 cde 2.30 7153 f 2.80 45,07 bed 1.28
A2 90.25h 2.00 79.93 k 2.40 70.94 ©f 2.70 7453 ¢f 1.60 37.33 f8 2.32
A3 111.00 ©f 0.25 123.13 8 1.80 75.44 bed 2.50 55.81 1 0.80 7.02] 0.77
A4 112.75 ¢ 0.25 109.56 1 2.90 68.09 f& 1.80 77.83 4 240 45.85 be 2.96
A5 125.50 d 2.00 124.18 f8 1.70 62.47h 3.00 65.338 240 45.17 bed 2.60
A6 59.50] 2.00 52.10m™ 2.20 52.041 1.90 44.851 0.80 39.88 ©f 213
A7 111.58 1.50 124.28 f8 2.70 61.92h0 2.30 63.38 8 1.70 36.07 & 1.62
A8 122,924 1.80 127.68 ¢f 2.50 76.04 be 2.10 66.08 8 0.90 34.85 8h 1.24
A9 62.40] 1.70 88.25] 2.10 70.87 ©f8 2.40 7453 ¢f 2.50 44,37 bed 252
A10 174.68 2 2.30 183.482 2.40 77.09 b 1.80 106.06 2 1.90 41.87 de 2.54
All 149.08 P 2.40 159.60 b 1.30 67.26 8 0.70 82.33 be 240 16.82P 2.39
A12 37.93! 2.80 30.73 1 0.90 34.99] 1.60 53.53h 0.90 37.65 f& 1.76
Al13 108.96 f& 1.80 129.58 © 1.40 76.75b 2.90 85.13 b 2.40 4240 de 1.77
Al4 134.68 ¢ 2.10 147.25 ¢ 2.60 77.94 ab 1.50 42,031 1.20 50.81 2 2.32
A15 2479 m 2.90 51.28 ™ 1.90 20.84 & 1.90 15.53] 1.30 13.071 1.52
Al16 107.64 8 2.50 112.95h 1.80 77.82 ab 2.60 81.35¢ 2.20 52,172 1.95
Al7 133.18 ¢ 2.40 136.85 4 1.60 80.922 2.90 103.08 2 1.57 53.09 2 1.85
A18 60.91 ] 1.60 133.43d 2.40 72.04 de 250 75.43 de 241 42,12 de 1.88
A19 112.36 ¢ 1.90 102.83 1 1.80 61.75h 1.80 82.05 ¢ 1.23 31.77h 1.98
A20 4310k 1.80 58.381 2.90 72.02 de 1.60 77.15 de 1.26 4322 ¢cd 1.33
CD @ 5% 3.318 3.543 3.651 3.052 3.315
SEm + 4,044 4.609 4.896 3.421 4.035
CV (%) 2.050 1.992 3.327 2.647 5.082

Avg—Average value of three replications, SD—Standard Deviation, CD—Critical difference, SEm—Standard
error of the mean, CV—Coefficient of variation, Different letters after values are significantly different at p < 0.05.

3.6. Comparative Analysis of Volatile Organic Compounds of T. asperellum Isolates

In the present investigation, it was revealed that the culture filtrates of the seven
isolates of T. asperellum (A8, A10, A11, A12, A15, A17 and A20) showed the presence of many
secondary metabolites at different retention times (Rt). The anti-microbial compounds
were found highest from the isolate A10, 2H-pyran-2-one (17.39%) was found to be most
abundant in it, followed by dienolactone (8.43%), a-pyrone (2.19%), and harziandione
(0.24%) with the respective Rt of 33.48, 33.85, 33.39, and 64.23 min. 2H-Pyran-2-one (9.87%)
was observed to be the most abundant in isolate Al1, followed by 2,3-butanediol (7.24%)
and harziandione (6.70%) with Rt of 18.65, 42.67 and 63.77 min, respectively. The isolate
A17 showed many metabolites, like hexadecanoic acid (9.42%), octadecanoic acid (3.87%),
hexadecane (3.83%), docosene (4.07%), and (E)-6-pen-1-enylpyran-2-one (2.18%) with the
Rt of 13.67, 23.90, 19.55, 32.55 and 15.35 min respectively. 2,3-butanediol (23.41%), (E)-6-
Pent-1-enyl pyran-2-one (5.88%), and 2H-pyran-2-one (2.49%) with the corresponding Rt of
64.5,13.8 and 15.7 min respectively, were recorded to be the major compounds, followed
by long-chain hydrocarbons from the isolate A8. Few anti-microbial compounds, like
dimethyl disulfoxide were also observed from the isolate A12 (0.79%) and A20 (0.30%)
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Specific activity (IU/mg)

Specific activity (IU/mg)

with the respective Rt of 33.70 and 24.45 min. No major anti-microbial compounds were
detected from isolate A15, suggesting that this isolate does not produce many bioactive
volatile metabolites.
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Figure 7. Graphical representation of the specific activity of hydrolytic enzymes produced by T.
asperellum isolates during the interaction with A. rolfsii.

From the ethyl acetate fractions of T. asperellum isolates, the predominant compounds
were identified and grouped into various functional groups with varying content ranges
among isolates, including alcohols (23.68%) from the isolate A8, ketones (20.78%) from
isolate A20, and acids (18.23%) from the isolate A17. Among the alcohols, 2, 3-butanediol
(23.41%) was observed to be most abundant from the isolate A8. Among the Ketones
having anti-microbial compounds, 2H-pyran-2-one (17.39%) was observed as the most
abundant from the isolate A10, (E)-6-pent-1-enylpyran-2-one (5.88%) from the isolate A8,
and «-pyrone (5.14) from the isolate A20. Among the acids, the highest content of hexade-
canoic acid (9.42%) was found in the isolate A17, followed by acetic acid (3.99%) in A10,
octadecanoic acid (3.87%) in A17, and 9, 12-octadecadienoic acid (2.83%) in A10. Among
the lactones, $-2,4-dienolactone (8.43%) was recorded at the maximum from isolate A10.

We observed more hydrocarbons viz., dodecane, 1-tetradecene, tetradecane, 1-
hexadecene, hexadecane, cyclohexadecane, tetracosane, hexacosane, heptadecane, 1-
octadecene, octadecane, docosene, tetracosahexaene from various isolates. Among them,
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hexadecane (3.83%) and docosene (4.07%) were observed at the highest content in the
isolate A17, whereas diterpenes, namely, harziandione (6.70%), were abundant in the
isolate A11. The list of identified compounds in the ethyl acetate fraction from various T.
asperellum isolates is listed in Table 6.

The total ion chromatograms for all the isolates are shown in Figures S4-510. Fur-
thermore, a heat map was generated to compare the visualization and interpretation of
changes in the volatile organic compounds (VOCs) profile among the isolates (Figure 8).
The area showing the red color in the heat map indicates the presence of that particular
volatile organic compound having the maximum area-wise among the isolates. The most
important anti-microbial compounds like 2H-pyran-2-one are abundant among the isolates
All, A12, A10, and A20. The 2,3-butanediol presence is more in the isolates A11, A12, and
A8. The isolate A17 has high hexadecanoic acid. The presence of harziandione is more
in the isolates A1l and A20. The isolates A20 and A10 contain high a-pyrone and 2,4
dienolactone, respectively.

—= 1 | [
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Figure 8. Heat map clustering of Volatile Organic Compounds (VOCs) profiles from T. asperellum isolates.
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3.7. TLC Assay

We observed that there were more bands in Hexane: Ethyl Acetate (1:1) solvent system
than in the 9:1 solvent system. The A10 isolate produced nine bands in a 1:1 system,
followed by the isolates A17 and A11, which produced seven bands that represent the
presence of major metabolites in the ethyl acetate extract. The least number of bands
observed from isolate A15 was 4 (Figure S11). Using the UPGMA (Unweighted pair group
method with arithmetic mean) method in NTSYSpc-2.02e, a dendrogram was performed
based on the unique banding patterns from each isolate of the T. asperellum metabolome.
Two clades were obtained viz., A17, A10, and A1l (more promising isolates) forming one,
and A8, A20, A12, and A15 (moderate to less promising isolates) forming the other, as seen
in the dendrogram (Figure 9).

|A17
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All

A20

Al2

Al5

040

T T T T T T T T T T T T T T
055 070 035 100
Coefficient

Figure 9. Dendrogram of seven T. asperellum isolates based on bioactive compounds using thin layer
chromatography (Hexane: Ethyl Acetate (1:1) solvent system and long UV light range).

4. Discussion

In our study, 20 isolates were used as antagonists and were confirmed as T. asperel-
lum based on morphological and molecular characteristics. The studied morphological
characteristics, such as colony characteristics like a faster growth rate, globose conidia,
mostly paired branches, and an ampulliform phialides nature, were also confirmed with the
previous reports [47,48]. Conventional morphological approaches may not perform well
for accurate identification. So, combining the morphological and molecular strategies is an
ideal tool [49]. Using the ITS and (3-tubulin markers, the precise species identification of T.
asperellum was achieved, demonstrating the efficacy of the molecular markers in ensuring
reliable species determination.

Further, these isolates were tested against the collar rot pathogen, A. rolfsii, indicating
that T. asperellum is an effective biocontrol agent. In the In vitro antagonistic assay, isolate
A10 recorded a maximum inhibition of A. rolfsii growth (94.66%) in the dual plate assay
and 70.95% in the volatile assay. These results are in parallel with the previous reports,
showing that most temperature-tolerant T. asperellum isolates showed a 50-68% reduction of
hyphal growth of A. rolfsii under in vitro [50], and T. asperellum caused significant reduction
in mycelial growth of 43.57%, 38.16%, and 54.87% obtained for Pythium aphanidermatum,
Pythium debaryanum, and A. rolfsii Sr3 respectively [51]. The Tricho05 and Tricho06 isolates
also recorded the maximum inhibition of A. rolfsii mycelial growth of 70.37% and 63.33%,
respectively [52]. The In planta study carried out using tomato plant var. pusa ruby
suggests that the application of T. asperellum to the soil prior to the development of the
disease will reduce the incidence of collar rot significantly, whereas the pathogen alone
treated plants showed 100% disease incidence with prominent symptoms. The isolate
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A10 application on the infected soil observed lower disease incidence (13.83%) in pre-
inoculation and 19.40% in post-inoculation as compared to pathogen-alone treatment.
These are correlated with previous studies reports that the presence of T. asperellum reduced
the severity of disease symptom caused by A. rolfsii in onion [53], and T. asperellum strains
mixture treated cucumber plants showed the highest reduction of Fusarium root and stem
rot disease incidence and severity [54].

This indicates that the biocontrol agent, T. asperellum inhibits the pathogen by various
mechanisms, including the competing nature of space and nutrients and the production of
volatile metabolites, thereby restricting the growth of the pathogen [55-57] and providing
resistance against pathogens by inducing defense responses in the plants [58-61].

The production of hydrolytic enzymes to dissolve the fungal mycelial cell wall has
been attributed to biocontrol activity. According to Inbar and Chet [62], the antagonistic
action of Trichoderma species against soil-borne diseases may be related to their synthesis
of these enzymes. In the present investigation, the T. asperellum isolates were evaluated
for their potential to produce various extracellular enzymes against A. rolfsii. Extracellular
enzyme activity was observed in all the isolates. The isolate A10 observed the maximum
production of hydrolytic enzymes by the production of (3-1,3 glucanase (174.68 IU/myg),
-1,4 glucanase (183.48 IU/mg), and protease (106.06 IU/mg), which correlates with
the previous studies showed that T. asperellum isolates Ts39, Ts12, Ts42, Ts9, Ts32, Ts36
possessed the wide range of hydrolytic enzyme activities exhibiting chitinase 8.7-10.3
Pmol/s/mL and -1,3 glucanase (1.4-1.98 nmol/s/mL) [63] and T. asperellum CCTCC-
RWO0014 reported that the production of various hydrolytic enzymes with higher enzyme
activity viz., chitinase (87.5 £ 3.21%), protease (52.9 £ 1.23%), cellulase (84.8 £ 2.56%) and
-1.3 glucanase (60.5 £ 2.32%) [64] and Trichoderma isolates T2, T8, T9, T10, T11, T16, T17,
and T20 recorded the strong production of chitinase, 3-1,3 glucanase, protease, and cellulase
that exhibited high inhibitory activity against A. rolfsii in dual culture [65]. The T. virens
isolates V-19, and V-21 exhibited the highest enzyme activities like cellulase (30.31 IU/myg,
16.75IU/mg), 3-1,3 glucanase (19.01 IU/mg, 16.46 IU/mg), chitinase (24.21 IU/mg, 22.71
IU/mg), protease (17.13 IU/mg, 18.20 IU/mg) respectively, and T. harzianum isolate H10
also possessed the highest enzyme activity viz., cellulase (18.09 IU/mg), 3-1,3 glucanase
(16.44 IU/mg), 3-1,4 glucanase (17.81 IU/mg), Chitinase (88.80 IU/mg), Protease (23.88
IU/mg) recorded during interation with A. rolfsii [66].

It is known that Trichoderma spp. produces a variety of bioactive secondary metabolites
with anti-microbial properties against a variety of phytopathogens, primarily soil-borne
pathogens [67]. In the present study, secondary metabolites were profiled using GC-MS
analysis from seven T. asperellum isolates selected based on the bio-efficacy tested. 2H-Pyran-
2-one, dienolactone, a-pyrone, and harziandione are the volatile secondary metabolites
that have antifungal activity and are produced by Trichoderma spp. From our GC-MS
study, we found that the maximum production of antifungal VOCs from isolate A10 is
2H-pyran-2-one, dienolactone, x-pyrone, and harziandione. Among them, 2H-Pyran-2-
one is the most important compound, having antifungal activity against various plant
pathogens as per the previous studies. The compound 6-pentyl-2H-pyran-2-one (6-PP),
an important volatile compound recorded from the T. asperellum isolates Ta2, Ta12, Tal7,
Ta20, and Ta45 through GC-MS analysis having the peculiar character of coconut odor with
anti-microbial activity [68]. The 6-PP recorded from the T. asperellum possessing a powerful
antifungal compound against Magnaporthiopsis maydis and the purified 6-PP compound
(30ug/seed) used in seed coating, and the treatments reduced the symptoms (up to 20%),
pathogen infection (94-98%) and improved plant biomass by 90-120% and cob weight by
60% [69]. The 6-PP has a significant inhibitory effect on turf dollar spot and recorded good
control efficacy recorded both in in-vitro and in-vivo studies [70]. The 6-PP reported from
T. asperellum PT-15 showed the antifungal effects by applying a nutrient solution containing
25 mg/L 6-PP significantly suppressed the fusarium wilt with 70.71% efficacy and a 27.23%
disease index [71].
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A TLC assay was conducted to identify the number of bands present in the ethyl
acetate extract and to analyze the metabolites produced by the biocontrol agents under two
solvent systems [72,73]. TLC results exhibited many bands from tested isolates representing
major metabolites present in the ethyl acetate extract. Among the two solvent systems
used for the purpose, hexane: ethyl acetate (1:1) was found to be suitable for the separation
of the metabolites, which correlates with the previous report confirmed the presence of
metabolites using hexane: ethyl acetate (1:1) solvent system and verified the detection
of carboxylic acid as it formed as yellow spot when sprayed using bromocresol green in
laccase mediated Reactive Black 5 biodegradation by the T. atroviride FO3 [74].

This solvent system is then recommended for the isolation of the metabolites for
further structural elucidation using various spectrometric techniques. However, from the
TLC analysis, we observed the formation of two clusters, viz., high promising isolates as
one cluster and moderate to low promising isolates as another cluster, in the dendrogram
generated based on banding patterns among the isolates. We may conclude from these
findings that there is a high correlation between metabolite profiles, hydrolytic enzyme
production, space, nutrient competitiveness, priming of defenses in plants, and their
potential as biological agents against A. rolfsii.

5. Conclusions

In recent years, biological control has received increasing attention as a promising
alternative to chemical control of plant pathogens. In the present study, T. asperellum isolate
A10 was found to be a promising antagonist for the management of A. rolfsii when tested
under lab and greenhouse conditions. Our study also suggested that the application of
T. asperellum before the establishment of the disease reduces the incidence of collar rot
significantly. GC-MS analysis revealed the production of various antifungal secondary
metabolites such as 2H-Pyran-2-one, dienolactone, x-pyrone, harziandione, butanediol,
and dimethyl disulfoxide involved in the antagonistic mechanism. We found that isolate
A10 produced the 2H-Pyran-2-one with the maximum relative area and retention time,
playing a pivotal role in the antagonistic activity. We also observed that isolate A10
produced the maximum production of various hydrolytic enzymes like (3-1,3 glucanase, (3-
1, 4 glucanase, and protease, which are involved in antagonistic effects on A. rolfsii. Our
findings collectively imply that T. asperellum and its anti-microbial substances have great
potential to successfully manage collar rot diseases. Since BCAs perform differently under
varied climatic conditions, there is a need to evaluate their efficacy at multiple locations
and across multiple crops to confirm their robustness and potential.
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asperellum isolates; L is 1000-bp DNA ladder; Figure S3: PCR amplification patterns in 3-tubulin with
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TLC plates showing many spots of metabolites (A) Long UV light range (B) Short UV light range in the
solvent system: Hexane: Ethyl acetate (9:1) (C) Long UV light range (D) Short UV light range in the
solvent system: Hexane: Ethyl acetate (1:1).
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Abstract: The cabbage butterfly, Pieris brassicae Linnaeus (Lepidoptera: Pieridae), is an oligophagous
and invasive insect pest of various economically important cole crops. Recently, there have been
reports about an increase in the incidence and damaging activities of cabbage butterflies, signifying
that the existing control methods fail to meet the grower’s expectations. Entomopathogenic nema-
todes (EPNs) and their endosymbiotic bacteria have immense potential for the control of a wide
range of insect pests. In this investigation, the EPN species Steinernema carpocapsae and its associated
bacterial species, Xenorhabdus nematophila, were isolated and identified through morphological and
molecular techniques. The laboratory bioassay experiment was performed using S. carpocapsae and X.
nematophila against the 3rd instar larvae of P. brassicae (25 + 1 °C; RH = 60%). The efficacy of EPN
suspension (30, 60, 90, 120, 150 IJs/mL) and bacterial suspension (1 x 10%,2 x 10%,3 x 10%, 4 x 10%,
and 5 x 10* CFU/mL) via contact and oral routes showed significant mortality among the larvae. Sur-
prisingly, 100% insect mortality within 48 h was recorded in the bacterial inoculum 5 x 10* CFU/mL.
However, in the case of EPNs (S. carpocapsae), 150 IJs/mL caused the highest, 92%, larval mortality
rate after 96 h. The results signify that both indigenous EPNs and their associated bacteria can
provide efficient control against P. brassicae larvae and could effectively contribute to IPM programs.
However, further analyses are required to authenticate their effectiveness in field conditions.

Keywords: diversity; entomopathogenic nematodes; infective juveniles; Steinernema

1. Introduction

Insects are phytophagous organisms, with >85 percent of species containing more
than 9 lakh identified insects [1]. Numerous agricultural insect pests, along with forest
encroaching species, contribute to losses of approximately 76.9 billion USD per year, and it
is a need of the hour to control the effects of insect bio-invasion worldwide [2]. Currently,
phytophagous insect invasion has intensified due to global warming projects [3] that might
contribute to the expansion of pest populations, empirical exceedance in outbreaks, and
geographical spreading of several species, resulting in huge economic impairments and a
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decline in food safety [4]. Among insect arthropods, lepidopteran insect pests are causing
substantial damage to agricultural produce. Pieris brassicae (the cabbage butterfly) is a
destructive polyphagous pest that is responsible for huge economic losses to the crucifers [5]
and is one of the limiting factors in crop production worldwide. Along with the crucifers,
they also feed upon plants of the Tropaeolaceae, Resedaceae, and Capparaceae families [6],
causing over 50% losses in production every year [7].

The management of cabbage butterflies is challenging due to their wide host range,
feeding habits, and high reproduction potential. A wide spectrum of chemical-based insec-
ticides and pesticides have been employed by farmers worldwide to protect their crops
from invasive damage. The pesticides used are quite expensive and unsafe. The consump-
tion of pesticides not only decays soil prolificacy but also affects the intrinsic habitats of
advantageous organisms and causes resistance among insect pests [8-10]. Additionally,
education and consciousness concerning the risks associated with pesticide consumption,
including pollution, contamination, resistance, pest revival, and effect on other non-target
creatures has risen. The consequences raised by these chemical-based formulations have
drawn attention to a better and safer alternative. Continuous research in this field is being
carried out, and an alternative means of insect pest control without affecting natural entities
has emerged as “Biological control”. The utilization of bio-agents, such as indigenous
EPNs, is the best way to tackle insect pest problems.

The word “Entomopathogenic” is integrated from two different words: first enfomon,
related to insects, and pathogen, related to causing disease. Thus, EPNs are responsible for
causing diseases in various insects [11]. Phoretic, communalistic, symbiotic, obligatory, and
facultative interactions have been recorded among nematodes and insects [12]. The EPN
order Rhabditida belongs to two families, i.e., Heterorhabditidae [13] and Steinernemati-
dae [14]. Genera Steinernema (Steinernematidae) and Heterorhabditis (Heterorhabditidae)
exhibit a total of 117 species of EPNs, with 100 species described from Steinernema and
17 species from the genus Heterorhabditis [15]. The nematodes showed mutualistic alliances
with the bacterial species that inhabit their alimentary canals and are responsible for form-
ing nemato-bacterial complexes [16]. The EPNs of genus Steinernema showed mutualistic
association with the bacterial genus Xenorhabdus whereas Heterorhabditis showed mutual
interrelation with the bacterial genus Photorhabdus, respectively [17-19]. They are well-
established biocontrol agents (BCAs) that play an imperative role in virulence and have
been successfully employed against agricultural insect pests in different management
strategies [20-22]. Third-stage juveniles, or infective juveniles (IJs), or dauer juveniles, are
actually responsible for invading and parasitizing the host insect [23]. The symbiotic bacte-
ria of EPNs releasing toxic substances upon invasion into the hemolymph and multiply
there [24].

The correct and precise recognition of EPNs is the initial and prime exigency to
accomplish any biological control attribute. Additionally, they are eco-friendly, economic,
and conservative in nature [25-27]. Keeping this in mind, a survey was conducted to
explore EPN incidence in Himachal Pradesh and to isolate the bacteria associated with
these EPNs in order to evaluate their virulence capacity towards cabbage butterfly larvae
under laboratory conditions.

2. Materials and Methods
2.1. Survey and Sample Collection

Soil-inhabiting entomopathogenic nematodes are usually found naturally in all types
of soils, but their incidence is high in undistributed soil. A survey study was conducted
during 2018-2021, and soil samples were collected from the undisturbed land of forests
and fruit orchards of district Shimla (altitude range between 1021 and 2276 m), Himachal
Pradesh, as this region is known as the “fruit bowl” of India and is chiefly a horticulture
state that produces and exports apples, peaches, plums, apricots, cherries, and pears to
other states. The soil was sampled from the vicinity of plant roots at a depth of 15-30 cm
with the help of a spade and hand shovel. The samples were brought into the experimental
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laboratory after proper labelling of details such as host plant name, locality, date, district,
village, type of soil, and altitude [28]. The isolation of EPNs was done via the soil baiting
technique [29]. For this, stones, detritus, and leaf litter were removed, and soil was
filled into the plastic containers after proper labelling [30]. The soil baiting technique
requires insect baits, so Galleria mellonella and Corcyra cephalonica were used as bait. In
this technique, 5-10 last instar larvae of bait insects were kept in plastic containers with
soil. The containers were searched for larval mortality after every 48 h up to 120 h. The
dead insect cadavers were separated and removed regularly from the containers. These
cadavers were investigated, and the existence of nematodes was explored using the white
trap method [31]. The emerging nematodes were collected from the white trap and stored
in the flask before being transferred to the roux bottle. The incidence of EPNs was assessed
using the formula given by Norton [32].

2.2. In-Vivo Mass Multiplication of EPNs

The isolated nematodes were further mass multiplied under laboratory conditions
using G. mellonella larvae, followed by the white trap methodology for nematode extraction.
The isolated nematodes were stored in two forms: (i) directly as suspension in the roux
bottle and (ii) in a sterilized synthetic sponge. They were stored at 12-15 °C.

2.3. Morphological Observations of Entomopathogenic Nematode

The isolated nematodes were examined live as well as after being sacrificed, fixed, and
mounted. Nematodes were sacrificed and fixed with formalin (4%) fixative, and mounting
was carried out using anhydrous glycerine [33]. A total of 10 nematode specimens from
each life stage were collected randomly and observed for morphological analysis. The
measurements were taken using a compound microscope (Leica DM750) equipped with
Leica Application Suite (LAS) version 4.12. The morphological studies were carried out in
accordance with the taxonomic keys [34], and the body ratio depiction was made on the
basis of the formula given by de Man [35].

2.4. Isolation of Bacteria Associated with Entomopathogenic Nematode

The bacterium associated with the EPNs was also isolated following the methodology
given by Thakur et al. [36]. To isolate bacterial endosymbionts from EPNs, 50-100 IJs
were taken into an Eppendorf tube (1.5 mL). In this tube, 1 mL of 1% sodium hypochlorite
solution was added for surface sterilization (4—6 min). The suspension was spun in the
microcentrifuge for 5 min at 5000 rpm for the collection of sterilized IJs. The IJs pellet was
resuspended in double distilled water and washed 3-5 times. After washing, the IJs were
placed into a sterilized mortar and pestle and crushed properly. After crushing, a few drops
of crushed nematodes were placed onto the Petri plate containing Nutrient Bromothymol
Blue Tetrazolium Chloride Agar (NBTA) medium. The drops were spread over the plate
with the help of a sterile spreader. The plates were then placed into the bacteriological
incubator at 28 &+ 1 °C for 24-48 h. Lawns of bacterial colonies appeared on the Petri plate
after 48 h. A single colony of bacteria was chosen and re-streaking was carried out using a
sterile loop until a pure uniform colony was achieved. The culture was stored under the
nutrient broth (NB) media and used for DNA isolation as well as for the bioassay study.

2.5. Molecular Characterization of Entomopathogenic Nematode and Bacteria

Molecular characterization was carried out in the molecular laboratory at ZSI, HARC-
Solan. The genomic DNA from the nematodes and bacteria was procured using the Qiazen’s
Dneasy® blood and tissue kit-based method. Before proceeding to DNA isolation, 500 ne-
matodes juveniles were stored in ethanol inside the Eppendorf tube (2 mL) and centrifuged
at 12,000 rpm for 3 min. The supernatant was discarded, and the pellet was kept for drying,
which was then transferred into the deep freezer (—20 °C). The nematode pellet was crushed
using a micropestle inside the tube. The DNA was isolated, and the quantification of the
extracted DNA was carried out using 0.8% agarose gel electrophoresis. The DNA quality
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was confirmed by visualizing the gel under the gel documentation unit (Alpha-Imager).
The amplification of the isolated nematodes DNA was carried out, and the ITS region of the
rDNA was amplified using the forward primer (18S: 5’-TTGATTACGTCCCTGCCCTTT-3')
and the reverse primer (26S: 5'-TTTCACTCGCCGTTACTAAGG-3').

After that, the isolation of DNA from bacteria was carried out, and bacterial colonies
were inoculated into 2 mL microcentrifuge tubes containing nutrient broth media and
incubated for 24 h prior to extraction. The tubes were centrifuged, and the bacterial pallet
was used for the isolation of DNA. The amplification of 16S rRNA was carried using
pA/pH primers: forward primer pA (5'-AGAGTTTGATCCTGGCTCAG-3') and reverse
primer pH (5'-AAGGAGGTGATCCAGCCGCA-3).

For the PCR amplification of nematode DNA, 25 uL reaction tube was prepared that
contained genomic DNA 2.0 uL, Taq buffer (10X) 4.0 uL, MgCl, (25 mM) 1.0 uL, dNTPs
(1 mM) 1.0 uL, primer forward 1.0 pL, primer reverse 1.0 uL, Taq polymerase 1.0 pL and
Mili Q water 14 pL. The amplifications were accomplished in a gradient thermal cycler
machine (Applied Biosys VeritiPro Thermal Cycle). The first step consisted of pre-heating
the thermal cycler machine to 95 °C, followed by denaturation for 3 min at 94 °C. The
third step involved annealing for 1 min at 55 °C and then for an extension of 1 min 30 s at
72 °C. The process was repeated for up to five cycles and was again followed by 30 s of
denaturation at 94 °C; double annealing at 55 °C for 3 min; extension at 72 °C for 1 min;
and, finally, extension of 5 min at 72 °C for up to 35 cycles to ensure the full length of
amplified fragments. The amplified product was stored at 4 °C, which was later transferred
to —20 °C.

Similarly, in bacterial DNA amplification, a 25 pL reaction tube was prepared and
contained genomic DNA 2.0 uL, Taq buffer (10X) 4.0 uL, MgCl, (25 mM) 1.0 uL, dNTPs
(I mM) 1.0 uL, primer forward 1.0 pL, primer reverse 1.0 uL, Taq polymerase 1.0 uL, and
Mili Q water 14 pL. The optimized PCR conditions include initial denaturation at 95° for
2 min, followed by denaturation at 94 °C for 30 s, followed by annealing at 54° for 30 s,
then extension at 72 °C for 2 min, and final extension at 72 °C for 10 min for up to 35 cycles,
and then storage at 4 °C.

The products after the PCR reactions, using primers, were observed on 1.2% agarose
gels and their sizes were determined by comparison with the DNA ladder (100 bp). The am-
plified PCR products of the nematode genome were sent to the Eurofins Analytical Services
India Pvt. Ltd. (Bengaluru, India) for sequencing. After sequencing, a phylogenetic tree of
the obtained sequences was constructed, and the reverse sequence was antisense reversed.
Using these sequences, 10 corresponding or similar sequences were downloaded from
GenBank, NCBI. Multiple sequence alignment (MSA) of all the sequences was carried out
using ClustalW (with a gap opening penalty for multiple alignments of 12 and an extension
of 10) using MEGA v 11.0. A phylogenetic tree was constructed using maximum likelihood
in bootstrapping 100, using the Tamura 3-parameter model. Gaps and missing data were
treated as complete deletions [37]. The partial sequences were submitted to the National
Centre for Biotechnology Information (NCBI) and accession numbers were assigned.

2.6. Evaluation of EPNs Infectivity

Rearing of Pieris brassicae was carried out in the laboratory following the methodology
given by Tomar et al. [38]. A petri plate bioassay experiment was performed to evaluate
the infectivity of S. carpocapsae and X. nematophila against the 3rd instar larvae of P. brassicae
under laboratory conditions. Two bioassay experiments were performed separately, in
which one experiment contained EPNs suspension and another contained bacterial suspen-
sion. The nematodes were used at concentrations of 30, 60, 90, 120, 150 IJs/mL as well as a
control. The bacterial suspension was applied at a rate of 1 x 10%,2 x 10%, 3 x 104, 4 x 10%,
and 5 x 10* CFU/mL with absolute control. Healthy, laboratory-reared 3rd instar larvae of
P. brassicae were kept in the petri plates at a rate of 10 larvae per petri plate along with food
(cabbage leaves). Each treatment was replicated five times, and in the control, only 1-2 mL
of distilled water was applied. The Petri dish was incubated at 26 + 1 °C. Insect mortality
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was checked after 24, 48, and 96 h of bacterial inoculation, and the data were recorded daily.
The experiment was conducted in a completely randomized design. The data recorded
on the insect mortality under laboratory conditions were subjected to statistical analysis,
and the significance of the results was determined. The corrected percent mortality was
analyzed using Abbott’s formula [39]. The analysis of variance (ANOVA) was evaluated
(three factorial analysis) using arcsine transformation on software (Op Stat) developed by
HAU, Haryana. A Tukey’s post hoc test was executed for pairwise comparisons between
the EPNs and bacterial treatments.

3. Results
3.1. Entomopathogenic Nematode Occurrence in (Surveyed) Soils

For the soil sampling survey, a total of 31 soil samples were gathered from Chhupari,
Rampur, Badiyara, Shimla, Fagu, and Jabbal and processed using the soil baiting technique
with G. mellonella and C. cephalonica larvae (Table 1). Out of these 31 samples, only 5 were
observed positive for EPNs, which included 4 Heterorhabditis and 1 Steinernema species
based upon the infected cadaver appearance. The overall frequency of Steinernema sp.
occurrence was 25% from an apple orchard in the Fagu region. Furthermore, the isolated
Steinernema sp. strain EUPT-R2 was mass multiplied under laboratory conditions using
G. mellonella and C. cephalonica larvae. The average infective juveniles (IJs) produced by G.
mellonella were 66,036 (55,120-67,154) and C. cephalonica 48,320 (42,532-50,795) IJs/larva.

Table 1. Distribution and frequency of occurrence of entomopathogenic nematodes.

Location/ Vegetations Total No. of Samples Having Samples without Frequency of
Villages 8 Samples EPNs EPNs Occurrence (%)
. Peach, Apple, Pear,
Chhupari Cucumber and Plum 05 01 04 25
Rampur Apple and Persimmon 04 - 04 -
Badiyara Peach and Apple 06 01 05 16.67
. Apricot, Plum, Cherry,
Shimla Apple, Pear, Peach 05 ) 05 )
Fagu Apple 05 01 04 25
Jabbal Pear, Apple and Apricot 06 02 04 33.33

The isolated nematodes were identified on the basis of their morphological observations based on the species-
specific diagnostic keys.

3.2. Morphological and Molecular Characterization of EPNs

The morphometrics of infective juveniles, adult males, and adult females corresponded
with Steinernema carpocapsae, Weiser. The 10 individual infective juveniles, female and male,
were observed morphologically. The IJs were much narrower, 508.00-598.00 um in length,
23.64-26.58 pm in width, and the esophagus and intestinal region were collapsed. The
nerve ring distance from the anterior end was 72.00-86.00 pum, the mouth was closed, the
tail was pointed, and the lateral line fields were clearly visible. The excretory pore distance
from the anterior end was 30.00-35.00 um, the pharynx distance from the anterior end was
111.50-123.00 pm, and the tail length was 48.00-54.00 pum.

Females (n = 10) were somewhat larger in size, 3210.00-4060.00 pm in length and
183.00-211.00 um, with a smooth cuticle and slightly rounded head, united lips, and a
collapsed stoma. Pharynx distance from the anterior end was 180.00-196.00 um, with a
Rhabditoid esophagus. Anterior-to-basal bulb nerve ring was present surrounding the
isthmus, and reflexed amphidelphic gonads and the vulval region showed protuberance.
The tail was conical with a spiny tip and was 42.0049.00 pm in length. Males (n = 10)
are anteriorly similar to females, with a truncated, slightly rounded head, smooth cuticle,
1080.00-1658.00 pm in length, and 78.00-113.00 pm in width. The nerve ring distance from
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the anterior end was 93.00-124.00 um, with a partially collapsed stoma, an absent collar,
and the presence of a small amphid. The excretory pore distance from the anterior end was
48.00-72.00 um, and the pharynx distance from the anterior end was 138.00-164.00 um. The
testis was reflexed, and the paired spicule was slightly curved and symmetrical. Spicule
has a wider head, tapered gubernaculums, and a tail bearing genital papillae. The tail was
28.00-34.00 umwithmucron and no bursa (Figure 1).

Figure 1. Morphological observations of S. carpocapsae Weiser, 1955 (a) Entire infective stage juvenile;
(b) Anterior end of female; (c) Vulval region with epiptigma; (d) Female tail region; (e) Male tail
region with mucron.

The results obtained through amplified PCR products showed a band size of 850 bp in
the agarose gel electrophoresis run with a 100 bp ladder. The blast comparison based upon
the ITS region amplification showed that the Steinernema sp. strain EUPT-R2 exhibited
99.38% sequence similarity and 99% query cover with S. carpocapsae (MK977607). The
sequence was submitted to the gene bank with accession number OP295355. The calculated
patterns of nucleotide substitution in the isolated taxon were T = 37.8; C = 16.3; A = 23.6;
and G = 22.3 (Figure 2).

3.3. Identification and Molecular Characterization of the Endosymbiotic Bacteria

Initially, the identification of bacteria was carried out based on morphological charac-
teristics. The bacterial colony appeared maroon on the blue agar, and, after Gram staining,
it was found to be Gram-negative, rod-shaped, a facultative anaerobe, and motile. The
genomic DNA of a bacterium was isolated and amplified using 165 and 18S gene sequenc-
ing. The blast comparison of 16S gene amplification in EUDPTB-R2 attributes 99.35%
sequence similarity and 100% query cover with X. nematophila (MW619913). The sequence
was submitted to the gene bank with accession number OQ842895. The calculated patterns
of nucleotide substitution in the isolated taxon were T = 18.6; C = 22.1; A = 24.7; and
G = 34.6. Based on gene amplification, the phylogenetic tree was constructed using the
neighbor-joining method (Figure 3).
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Figure 2. Phylogenetic relationships of nematode isolates with 10 isolated of Steinernema species based
on ITS-rDNA sequences using neighbor joining (NJ) method. The Caenorhabditis elegans (AY523511)

marked with blue circle was used as out group. The presented values at the nodes are in the form of
bootstrap in ML. The green frame with red triangle denotes the nematode isolate identified during

this study.
=1 Xenorhabdus nematophila (MW619913)
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Figure 3. Phylogenetic relationships of bacterial isolates with 10 isolates of Xenorhabdus species based
on 165-rRNA gene sequences using neighbor joining (NJ) method. The Proteus vulgaris (NR 115878)
marked with green circle was used as out group. The presented values at the nodes are in the form of
bootstrap in ML. The green frame with blue triangle denotes the bacterial isolate identified during
this study.

3.4. Entomopathogenic Capacity of Isolated EPN Species and Associated Bacterium

During the present investigation, the entomopathogenicity of EPNs (30, 60, 90, 120,
and 150 IJs/mL) and their associated bacteria (1 x 10%, 2 x 104, 3 x 10% 4 x 10%, and
5 x 10* CFU/mL) was evaluated against the 3rd instar larvae of P. brassicae. A bioassay
experiment showed the highest mortality (92%) was recorded at the highest nematode
inoculum concentration (150 IJs/mL) after 96 h of infection (Figure 4). Considerable
variations have been observed in insect mortality at various inoculums that vary from
45, 58, 64, 82 to 92% after 96 h of nematode inoculation (F =13.647; DF = 5; p < 0.05). A
significant increase in larval mortality rate was recorded as exposure time increased.
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Figure 4. Pathogenicity caused by different concentrations of Steinernema carpocapsae in 3rd instar
larvae of Pieris brassicae; Letters in front of bars showed all pairwise comparisons with statistical
ranking from Tukey’s post hoc test n = 5 for each nematode treatment. Error bars corresponds to the
standard error.

The EPN-associated bacterium X. nematophila also caused significant mortality among
insect larvae. The highest concentration of bacterial suspension (5 x 10* CFU/mL) resulted
in 100% larval mortality within 48 h. A noticeable difference in the mortality rate was
observed after the application of different concentrations of bacterial suspension. The
mortality ranges vary from 94, 96, 100 to 100% after 96 h of bacterial inoculation (F = 258.01;
DF =5; p < 0.05). Amongst both of these treatments, applications of different concentrations
of X. nematophila caused rapid infectivity, followed by insect mortality (Figure 5).
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Figure 5. Pathogenicity caused by different concentrations of Xenorhabdus nematophila in 3rd instar
larvae of Pieris brassicae; Letters in front of bars showed all pairwise comparisons with statistical
ranking from Tukey’s post hoc test n = 5 for each bacterial treatment. Error bars corresponds to the
standard error.

4. Discussion

The isolation and identification of infinitesimal EPNs is quite difficult and thus neces-
sitates greater attention during these processes. The isolation of EPNs and mass multiplica-
tion using the insect baiting technique has been mentioned by many researchers. During
the present investigation, EPN S. carpocapsae was isolated and mass multiplied using C.
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cephalonica and G. mellonella larvae, showing that the average infective juveniles (IJs) pro-
duced by G. mellonella were 66,036 (55,120—-67,154) and C. cephalonica 48,320 (42,532-50,795)
IJs/larva. The results were also supported by an earlier study, where 54,347, 44,697, and
36,860 IJs of S. carpocapsae were recorded on large, medium, and small-sized larvae of C.
cephalonica [40]. The highest 71,532.0 IJs/larva were recovered during the in vivo mass
multiplication of S. carpocapsae on G. mellonella larvae [41].

The taxonomic identification of genus level has been considered unstable due to
overlapped morphological characteristics. With the advancement of molecular techniques,
morphological observations can be accompanied with molecular observations that have
been considered stable. The analysis of nucleotide sequences has also been effective
for providing the phylogenetic relationship amongst the nematodes. On the basis of
morphological and morphometrical analysis, the juveniles and adults of isolated EPNs
resembled S. carpocapsae [42,43]. Earlier, H. bacteriophora, Steinernema sp. and S. feltiae were
recovered from the apple orchards of Himachal Pradesh, India [44]. Steinernema glaseri,
Steinernema thermophilum, and H. indica recovered from Meghalaya, India [45]. Based
upon the amplification of the ITS region, the EPNs for Steinernema sp. strain EUPT-R2
attribute 99.38% sequence similarity with S. carpocapsae. Earlier, H. bacteriophora and S.
carpocapsae were reported from Uttar Pradesh (India) using morphological and molecular
analyses [46,47]. S. carpocapsae was identified on the basis of morphological and molecular
characterization in Italy (Veneto) [48].

The nematodes genus Steinernema showed mutualistic alliance with the bacterial
genus Xenorhabdus. The mutualism between both partners is highly specialized and both
of them are mutually benefitted. Here, in this study, S. carpocapsae-associated bacteria, X.
nematophila, was isolated and identified morphologically as well as molecularly. Similar ob-
servations were recorded by researchers in Cauca-Colombia [49]. S. carpocapsae (MK350941),
S. monticolum (MK503674), and Rhabditis blumi (MN453373) were isolated and identified on
the basis of 185 rDNA sequencing from the tropical and subtropical agro-ecosystems of
Tamil Nadu, India [50]. The nematode-associated bacterial isolates X. nematophila were also
identified morphologically, biochemically, and molecularly. Earlier, X. nematophilus from S.
carpocapsae was isolated in Korea [51].

EPNs and their symbionts have been known for their virulence activities against insect
pests since ancient times. During this investigation, a laboratory bioassay experiment was
conducted for the estimation of the insecticidal potential of S. carpocapsae and X. nematophila
against the 3rd instar larvae of P. brassicae. Amongst both of these treatments, applications
of different concentrations of X. nematophila caused rapid infectivity followed by insect
mortality. The observations of the current findings are supported by previous observations
that showed 100% larval mortality in the early instars after 96 h [45,52-54]. It was also
suggested that increased exposure time significantly increased larval mortality and vice
versa [55]. In total, 72.08% and 85.38% larval mortality was recorded among 2nd and 4th
instar larvae upon treatment with H. bacteriophora [56]. The mortality rate of 67.42 and
69.50% was recorded among the 2nd and 4th instars upon treatment with S. feltize. High
insect mortality was recorded among the 3rd and 4th instar larvae with the inoculum of
200 IJs, which is similar to the observations of this investigation [57]. In total, 100 percent
mortality was recorded among all larval stages of the cabbage butterfly after exposure to S.
glaseri and H. bacteriophora [58].

High mortality in P. brassicae larvae was recorded by several researchers upon treat-
ment with native EPN isolates from Himachal Pradesh [56,59]. The virulence of Xenorhabdus
sp. was also reported against mushroom mites [60]. EPNs and their associated bacteria
were found to be highly effective in managing the 3rd and 4th larval instars of Pieris rapae
and Pentodonal gerinus [61]. The Xenorhabdus and Photorhabdus bacteria (cell suspensions
and cell-free supernatant) applied for the management of Agrotis ipsilon and good man-
agement potential was recorded [62]. The biocontrol potential of Steinernema sp. and their
symbiontic bacteria, Xenorhabdus sp., was also found to be effective for the management of
Ephestia cautella larvae [63].
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5. Conclusions

Entomopathogens have been known to manage insect populations for years. Stein-
ernema carpocapsae (OP295355) has been isolated from the apple (Malus domestica) orchards
of the district of Shimla, Himachal Pradesh. The bacteria associated with this EPN species
were recognized as X. nematophila (OQ842895). The laboratory bioassay experiments were
performed using different concentrations of S. carpocapsae and X. nematophila against the
3rd instar larvae of P. brassicae. Among both of these treatments, applications of different
concentrations of X. nematophila resulted in rapid infection and faster mortality when
compared with EPNs. It can be concluded from the present investigation that the soil
environment of the fruit orchards of Himachal Pradesh provides an excellent habitat to
proliferate the entomopathogenic nematodes naturally in the environment. Further survey
studies are required to explore nematode diversity and evaluate their biocontrol attributes
in this region.
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Abstract: White rot, caused by Stromatinia cepivora (Anamorph: Sclerotium cepivorum Berk), is a serious
soil-borne disease of the onion that restricts its cultivation and production worldwide. Herein, we
isolated and characterized a plant growth-promoting rhizobacterium Stenotrophomonas maltophilia
from healthy onion roots and an endophytic bacterium Serratia liquefaciens from healthy bean leaves.
Both isolates showed strong fungistatic activity against S. cepivora using the dual culture and culture
filtrate methods. This effect might be due to the presence of several volatile compounds, especially
menthol in both culture filtrates as shown with a GC-MS analysis. Additionally, the root drench
application of cell-free culture filtrates of S. maltophilia and S. liquefaciens significantly reduced the
incidence and severity of white rot disease on treated onion plants, which was associated with
the activation of both enzymatic (POX and PPO) and non-enzymatic (phenolics and flavonoids)
antioxidant defense machineries of S. cepivora-infected onion plants. Moreover, the culture filtrates of
both bacterial bioagents remarkably enhanced the growth (as expressed by root length, plant height,
and number of leaves) and yield parameters (as indicated by bulb circumference, fresh weight of the
bulb, and bulb yield per plot) of treated onion plants under field conditions during two successive
seasons (2020/2021 and 2021/2022). This might be because of a reduced disease severity and/or
the accumulation of the main auxin, indole-3-acetic acid (IAA), and its precursor, the amino acid
tryptophan. Our findings suggest that both bioagents might be utilized as eco-friendly alternative
control measures to reduce the utilization of chemical fungicides entirely or partially for the safer
production of onion in S. cepivora-infested soils.

Keywords: onion; biocontrol; white rot; Sclerotium; Stromatinia; Stenotrophomonas; Serratia; dual
culture; cell-free culture filtrate; menthol; IAA

1. Introduction

An onion (Allium cepa L.) is one of the oldest vegetable crops known to humans, as
its cultivation dates back more than 5000 years [1], and, nowadays, it is one of the most
cultivated vegetables all over the world. It is an important crop grown in Egypt and
worldwide, whether for local consumption or exportation. Onions are rich in chemical
compounds that have medical importance, such as flavonoids [2]. The global production
of onions reached 106.59 million tons and the harvested area was 5.78 million hectares in
2021 [3]. Additionally, Egypt cultivated 94,457 hectares of onions, yielding 35.0684 tons per
hectare, with a total production of 3.31 million tons [3]. An onion is attacked by several
phytopathogens such as viruses, bacteria, fungi, and nematodes, which cause serious
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diseases and economic losses [4]. However, white rot disease caused by Sclerotium cepivorum
Berk (teleomorph: Stromatinia cepivora) is the most serious disease and a limiting factor for
onion production worldwide [5]. S. cepivora is a soil-borne fungus that can attack onion
roots from seedlings to the harvest stage, resulting in plant death during a season [6].

The ascomycetous S. cepivora is a necrotrophic fungus that can infect numerous sus-
ceptible Allium species, particularly onions, leeks, and garlic, causing white rot disease.
Although S. cepivora does not produce any known asexual spores, it survives and overwin-
ters as sclerotia (the survival stage) [7]. Sclerotia are small, black, globular, solid structures
that are produced by the pathogen at the end of its life cycle and can resist unfavorable
environmental conditions and remain dormant in the soil for years even without a host [7].
It was reported previously that an unpredictable quantity of sclerotia produced naturally
on infected hosts might decay shortly after the formation for unknown reasons; however,
sclerotia that survive beyond the decay period are probable to persist viably for 20 years
in the soil under field conditions in the absence of host plants [8]. Although sclerotia can
spread from field to field through unsuccessful sanitation practices such as soil movement
and/or contaminated water, only Allium root exudates stimulate sclerotia germination,
which remains as the host range limited to Allium species [9].

Management of onion white rot is incredibly challenging and requires multi-pronged
strategies due to the above-listed characteristics of sclerotia. These strategies include but
are not limited to cultural controls such as crop rotation with nonhost plants, sanitation
such as soil solarization [10], biological control using sclerotia germination stimulants,
composted onion waste [11], or fungal and bacterial bioagents [12,13]. Although an indi-
vidual control method does not give the desired level of disease management, chemical
fungicides are considered the most effective means used to control this disease [14]. Despite
the effectiveness of synthetic fungicides, the extensive and repeated use of these fungicides
results in several environmental problems and has undesirable effects on humans, animals,
and non-targeted microorganisms. Moreover, fungicides might disrupt natural biological
systems via the development of fungicide-resistant fungal strains [15,16]. Consequently, it
is necessary to prompt an intensive search for cheap eco-friendly alternatives that are safer
for humans, animals, and the environment.

Biological control of soil-borne phytopathogens is a potential alternative to reduce the
use of hazardous chemical fungicides entirely or partially. Biological control is one of the
most sustainable alternative methods in controlling plant diseases due to its low cost and en-
vironmental friendliness [17,18]. Direct mechanisms/mode-of-actions of biological control
against soil-borne phytopathogenic fungi involve, but are not limited to, antibiosis, cross-
protection, hyperparasitism, predation, soil amendments, induced systemic resistance (ISR),
as well as competition for a site and nutrient [17,18]. Moreover, plant growth-promoting
rhizobacteria (PGPR) are considered one of the most important biological control agents
for plant diseases that colonize the roots of many plants [19]. Stenotrophomonas maltophilia
is a widespread PGPR that is isolated from the rhizosphere of many plants [20] such as
cruciferous, corn, and beets [21]. Additionally, Garbeva et al. found that S. maltophilia
colonizes and persists inside the tissues of potato plants [22]. S. maltophilia was effective in
inhibiting the mycelial growth of Rhizoctonia solani, Verticillium dahliae [23], Sclerotium rolf-
sii [24], and Pyricularia oryzae (sexual morph Magnaporthe oryzae) [25]. Moreover, it had
an antagonistic effect against Ralstonia solanacearum in vitro and on potato plants under
greenhouse conditions [20].

On the other hand, endophytic bacteria could be isolated from different parts of a plant
including roots, stems, leaves, flowers, fruits, and seeds, and be used in biological control
for plant diseases [26]. Endophytic bacteria colonize the internal tissues of plants without
causing any negative effects or disease symptoms [27]. In addition, they were identified
as effective biological control agents for a variety of plant diseases [26]. Serratia liquefaciens
is an endophytic bacterium isolated from Pinellia ternata for the first time by Liu et al. [28].
Additionally, S. liquefaciens and S. proteamaculans were investigated for their antifungal activity
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against several phytopathogenic fungi including Sclerotinia sclerotiorum Fusarium oxysporum,
Rhizoctonia solani, Botrytis cinerea, and Alternaria alternata by Michail et al. [29].

In the current study, we isolated and characterized S. maltophilia and S. liquefaciens,
and investigated their potential antifungal activity against S. cepivora, the causal agent of
onion white rot disease, in vitro and in vivo under field conditions. We hypothesized that
both bioagents may affect the growth and yield components of S. cepivora-infected onion
plants. Moreover, we suggest that the plant growth-promoting properties of both bioagents
are correlated with the activation of enzymatic and non-enzymatic antioxidant defense
machinery and the accumulation of phytohormones such as auxins. Gas chromatography-
mass spectrometry (GC-MS) was used to identify the chemical composition of culture
filtrates of S. maltophilia and S. liquefaciens to better understand the function of these
bacterial secretions, as well as their involvement in suppressing the growth of S. cepivora
and reducing the disease severity of onion white rot.

2. Materials and Methods
2.1. Isolation of the Causal Agent of Onion White Rot Disease

The causal agent S. cepivora was isolated from onion bulbs and roots that exhibited
typical symptoms of white rot disease. Samples were collected from different sites at
EL-Gharbia governorate Egypt. Isolates of S. cepivora were obtained by scraping the
mycelium or sclerotia from onion bulbs and roots then placed on a Potato Dextrose Agar
(PDA) medium and incubated at 20 4= 2 °C for 7 days. Isolates were initially identified
based on their cultural, morphological, and macroscopic characteristics and then tested for
their pathogenicity.

2.1.1. Pathogenicity Test

The pathogenicity of seven isolates of S. cepivora was tested on 50-day-old healthy
onion seedlings of the susceptible cultivar Giza 20. To prepare the fungal inoculum, 500 mL
glass bottles containing 100 g of barley grains and 50 mL of water were autoclaved; five
discs of each isolate were inoculated into the barley medium and incubated at 20 £ 2 °C
for 30 days. Plastic pots (30 cm) were filled with sterilized sand—clay soil 1:1 (v/v) and
infected with fungal inoculum 14 days before transplanting at a rate of 15 g-kg~!. Plants
were watered as needed and other agricultural practices were conducted as recommended.
Onions were uprooted at 150 days post transplanting (dpt) to evaluate the disease incidence
and severity. The disease incidence was assessed by counting onion plants that had a visible
white rot mycelium and/or sclerotia on the roots and scored as white rot-infected. The
disease incidence (%) was calculated using Equation (1):

f inf 1
Disease incidence (%) = N;T:;e?‘ ol;tce);leilzrirslts x 100 1)

Whereas the severity of onion white rot disease was evaluated according to a 5-degree
symptom scale according to Tian and Bertolini [30] with slight modifications as follows:
0: Healthy; 1: Bulb covered with mycelium but not rotted; 2: Bulb covered with mycelium,
and 1-25% of the bulb rotted; 3: Bulb covered with mycelium, 25-50% of the bulb rotted;
4: Bulb covered with mycelium, 50-75% of the bulb rotted; and 5: Bulb covered with
mycelium, 75-100% of the bulb rotted.

Disease severity scores were converted into percentages according to Equation (2) as
described by Zewide et al. [31] as follows:

Total of all rati
Disease severity (%) = ora’ola Tatngs. x 100 2
Total number of plants x maximum score

Based on the pathogenicity test, isolate #4 was the most aggressive isolate and showed
the highest pathogenicity among the tested isolates, so it was selected for molecular identi-
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fication based on the sequence of its internal transcribed spacer (ITS) region. Moreover, it
was selected for all subsequent experiments.

2.1.2. Molecular Identification of S. cepivora

The most aggressive isolate of S. cepivora (isolate #4) was subjected to molecular iden-
tification [32,33]. Briefly, this isolate was grown on a sterilized potato dextrose broth (PDB)
and incubated at 20 &+ 2 °C for 10 days. Subsequently, the mycelium and sclerotia were
collected and filtered using cheesecloth, washed twice with sterilized deionized water, and
dried using filter paper. Approximately 0.1 g of the mycelium and sclerotia were ground to
a fine powder using liquid nitrogen. The total DNA of the pathogenic fungus was extracted
using a Quick-DNA™ Fungal /Bacterial Miniprep Kit according to the manufacturer’s in-
structions and then purified, and the targeted sequences of the ITS region (ITS-5.85 rDNA)
were amplified using PCR. The purified PCR products were sent for sequencing (Aoke
Dingsheng Biotechnology Co., Beijing, China). Sanger sequencing was used to perform
the two-directional sequencing of the ITS-5.85 rDNA sequences. DNABASER software
(Heracle BioSoft S.R.L., Arges, Romania) was used to process and assemble consensus
sequences. Subsequently, a Nucleotide-Nucleotide Basic Local Alignment Search Tool
(BLASTn) was used to compare the assembled sequence with the most recent available
data in GenBank and the national center for biotechnology information website (NCBI,
http:/ /www.ncbi.nlm.nih.gov/gene/; accessed on 7 February 2023).

2.1.3. Phylogenetic Analysis

An evolutionary analysis and phylogenetic trees were constructed using the assembled
sequence of the ITS-5.85 rDNA based on the Maximum Likelihood method and Tamura-Nei
model [34] using Molecular Evolutionary Genetics Analysis—Version 11 (MEGA 11) software
using 500 bootstrap replications [35]. In addition to the query sequence, about 20 reference
strains/isolates (Tables S1-S3 in Supplementary Material) were selected and used for multiple
sequence alignment using ClustalW multiple sequence alignment algorithms.

2.2. Isolation of Plant Growth-Promoting Rhizobacterium and Endophytic Bacterium

A plant growth-promoting rhizobacterium (PGPR) was isolated from the rhizosphere
soil of healthy onion plants growing next to diseased plants using the plate of soil dilution
method as described by [36]. The soil attached to healthy plants” roots was removed,
collected, air dried, and mixed well. In total, 10 g of homogenized soil was placed in conical
flasks, 100 mL of sterilized distilled water (SDW) was added—well shaken for 10 min
(150 rpm at 30 °C)—and serial dilutions were prepared. Subsequently, 100 uL of the last
dilution was spread on surfaces of Petri dishes containing a nutrient agar (NA) medium
with a sterilized Drigalski glass triangle; the dishes were incubated at 28 + 2 °C for 48 h.
Growth in incubated dishes was examined and purified using a single colony.

Furthermore, an endophytic bacterium was isolated from fresh healthy leaves of
common bean plants. Firstly, leaves were washed with tap water, air dried, and surface
sterilized in 70% ethanol for 3 min, then in 2% sodium hypochlorite for 2 min, and finally
rinsed with SDW 3 times. The samples were crushed in a sterilized mortar with 5 mL of an
aqueous saline solution of 0.9% NaCl. In total, 100 pL of a suspension was spread on the
surface of the Petri dishes containing the nutrient agar (NA) medium according to [37]; the
dishes were incubated at 30 °C for 48 h.

Molecular Identification of S. maltophilia and S. liqufaciens

The tested isolates of bacteria were subjected to molecular identification through 165
rRNA sequencing. Total genomic DNA was extracted from a 2-day-old culture, using a
Quick-DNA™ Fungal/Bacterial Miniprep Kit according to the manufacturer’s instructions.
The PCR amplification and sequencing of the DNA extracts were performed. The PCR
products were examined using agarose gel electrophoresis, and products that had shape
bands were sent to a sequencing company (Aoke Dingsheng Biotechnology Co., Beijing,
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China) for sequencing. BLASTn was used to compare the raw fast sequence data with the
NCBI nucleotide sequence database after being processed as described above.

2.3. In Vitro Antifungal Activity of S. maltophilia and S. liqufaciens
2.3.1. Dual Culture Assay

The dual culture assay was used to investigate the in vitro antifungal activity of
S. maltophilia and S. liqufaciens isolates against S. cepivora. Briefly, bacterial isolates were
separately streaked at 1 cm on one side of the outer edge of the Petri dishes containing
a PDA medium and incubated at 28 £ 2 °C for 48 h. Then, a 6 mm mycelial disc of
S. cepivora obtained from a freshly growing culture was placed on the other side of the
plates. Plates inoculated with S. cepivora discs from one side and streaked with a line of
sterile deionized water on the other side were used as a negative control. Likewise, Folicure
25% EC (Tebuconazole 25%), a triazole fungicide, was used as a positive control by dipping
a 0.4 x 3.5 cm bar of filter papers in a solution of the recommended dose (25 mL per liter)
and placed on the surface of the PDA on one side and a 6 mm mycelial disc of S. cepivora
on the other side. All inoculated plates were incubated at 20 £ 2 °C for 10 days until the
mycelial growth of the pathogenic fungus covered the entire control plates. The inhibition
zone was calculated according to [38] as the distance between the bioagent bacteria and the
edge of the pathogenic fungal mycelium.

2.3.2. Culture Filtrate Assay

A cell-free cultural filtrate of S. maltophilia or S. liqufaciens isolates was prepared in
250 mL flasks containing 100 mL of a sterilized nutrient broth medium (agar-free nutrient
medium); flasks were inoculated with a loop of each bacteria, which was taken from a
2-day-old culture. Inoculated flasks were incubated on a rotary shaker at 200 rpm for
5 days at 28 + 2 °C. The culture filtrates of bacteria were obtained through centrifugation
for 10 min at 10,000 rpm, then the supernatant was collected and filtrated with a 0.45 um
pore-size syringe filter. Subsequently, the effect of the culture filtrate of S. maltophilia and
S. ligufaciens on the radial growth of S. cepivora was tested using PDA plates amended
with culture filtrates of the test bacteria. An appropriate volume of the S. maltophilia and S.
liqufaciens culture filtrate was mixed with PDA before pouring into 9 cm-diameter Petri
dishes to obtain concentrations of 0, 20, 40, 60, and 80% (v/v). The plates without culture
filtrates were used as a negative control, whereas plates with 0, 20, 40, 60, and 80% (v/v) of
the recommended dose (25 mL per liter) of the Folicure fungicide were used as a positive
control. After solidification, 0.6 cm myecelial discs from active cultures of the pathogenic
fungus were placed into the center PDA plates. The plates were incubated at 20 & 2 °C
for 10 days. Each concentration was repeated with six replicate plates. The percentage of a
decrease in fungal growth was calculated using Equation (3) as follows:

Moycelial growth in control — Mycelial growth in treatment

lial inhibition (%) —
Myecelial inhibition (%) Moycelial growth in control

x 100 3)

2.4. Field Experiments

Field experiments were conducted in an open field naturally infected with S. cepivora
during two successive seasons, 2020/2021 and 2021/2022, respectively. The experiments
were carried out in a randomized complete design with 12 biological replicates for each
treatment or control (negative (mock) and positive (fungicide)). The area of each plot
was 4.5 m? and consisted of 3 rows; each row was 2 m in length and 75 cm in width.
Onion seedlings were transplanted after being dipped in the cell-free cultural filtrates
of S. maltophilia, S. liqufaciens, the nutrient broth (mock), or fungicide treatment. An
additional dose of bacterial filtrates (20 mL per plant), as well as controls, were added
through a root drench application 14 days post transplanting (dpt). Irrigation, fertilization,
and other agricultural practices were conducted as recommended for onion production.
Folicure 25% EC (Tebuconazole 25%), a triazole fungicide, was used in the current study
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as a recommended fungicide (positive control) by dipping onion seedlings for 5 min in
25 mL of fungicide per liter of water just before transplanting. Additionally, according
to [39], the grown plants were sprayed with 187.5 mL /100 L of water after 6 and 12 weeks
after transplanting.

2.4.1. Disease Assessment

Plants were uprooted after 150 dpt to evaluate the disease incidence and severity
according to the 5-degree scale as mentioned above.

2.4.2. Vegetative and Yield Parameters

Plants from each plot were uprooted 150 dpt to calculate the plant height (cm), root
length (cm), and number of leaves, as well as the bulb circumference (cm), bulb fresh
weight (g), and bulb yield (kg-plot™1!).

2.4.3. Total Soluble Phenolic and Flavonoid Compounds

According to [40] and using a Folin—Ciocalteu reagent (FCR), the total soluble phenolic
compounds were evaluated. Briefly, phenolic compounds were extracted from 100 mg of
fresh onion leaves with 20 mL of 80% methanol for 24 h. After extraction, 1 mL of 10%
FCR was added to 0.2 mL of a methanolic extract and then vortexed for 30 s. After 3 min,
0.8 mL of 7.5% sodium carbonates (w/v) were added to the mixture. Subsequently, the
mixture was incubated at room temperature for 30 min, and the absorption was measured
at 765 nm. The total soluble phenolic content is expressed as mg of gallic acid equivalents
per gram of fresh weight (mg GAE g~! FW). Moreover, according to the methods described
by [41], the total soluble flavonoids were evaluated. Briefly, 1 mL of a methanolic extract
of onion leaves was mixed with 1 mL of aluminum chloride, ALCL3 (2% in methanol).
The mixture was strongly shaken and incubated for 15 min at room temperature, then the
absorption was measured at 430 nm. The flavonoid concentration was expressed as mg of
Rutin equivalents per gram of fresh weight (mg RE g~! FW).

2.4.4. Enzymatic Activity

Approximately 0.5 g of fresh onion leaves was collected at 1, 2, 3, 4, and 5 days
post treatment with culture filtrates of S. maltophilia and S. liqufaciens. Onion leaves were
homogenized in 5 mL of a 50 mM Tris buffer (pH 7.8) containing 1 mM of EDTA-Na2
and 7.5% polyvinylpyrrolidone PVP in a cold mortar and pestle for guaiacol-dependent
peroxidases (POX) and polyphenol oxidase (PPO). The leaves’ extract was centrifuged at
15,000 g for 20 min at 4 °C. Then, the supernatants were used for the enzyme assays.

The POX activity was assessed by measuring the formation of the guaiacol-bound
product at 436 nm according to [42]. The reaction mixture contained 2.2 mL of a 100 mM
sodium phosphate buffer (pH 6.0), 100 pL of guaiacol, 100 pL of 12 mM H,0O,, and 10 uL of
a crude enzyme extract. The increase in the absorption at 436 nm (A436) was measured as the
conjugate was formed using an extinction coefficient of 26.6 mM~! cm ™! for the conjugate.
Additionally, the PPO activity was determined according to the method described in [43].
The reaction mixture contained 3 mL of a buffered catechol solution (0.01 M), freshly
prepared in a 0.1 M phosphate buffer (pH 6.0). The reaction was started by adding 100 pL
of a crude enzyme extract. Changes in the absorbance at 495 nm (A495) were recorded every
30 s for 3 min.

2.5. Gas Chromatography—Mass Spectrophotometry (GC-MS) Analysis
2.5.1. Chemical Composition of Bacterial Culture Filtrates

To investigate the chemical composition and to identify active components of culture
filtrates, a 48-h-old bacterial culture was centrifugated and the supernatant was collected.
The supernatant was concentrated using evaporation at 50 °C in a rotary evaporator. The
residue that contained the secondary metabolites and chemical compounds was analyzed
using GC-MS after solving in n-hexane [44]. The GC-MS analysis was performed us-
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ing a Clarus 580/560 S PerkinElmer instrument (PerkinElmer, Inc., Waltham, MA, USA)
equipped with a capillary column (30 m x 0.25 mm ID, film thickness of 0.25 pm). Helium
was used as the carrier gas at a flow rate of 1 mL.min~! with a solvent delay of 6 min. The
initial temperature was 80 °C for 7 min, then it was increased to 140 °C at the rate of 10 °C
per minute and held for 1 min, then to 200 °C at the same rate and held for 2 min, and
finally increased to 260 °C at the rate of 5 °C per minute and held for 2 min. The source
and injector temperatures were 200 °C and 280 °C, respectively. For the analysis, 1 uL
was injected with a spilt ratio of 1:20. Detected compounds were tentatively identified by
comparing their retention times and mass spectrum with library entries in the NIST 2011
mass spectral database (National Institute of Standards and Technology, Gaithersburg, MA,
USA) and the Golm Metabolome database.

2.5.2. Quantification of Indole-3-Acetic Acid (IAA) and Tryptophan Using GC-MS

To better understand the stimulant effect of both bacterial culture filtrates on onion
growth, the endogenous levels of tryptophan (the precursor of auxins) and the main auxin,
IAA, were investigated. Briefly, both compounds were extracted from 100 mg of ground
plant tissues using acidic 80% methanol as described in our previous studies [45-47], then
derivatized with methyl chloroformate [48,49] and analyzed using GC-MS running in the
selective ion monitoring (SIM) mode [45,47]. Targeted metabolites were analyzed using the
same instrument described above with our previously described thermos-program [45—47].
Collected chromatograms were analyzed using TurboMass software (Perkin Elmer, Waltham,
MA, USA). Tryptophan and IAA were initially identified by comparing their mass spectra
with library entries of the same libraries listed above, then their identification was confirmed
by comparing their retention times (RT) and mass spectra to authentic standards.

2.6. Statistical Analysis

All experiments were carried out using a completely randomized design with 12 repli-
cates for each treatment. The analysis of variance (ANOVA) statistical model followed
by post hoc pairwise comparisons using the Tukey honestly significant difference test
were used to compare variances between means of different treatments (HSD; p < 0.05).
Moreover, a simple linear regression (SLR) analysis was carried out to better understand
the relationship between the mycelial growth inhibition percentage and the concentrations
of culture filtrates of S. maltophilia and S. liquefaciens.

3. Results
3.1. Isolation and Identification of S. cepivora

Seven isolates were isolated from diseased onion plants showing typical symptoms
of white rot disease. Although the seven isolates were pathogenic and produced typical
white rot on onion plants under greenhouse conditions (Figure 1A), isolate #4 was the
most aggressive one and resulted in the highest disease severity (90.69 £ 4.16%) on onion
plants. Isolate #4 showed typical morphological characteristics and colony texture with
Sclerotium sp. when grown on a PDA medium (Figure 1B,C). Briefly, isolate #4 formed
white cultures with fluffy to compact mycelia (Figure 1B) that were covered by small
round or irregular-shaped dark brown sclerotia (Figure 1C) similar to those observed
on naturally infected onion plants. However, sexual structures were absent and were
not observed. Collectively, the pathological and morphological characteristics proposed
that the isolated fungus was S. cepivorum, the causal agent of onion white rot disease. To
further confirm the identification, the most aggressive isolate (isolate #4) was selected for
a further genetic identification based on the sequence of the internal transcribed spacer
(ITS) region (Figure 1C). Briefly, the query sequence showed a high similarity with the
large subunit ribosomal RNA gene of S. cepivora—strain CBS 321.65 (GenBank Accession
No. MH870230.1) (Figure 1D). The new sequence was deposited in the NCBI database and
named “S. cepivora—Isolate 2023” (GenBank Accession No. 0Q392600).
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DQ113454.1 Stenotrophomonas maltophilia strain ZZ7
MN512166.1  Stenotrophomonas maltophilia strain CL238a1
MN512174.1  Stenotrophomonas maltophilia strain CT277a
MN512181.1 Stenotrophomonas maltophilia strain CL120b2
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Figure 1. The pathogenicity, morphological characterization, and molecular identification of the isolates
of the phytopathogenic fungus S. cepivora and the bacterial bioagents S. maltophilia and S. liquefaciens.
(A) The disease severity (%) of various isolates of S. cepivora on onion plants (cultivar Giza 20) under
greenhouse conditions. Bars denote the means + standard deviations (means £ SD). Different letters
signify statistically significant differences among isolates using the Tukey HSD test (p < 0.05). (B) The
growth and morphological characteristics of the phytopathogenic fungus S. cepivora on potato dextrose
agar (PDA) media after 7 days of incubation at 20 £ 2 °C. (C) Sclerotia of S. cepivora formed on PDA.
(D) The evolutionary analysis with the Maximum Likelihood method and Tamura-Nei model using the
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ITS-5.8S rDNA sequence of S. cepivora—Isolate 2023 (GenBank Accession No. 0Q392600) in compar-
ison with 20 reference strains/isolates retrieved from the recent available data in National Center
for Biotechnology Information (NCBI) GenBank (https://www.ncbinlm.nih.gov/; accessed on
7 February 2023). (E,F) The growth and morphological characteristics of the biocontrol agent S. mal-
tophilia on the nutrient agar medium from the top and the bottom of the Petri dish, respectively, after
7 days of incubation at 28 £ 2 °C. (G) The evolutionary analysis with the Maximum Likelihood
method and Tamura-Nei model using the 165 rRNA sequence of S. maltophilia=—Isolate YN-2023
(GenBank Accession No. OQ975839) in comparison with 20 reference strains/isolates retrieved from
the recently available data in NCBI GenBank. (H,I) The growth and morphological characteristics
of the biocontrol agent S. liguefaciens on the nutrient agar medium from the top and the bottom of
the Petri dish, respectively, after 7 days of incubation at 28 & 2 °C. (J) The evolutionary analysis
with the Maximum Likelihood method and Tamura-Nei model using the 16S rRNA sequence of
S. liquefaciens—Isolate AE-2023 (GenBank Accession No. OQ975841) in comparison with 20 reference
strains/isolates retrieved from the recently available data in NCBI GenBank. In panels D, G, and ],
the query sequence is bolded, and its closest reference strains/isolates are highlighted in light blue.

3.2. Isolation and Identification of Bacterial Bioagent

Two bacterial bioagents were isolated and characterized in this study. The first bac-
terium was from healthy onion roots. It formed small (approximately 3 mm in diameter),
circular, smooth, convex colonies with a ligh—yellow tint on the nutrient agar medium
after 24 h post incubation at 37 °C (Figure 1E) and usually produced a yellowish soluble
pigment that could be observed from the bottom side of the plate (Figure 1F). A microscopic
examination of the isolated bioagent showed that the bacterium is a straight, motile, Gram-
negative rod. Moreover, the identification of the isolated bioagent was confirmed based
on the sequence of the 165 ribosomal RNA gene. The evolutionary analysis showed that
the query sequence showed a high similarity with S. maltophilis-—strain CL119b and strain
CL251b (GenBank Accession No. MN512161.1 and MN512172.1, respectively) (Figure 1G).
The new sequence was deposited in the NCBI database and named “S. maltophilis-—Isolate
YN-2023" (GenBank Accession No. OQ975839).

Another bacterial bioagent was endophytic and isolated from healthy bean leaves. It
formed circular, smooth, white raised colonies with entire margins when it was grown on a
nutrient agar medium (Figure 1H,I). A microscopic examination showed that the bacterium
is a straight, motile, Gram-negative rod. Moreover, the evolutionary analysis based on
the sequence of the 16S ribosomal RNA gene showed that the query sequence showed
as highly similar to S. liquefaciens—strain PW71 (GenBank Accession No. MW857269.1)
and Serratia sp.—CH-N28 (GenBank Accession No. KP325101.1) (Figure 1]J). The new
sequence was deposited in the NCBI database and named “S. liguefaciens—Isolate AE-2023”
(GenBank Accession No. 0Q975841).

3.3. S. maltophilia and S. Liquefaciens Inhibited the Mycelial Growth of S. cepivora

The antifungal activities of both bioagents (S. maltophilia and S. liguefaciens) against
S. cepivora were tested in vitro using dual culture and culture filtrate techniques. In the
dual culture plates, both bioagents showed strong fungistatic activity against S. cepivora
(Figure 2A) and significantly reduced its radial mycelial growth on PDA (Figure 2B).
Although the Folicure fungicide (Tebuconazole 25%) had the lowest radial mycelia growth
of S. cepivora (2.85 & 0.50 cm), both S. maltophilia and S. liquefaciens significantly reduced the
radial mycelia growth of S. cepivora (3.71 £ 0.16 and 4.95 + 0.32 cm, respectively) compared
with the mock control (Figure 2B). In other words, both S. maltophilia and S. liquefaciens
notably inhibited the mycelia growth of S. cepivora by 58.74 £ 1.75% and 44.95 + 3.51%,
respectively, compared with the mock control (Figure 2C).
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Figure 2. In vitro antifungal activity of the bacterial bioagents S. maltophilia and S. liquefaciens or
their cell-free culture filtrates against the phytopathogenic fungus S. cepivora. (A) Antifungal activity
of S. maltophilia and S. liquefaciens against S. cepivora using the double culture assay. (B,C) The
radial mycelia growth (cm) and mycelial growth inhibition (%) of S. cepivora after treatment with
S. maltophilia and S. liquefaciens using the double culture assay. Bars denote the means + standard
deviations (means =+ SD). Different letters signify statistically significant differences among isolates
using the Tukey HSD test (p < 0.05). (D) Antifungal activity of different concentrations of cell-
free culture filtrates of S. maltophilia and S. liquefaciens against S. cepivora. (E) The mycelial growth
inhibition (%) of S. cepivora after treatment with different concentrations (20, 40, 60, 80% (v/v)) of
cell-free culture filtrates of S. maltophilia and S. liquefaciens or the positive control (Folicure fungicide).
Dots denote the means =+ standard deviations (means + SD). Different letters signify statistically
significant differences among isolates using the Tukey HSD test (p < 0.05). (F) The simple linear
regression (SLR) analysis of the relationship between the mycelial growth inhibition (%) and different
concentrations of culture filtrates of S. maltophilia, S. liquefaciens, and the Folicure fungicide.
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Moreover, the utilization of bioagent culture filtrates demonstrated strong dose-
dependent antifungal activity against S. cepivora (Figure 2D). Briefly, increasing the per-
centage of the culture filtrate in PDA media from 20 to 80% significantly increased the
inhibition of mycelial growth of S. cepivora (Figure 2E). It is worth mentioning that the
mycelial growth inhibition (%) due to the utilization of the highest concentration (80%) of
the culture filtrate of S. maltophilia was similar to the positive control (Folicure fungicide)
and significantly inhibited the mycelial growth of S. cepivora (99.00 & 1.73%; Figure 2E).
Furthermore, the simple linear regression (SLR) showed that the mycelial growth inhibition
percentage was positively correlated with the concentrations of culture filtrates of S. mal-
tophilia (y = 0.92x + 31.79; R? = 0.9103), S. liquefaciens (y = 1.08x — 12.04; R? = 0.9606), and
the Folicure fungicide (y = 0.40x + 67.56; R? = 0.9576) (Figure 2F).

3.4. Culture filtrates of S. maltophilia and S. liquefaciens Reduced the Development of White
Rot Disease

In general, the utilization of the culture filtrates of both bioagents (S. maltophilia and
S. liquefaciens) significantly decreased the development of white rot disease on treated onion
plants compared with the mock-treated infected plants (control) as expressed by the disease
incidence (%) and disease severity (%) during two successive seasons, 2020/2021 and
2021/2022, respectively (Figure 3). Briefly, the white rot disease incidence dropped from
85.58 £ 1.26% in the control plants to 19.08 £ 1.31 and 49.74 + 2.47% when plants were
treated with the culture filtrates of S. maltophilia or S. liquefaciens, respectively, during the
2020/2021 season (Figure 3A). Likewise, the disease severity declined from 77.89 & 2.18%
t0 29.39 & 2.16 and 43.92 + 1.57% when onions were treated with the culture filtrates of
S. maltophilia or S. liquefaciens, respectively, during the same season (Figure 3B). The same
trend was observed in the second season, 2021 /2022 (Figure 3C,D).
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Figure 3. The effect of cell-free culture filtrates of S. maltophilia and S. liquefaciens on onion white rot
disease, caused by S. cepivora under field conditions during two successive seasons (2020/2021 and
2021/2022). (A,B) The disease incidence (%) and severity (%) of onion white rot disease, respectively,
during the 2020/2021 season. (C,D) The disease incidence (%) and severity (%) of onion white rot
disease, respectively, during the 2021/2022 season. Bars denote the means + standard deviations
(means £ SD). Different letters signify statistically significant differences among isolates using the
Tukey HSD test (p < 0.05).
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3.5. Cell-Free Culture Filtrates of S. maltophilia and S. liquefaciens Stimulated the Growth of
S. cepivora-Infected Onion Plants

During two successive seasons, 2020/2021 and 2021/2022, culture filtrates of S. mal-
tophilia and S. liquefaciens notably increased the number of leaves per plant, plant height,
and fresh weight of the shoot system with no significant differences between both bacterial
agents but significantly higher differences compared to the mock- and fungicide-treated
controls (Figure 4). However, the application of the culture filtrate of S. liguefaciens recorded
the longest root length (12.11 £ 0.51 and 12.27 £ 0.96 cm) followed by the culture filtrate
of S. maltophilia (7.99 £ 0.85 and 7.70 & 0.74 cm), which were significantly higher than the
mock-treated control (2.02 & 0.60 and 2.22 £ 0.83 cm) during 2020/2021 and 2021/2022,
respectively (Figure 4C,D). Collectively, these findings suggest that the root drench applica-
tion of both bacterial culture filtrates has no phytotoxicity on the treated onion plants, but
they even stimulate their growth.
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Figure 4. The effect of cell-free culture filtrates of S. maltophilia and S. liquefaciens on the growth
parameters of S. cepivora-infested onion plants under field conditions during two successive seasons
(2020/2021 and 2021/2022). (A,B) The number of leaves per plant, (C,D) root length (cm), (E,F) plant
height (cm), and (G,H) fresh weight of the shoot system (g) of S. cepivora-infested onion plants
during 2020/2021 and 2021/2022 seasons, respectively. Bars denote the means + standard deviations
(means £ SD). Different letters signify statistically significant differences among isolates using the
Tukey HSD test (p < 0.05).
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3.6. Culture Filtrates of S. maltophilia and S. liquefaciens Enhanced the Yield Components of
S. cepivora-Infected Onion Plants

Generally, the root drench application of culture filtrates of both bacterial bioagents
remarkably enhanced all yield attributes of S. cepivora-infected onion plants including
the bulb diameter (Figure 5A,B), bulb fresh weight (Figure 5C,D), and bulb yield per plot
(Figure 5E,F) compared with the mock-treated control during two successive seasons,
2020/2021 and 2021/2022, respectively. Although there were no significant differences be-
tween the bulb circumference of S. maltophilia- and S. liquefaciens-treated onions (29.92 & 1.62
and 30.34 + 1.28 cm, respectively), the culture filtrate of S. maltophilia had the highest bulb
fresh weight (171.27 4 9.58 g) and bulb yield per plot (15.66 + 1.17 kg-plot—!), which was
comparable to the positive control (Folicure fungicide) during the first season. However,
there were no significant differences between S. maltophilia- and S. liquefaciens-treated onion
plants in the second season in terms of the bulb fresh weight and bulb yield per plot.
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Figure 5. The effect of cell-free culture filtrates of S. maltophilia and S. liquefaciens on the yield
components of S. cepivora-infested onion plants under field conditions during two successive seasons
(2020/2021 and 2021/2022). (A,B) The bulb circumference (cm), (C,D) bulb fresh weight (g), and
(E,F) bulb yield (kg-plot™!) of S. cepivora-infested onion plants during 2020/2021 and 2021/2022
seasons, respectively. Bars denote the means + standard deviations (means =+ SD). Different letters
signify statistically significant differences among isolates using the Tukey HSD test (p < 0.05).
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3.7. Cell-Free Culture Filtrates of S. maltophilia and S. liquefaciens Stimulate the Antioxidant
Defense Machinery of S. cepivora-Infected Onion Plants

Both enzymatic (peroxidase (POX) and polyphenol oxidase (PPO) activity) and non-
enzymatic (total soluble phenolics and flavonoids) antioxidant defense machineries were
further investigated to better understand the physiological and biochemical mechanisms of
S. maltophilia and S. liquefaciens (Figure 6). Briefly, the root drench application of culture
filtrates of both bacterial bioagents gradually enhanced the enzymatic activity of POX
(Figure 6A) and PPO (Figure 6B) until they reached their highest peak at 48 or 72 h post
treatment (hpt), then they dropped slowly. Onion plants that were treated with the cul-
ture filtrate of S. maltophilia recorded their highest peak of POX (3.42 & 0.29 x 1072 uM of
tetraguaiacol g~! FW min~!) at 48 hpt but had the highest peak of PPO (1.43 £ 0.16 x 10?2
arbitrary units) at 72 hpt. On the contrary, onion plants that were treated with the culture
filtrate of S. liguefaciens had their highest peak of POX (7.05 4 0.57 x 10~2 uM of tetragua-
iacol g~! FW min~!) at 72 hpt but were the second highest for PPO (0.94 + 0.1 x 1072
arbitrary units) at the same time point, 72 hpt (Figure 6A,B).

9.0

>

£ [=>] ~
w o o
"

w
o
1

Peroxidase activity
(KM Tetraguaiacol g™ FWmin™ x 1072)

-
(5]
1

—— Control |,

...... o Fungicide
—=— S_maltophilia
...... Duene] S__Hquaﬁacfens

1 1 1
ip<0,0001 | p<0.0001 | p<0.0001 |p=0.0189 ip=0,0‘106

|
| | |
|
|
|
|
|
|
]
\‘.'
i b
|
|
|
|
|
|
|
|

Polyphenol oxidase activity
(Arbitrary units x1072)

o
o

|
|
|
|
|
|
|
|
|
b
|
|
|
|5
[
|
|
|
|
3
|
|
|
|
|
|
|
T

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

Lo
gt

T

Hours post-treatment (hpt)

(@)

-
o
L

(=]

Total soluble phenclics
(mg GAE g™ FW/)
(=]

(mg RE g™' FW

Total soluble flavonoids

24 48 72 96
Hours after treatment (hpt)

120

2.0

=y
o
1

-
o
1

o
3]
1

1 1 1 1
p=0.0014] p=0.0052| p<0.0001 | p<0.0001 | p<0.0001
|

1
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
¥

0.0

48

72 96 120

1.5 1

1.2 4

0.9 1

0.6 1

0.3 1

0.0

0 24 48 72
Hours after treatment (hpt)

96 120

Figure 6. The effect of cell-free culture filtrates of S. maltophilia and S. liguefaciens on the enzymatic and

non-enzymatic antioxidant defense system of S. cepivora-infested onion plants under field conditions.

(A) The peroxidase activity (UM of tetraguaiacol g~! FW min~!), (B) polyphenol oxidase activity
(arbitrary units), (C) total soluble phenolics (mg GAE gfl FW), and (D) total soluble flavonoids (mg
RE g~ ! FW). Dots denote the means = standard deviations (means =+ SD). Different letters signify

statistically significant differences among isolates using the Tukey HSD test (p < 0.05).
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Likewise, the non-enzymatic antioxidant defense machinery as expressed by total solu-
ble phenolics (Figure 6C) and flavonoids (Figure 6D) was progressively enhanced due to the
root drench application of culture filtrates of both bacterial bioagents until they reached their
highest peak then steadily decreased. Briefly, onion plants treated with the culture filtrate of
S. maltophilia had the highest peak of total soluble phenolics (9.96 & 0.42 mg GAE g~ ! FW;
Figure 6C) and total soluble flavonoids (1.31 & 0.14 mg RE g~! FW; Figure 6D) at 48 and
72 hpt, respectively. However, S. liquefaciens-treated plants recorded their highest peak of
total soluble phenolics (7.82 & 0.52 mg GAE g~! FW; Figure 6C) later at 96 hpt but reached
their highest peak of total soluble flavonoids (1.05 4 0.06 mg RE g~! FW; Figure 6D) at
72 hpt.

3.8. Culture Filtrates of S. maltophilia and S. liquefaciens and the Endogenous Auxin Content of S.
cepivora-Infected Onion Plants

To better understand the physiological and biochemical mechanisms of how culture filtrates
of both S. maltophilia and S. liquefaciens stimulate the growth of S. cepivora-infected onion plants,
their effect on the endogenous levels of the main auxin, IAA, and its precursor, the amino
acid tryptophan, in onion leaves was further investigated. Although the application of the
Folicure fungicide did not change the endogenous tryptophan level (600.75 4 114.52 ng.g ! FW;
Figure 7A) and even reduced the IAA content (182.83 & 11.45 ng.g~! FW; Figure 7B) compared
with the non-treated control (669.83 4 159.15 and 214.42 + 19.39 ng.g~! FW, respectively), the
root drench application of culture filtrates of both bacterial bioagents significantly enhanced
the accumulation of IAA and its precursor tryptophan. Onion plants treated with the cul-
ture filtrate of S. maltophilia had the highest tryptophan (1086.92 + 90.46 ng.g~! FW) and IAA
(42042 + 36.86 ng.g ! FW) levels, followed by S. liquefaciens-treated plants
(904.33 & 75.84 and 321.42 + 32.54 ng.g~! FW, respectively).
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Figure 7. The effect of cell-free culture filtrates of S. maltophilia and S. liquefaciens on the endogenous
levels of the main auxin, IAA, and its precursor, the amino acid tryptophan, in S. cepivora-infested
onion leaves under field conditions. (A) Tryptophan content (ng.gfl FW) and (B) IAA content
(ng.g~! FW). Bars denote the means + standard deviations (means 4 SD). Different letters signify
statistically significant differences among isolates using the Tukey HSD test (p < 0.05).
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3.9. Chemical Composition of Culture Filtrates of S. maltophilia and S. liquefaciens

In general, 53 compounds were detected and tentatively identified in the culture
filtrates of S. maltophilia and S. liquefaciens (Figure 8). Out of these 53 compounds, 18 com-
pounds were detected only in the culture filtrate of S. maltophilia, and 21 compounds were
detected specifically in the culture filtrates of S. liquefaciens. However, only 14 compounds
were detected in both culture filtrates including cyclohexanone, 5-methyl-2-(1-methylethyl),
naphthalene, 1,1’-biphenyl, 4-methyl, phenol, 2,4-bis(1,1-dimethylethyl), undecanoic acid,
tridecane, benzyl benzoate, hexadecane, palmitic acid, nonadecane, benzoic acid, 3,5-
bis(1,1-dimethylethyl)-4-hydroxy, menthol, dodecane, and tetradecane (Figure 8).
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Figure 8. The chemical composition of cell-free culture filtrates of S. maltophilia and S. liquefaciens.
Metabolites were analyzed using GC-MS after solving in n-hexane. Bars represent the peak area of
each compound.

4. Discussion

White rot is a serious disease that restricts the commercial production of Allium species
and causes substantial yield losses worldwide. Although the ascomycetous causal agent,
S. cepivora, does not produce any asexual spores, it forms a large proportion of infective
sclerotia that survive and remain viable in the soil for up to 20 years in the absence of a sus-
ceptible host plant [8]. Unfortunately, there has been no effective control mainly for white
rot disease until now; however, chemical control using various agrichemicals, particularly
fungicides, is the most commonly used strategy to combat this disease. Nevertheless, the ex-
tensive use of chemical fungicides has several health and environmental hazards to humans,
animals, and non-target organisms. Moreover, pathogens might develop resistance against
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the repeatedly used fungicides. Due to the efficiency breakdown of chemical fungicides, the
search for safer eco-friendly alternative control measures has become a necessity [50]. Bio-
logical control might be a promising control strategy against white rot disease, particularly
if it is incorporated into integrated pest management programs [13,50,51].

In the current study, S. maltophilia and S. liquefaciens suppressed the growth of S. cepivora
and inhibited the development of white rot disease under field conditions. Several stud-
ies have previously reported the antagonistic activity of S. maltophilia against different
soil-borne phytopathogens including bacteria such as Ralstonia solanacearum, the causal
agent of potato brown rot [20], oomycetes such as Pythium ultimum [52,53], fungi such
as Rhizoctonia solani [23,54,55], Fusarium sp. [54,56], Verticillium dahliae [23], and the
sclerotia-producing fungus Sclerotium rolfsii [24]. Likewise, numerous S. liquefaciens
strains exhibited a strong biocontrol efficacy against soil-borne pathogens including bac-
teria such as R. solanacearum [57] and fungi such as R. solani [29], F. oxysporum [29,58],
and the sclerotia-producing fungus Sclerotinia sclerotiorum [29]. However, to the best of
our knowledge, this is the first report about the potential application of S. maltophilia and
S. liquefaciens as effective biocontrol agents against S. cepivora, the causal agent of onion
white rot disease.

Several hypotheses were proposed to explain the antifungal activity of both bioagents.
These hypotheses include the production of several extracellular metabolites such as an-
tibiotics, siderophores, quorum-sensing molecules, N-acyl homoserine lactones (AHLSs),
and cell wall-degrading enzymes [59]. It is worth mentioning that our GC-MS analysis
of the culture filtrates of both bacteria showed that both filtrates contain several bioac-
tive compounds with antimicrobial activity such as menthol [60]; benzyl benzoate [61];
oleic, myristic, and palmitic fatty acids [62-64]; tridecane, tetradecane, and hexadecane
compounds [65,66]; and phenol,2,4-bis(1,1-diethylethyl) [67]. Taken together, our findings
suggest that the antifungal activity of S. maltophilia and S. liqguefaciens might be due to the
presence of these compounds in their culture filtrate. However, further studies are required
to better understand how the internal mechanisms of menthol operate within a fungal cell.

Another hypothesis that could explain the antifungal activity of S. maltophilia and
S. liquefaciens is due to their ability to produce cell wall-degrading enzymes [59]. It was pre-
viously reported that the fungistatic activity of S. maltophilia W81 against Pythium ultimum
is mediated by extracellular proteolytic activity [52] including an inducible extracellular
serine protease [53]. Furthermore, the antagonistic activity of S. maltophilia against fun-
gal phytopathogens such as Fusarium sp., Rhizoctonia sp., Alternaria sp., and Bipolaris
sorokiniana is associated with its ability to produce chitinase [54,68].

Additionally, our field experiments showed that both bacterial culture filtrates signif-
icantly reduced the disease incidence and disease severity of white rot on treated onion
plants compared with the non-treated plants. It is worth noting that none of the bacterial
culture filtrates caused any phytotoxicity in treated plants as indicated by a stimulated
growth performance (number of leaves per plant, root length, plant height, and fresh weight
of the shoot system). However, the biochemical and physiological mechanisms behind
these roles are poorly understood. This might be due to the enhancement of enzymatic
antioxidants and non-enzymatic antioxidant defense machinery [69]. Peroxidase (POX) and
polyphenol oxidase (PPO) are two main components in the enzymatic antioxidant system.
POX maintains redox homeostasis via the regulation of HyO; levels [70], whereas PPO is
involved in the oxidation of phenolics into highly reactive quinones. Interestingly, our find-
ings proved that the root application of culture filtrates of S. maltophilia and S. liquefaciens
considerably boosted the enzymatic activities of both POX and PPO.

Moreover, the non-enzymatic antioxidant defense machinery relies on phenolics,
flavonoids, and lipophilic antioxidants such as carotenoids [71]. Our findings showed that
the application of culture filtrates of S. maltophilia and S. liquefaciens notably enriched the
endogenous levels of total soluble phenolics and flavonoids in treated onion leaves. These
findings propose that the application of culture filtrates of S. maltophilia and S. liquefaciens
induces multilayered antioxidant defense machinery in S. cepivora-infected onion plants to
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alleviate the risky consequences of reactive oxygen species (ROS) and preserve their home-
ostasis. Additionally, Serratia sp. was previously reported to trigger a plant’s defensive
mechanisms against miscellaneous phytopathogens via the activation of induced systemic
resistance (ISR) after a proper stimulation [59].

Furthermore, culture filtrates of S. maltophilia and S. liquefaciens might reduce the dis-
ease incidence and severity of white rot on treated onion plants by prolonging the sclerotial
differentiation period. It was previously reported that menthol delays sclerotial differentia-
tion by up to 145 h [60]. As we mentioned above, the GC-MS analysis showed that both
culture filtrates were rich in menthol, which might have prolonged the sclerotial differentia-
tion period and resulted in a reduced disease incidence and severity. Moreover, the culture
filtrate of S. maltophilia was rich in fatty acids such as oleic and myristic acids. Oleic acid
was previously reported to inhibit the growth of numerous phytopathogenic fungi such as
R. solani, P. ultimum, Pyrenophora avenae, and Crinipellis perniciosa [62]. Likewise, myristic
acid negatively affected mycelial growth and spore germination of four phytopathogenic
fungi including A. solani, Colletotrichum lagenarium, F. oxysporum f. sp. Cucumerinum, and
F. oxysporum f. sp. lycopersici [63]. Although some oxylipins (fatty acid derivatives) such as
(£)-cis-12,13-Epoxy-9(Z)-octadecenoic acid, ()-threo-12,13-Dihydroxy-9(Z)-octadecenoic
acid, and (&%)-threo-9,10-Dihydroxy-12(Z)-octadecenoic acid showed potent antifungal ac-
tivity against S. sclerotiorum [72], the antifungal activity of fatty acids and their derivatives
are poorly studied. Collectively, these findings suggest that extracellular metabolites in
culture filtrates of S. maltophilia and S. liquefaciens inhibit the growth of S. cepivora or delay
the sclerotial differentiation of its sclerotia, resulting in a reduced disease incidence and
disease severity. However, further studies are required to better understand the potential
role(s) of extracellular metabolites of S. maltophilia and S. liquefaciens.

In addition to their protective role against white rot disease, culture filtrates of S. mal-
tophilia and S. liquefaciens showed strong bio-stimulant properties. Our field experiments
showed that both culture filtrates stimulated the growth of S. cepivora-infected onion plants
compared with the mock-treated control as expressed by more leaves per plant, longer
roots, a higher plant height, and a heavier fresh weight of the shoot system. Moreover, both
culture filtrates enhanced the yield components of S. cepivora-infected onion plants as ex-
pressed by a bigger bulb diameter, higher bulb fresh weight, and bulb yield per plot during
two successive seasons, 2020/2021 and 2021/2022, respectively. Bio-stimulant and growth
promotion properties of S. maltophilia and S. liquefaciens might be due to their ability to in-
duce the accumulation of auxins and their precursor tryptophan within treated onion plants.
Both S. maltophilia and S. liquefaciens embrace several mechanisms to facilitate plant growth
promotion such as enhancing nutrient uptake, producing siderophores, and synthesizing
stimulatory phytohormones like IAA [59,73-79]. Both bacteria have complete metabolic
pathways linked to their plant growth promotion properties, including the IAA biosynthe-
sis pathway [73-79]. Production of IAA by different strains of S. Maltophilia [74-76], as
well as S. liquefaciens [77-79], was previously reported. These characteristics highlight the
enrichment of the culture filtrates of both bacteria with growth-promoting phytohormone
IAA. Moreover, our findings showed that the root drench application of culture filtrates of
both bacterial bioagents significantly enhanced the accumulation of IAA and its precursor
tryptophan and stimulated the growth of S. cepivora-infected onion plants.

5. Conclusions

In conclusion, our findings highlight the potential importance of S. maltophilia and
S. liquefaciens as plant growth-promoting bacteria with potent bio-control properties against
S. cepivora, the causal agent of onion white rot disease (Figure 9). Our findings showed that
these two bacteria and their cell-free culture filtrates notably inhibited the mycelial growth
of S. cepivora, which might be due to the enriched chemical composition of these filtrates,
particularly the high levels of menthol, oleic acid, myristic acid, and other volatile organic
compounds. Moreover, culture filtrates of S. maltophilia and S. liquefaciens significantly
reduced the development of white rot disease, which might be due to their antifungal

142



Horticulturae 2023, 9, 780

activities and/or due to the activation of both enzymatic (POX and PPO) and non-enzymatic
(phenolics and flavonoids) antioxidant defense machineries of S. cepivora-infected onion
plants. Last but not least, culture filtrates of S. maltophilia and S. liquefaciens promoted the
growth of S. cepivora-infected onion plants and enhanced their yield components, which
might be a result of a reduced disease severity and/or the induced IAA accumulation.
Although further studies are required to better understand the molecular, biochemical,
and physiological mechanisms involved in the fungistatic activity of S. maltophilia and
S. liquefaciens or their cell-free culture filtrates against S. cepivora, our findings suggest that
both bioagents might be eco-friendly alternative control measures to reduce the utilization

of chemical fungicides entirely or partially for the safer production of onions in S. cepivora-
infested soils.

7 Stenotrophomonas malfophilia

Cell-free culture filtrate
of S. maltophilia

b
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Figure 9. A schematic representation of the potential importance of S. maltophilia and S. liquefaciens as
plant growth-promoting bacteria with potent bio-control properties against S. cepivora, the causal
agent of onion white rot disease. Briefly, S. maltophilia and S. liquefaciens and their cell-free culture fil-
trates have antifungal activities and can inhibit the mycelial growth of S. cepivora due to their enriched
chemical composition of menthol, oleic acid, myristic acid, and other volatile organic compounds
(VOCQ). As a result, cell-free culture filtrates of both bioagents might reduce the development of white
rot disease due to the activation of both enzymatic (POX and PPO) and non-enzymatic (phenolics and

flavonoids) antioxidant defense machineries of S. cepivora-infected onion plants. Finally, culture fil-

trates of S. maltophilia and S. liguefaciens might promote the growth of S. cepivora-infected onion plants
and enhance their yield components because of a reduced disease severity and/or the induced IAA
accumulation. The up-arrow indicates increased levels, whereas down-arrow indicates decreased

levels. Solid lines with arrows indicate positive reactions, while dashed lines with whiskers signify
negative reactions. For more details, see the main text.
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Abstract: Horticultural crops are vulnerable to diverse microbial infections, which have a detrimental
impact on their growth, fruit quality, and productivity. Currently, chemical pesticides are widely em-
ployed to manage diseases in horticultural crops, but they have negative effects on the environment,
human health, soil physiochemical properties, and biodiversity. Additionally, the use of pesticides
has facilitated the development and spread of resistant pathovars, which have emerged as a serious
concern in contemporary agriculture. Nonetheless, the adverse consequences of chemical pesticides
on the environment and public health have worried scientists greatly in recent years, which has
led to a switch to the use of biocontrol agents such as bacteria, fungi, and insects to control plant
pathogens. Biocontrol agents (BCAs) form an integral part of organic farming, which is regarded as
the future of sustainable agriculture. Hence, harnessing the potential of BCAs is an important viable
strategy to control microbial disease in horticultural crops in a way that is also ecofriendly and can
improve the soil health. Here, we discuss the role of the biological control of microbial diseases in
crops. We also discuss different microbial-based BCAs such as fungal, bacterial, and viral and their
role in disease management. Next, we discuss the factors that affect the performance of the BCAs
under field conditions. This review also highlights the genetic engineering of BCAs to enhance their
biocontrol efficiency and other growth traits. Finally, we highlight the challenges and opportunities
of biocontrol-based disease management in horticulture crops and future research directions to boost
their efficacy and applications.

Keywords: horticulture; biocontrol agents; diseases; pesticides; production; metabolic engineering

1. Introduction

Horticultural crops are an important source of income with high nutritional, medicinal,
and industrial significance [1]. Farmers’ adaptation to horticultural farming has signif-
icantly increased in recent times because of the huge demand, substantial income, and
technological advancement. Agriculture and economic diversification can be accelerated
via horticulture farming [1]. However, the production of horticulture crops is affected by
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both biotic and abiotic stresses [2]. Among them, phytopathogens pose serious threats
to horticultural crops across the globe. For instance, fungal pathogens such as Alternaria
spp., Phytophthora infestans, Septoria lycopersici, Fusarium oxysporum £. sp. lycopersici, Botry-
tis cinerea, and Verticillium dahliae have been found to significantly affect the quality and
yield production of horticulturally important crops [3-7]. In addition, a large number
of seed-born fungal pathogens viz., Macrophomina phaseolina, Colletotrichum, Fusarium,
Ascochyta pinodes, and Sclerotinia sclerotiorum have been reported to impair crop growth
and yield [6-10]. On the other hand, many bacterial diseases like canker, soft rot, leaf
spot/spot, wilt, blight, speck, and brown spot affect the fruit quality and crop productiv-
ity [11,12]. Moreover, different types of viruses cause severe diseases in horticultural crops
by hampering their physiological processes and hindering growth, leading to higher yield
losses [13,14].

Currently, the majority of the farmers use pesticides as a standard method of managing
disease in horticultural crops, which has huge implications on human health and the
environment. The excessive application of pesticides has polluted water bodies, leading to
a growing apprehension regarding the spread of toxic chemicals to humans [15]. Despite the
use of antifungals, on a global scale, growers lose about 10-23% of crops due to infestations
of fungal pathogens [16]. The situation is further worsened by an additional 20% crop loss
during the post-harvest process [16]. On the other hand, for the management of bacterial
disease, antibiotics are used, which have also become a major concern due the emergence
of antibiotic resistant pathovars. For instance, strAB streptomycin-resistance genes have
been found in Pseudomonas syringae, Erwinia amylovora, and Xanthomonas campestris [17].
Previous study has shown that bacterial plant pathogens have developed resistance against
a wide range of antibiotics such as streptomycin and tetracycline [17]. Therefore, there is a
need to find a viable alternative to address this problem and manage bacterial pathogens
in horticulture. Although transgenic technology has also been adapted for improving
disease resistance in horticulture crops, apart from several benefits such as developing
resistant plant varieties, transgenic plants raise serious concerns regarding health risks and
environmental concerns [18].

BCAs can play a vital role in disease management and increase food production in
a more sustainable way [19]. However, researchers should also thoroughly investigate
the range of BCAs to reduce the use of synthetic chemicals that are damaging the balance
in ecosystems as well as address pathogen resistance to BCAs. The use of pesticides
has expanded during the last decade due to their contribution to improving agricultural
productivity by controlling the prevalence and persistence of plant pathogens [20]. Previous
studies support the potential benefits of pesticides to control plant pathogens [21,22].
Eventually, there is a strong anticipation that scientific endeavors will strongly need to
mitigate the use of hazardous pesticides to contain the peril they pose to human well-being
and disturbance in the ecosystem. All of the above-mentioned strategies and their potential
constraints have forced scientists to rely on natural methods of controlling plant pathogens.
One such approach is the use of BCAs, which have a huge number of benefits and the
least constraints. In addition to the use of disease-resistant cultivars, the intervention of
BCAs has played a pivotal role in integrated pest management strategies to reduce the use
of chemical-based pesticides. Specific BCAs systematically penetrate the target pathogen
without affecting the crop plant [23]. Additionally, the public perception of using BCAs
as natural and environmentally friendly makes them more convenient for agricultural
use. The BCAs confer disease management by enhancing the immunity of crop plants,
secreting antimicrobial compounds that inhibit pathogen prevalence and growth [23]. The
importance of BCAs and the principle of synergically assessing their efficiency, efficacy,
durability, precision, and environmental safety further widen the scope for their use in
our agricultural systems. The current review article is a compendium to address the
contribution of BCAs in controlling plant pathogens and also highlights the potential
benefits of BCAs in comparison to chemical pesticides.
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2. Biocontrol as a Viable Approach for Controlling Disease in Horticulture Crops

BCAs have emerged as a viable tool not only for controlling pathogens and pests,
but also in improving plant growth and soil health, which make them an important tool
in maintaining the one-health principle [24]. However, several enhancements such as
scaling up production, optimizing formulation techniques and delivery methods, increas-
ing cost-effectiveness, and meeting regulatory requirements are necessary before they
can be successfully implemented in the field [25]. The global scientific community is
at pace with exploring BCAs in terms of understanding the mechanisms behind their
strategies to control pathogens [26]. BCAs include bacteria, viruses, fungi, insects, mites,
nematodes, yeasts, and protozoa, which control pathogens through a wide range of bi-
ological mechanisms [27]. Upon interaction with the target pathogen, BCAs modulate
their genetic machinery to produce arsenals of compounds to circumvent the pathogen
dominance and disease prevalence [28,29]. Bacterial species such as Bacillus thuringiensis,
Bacillus subtilis, Bacillus amyloliquefaciens, Bacillus licheniformis, Bacillus velezensis, Bacillus
pumilus, and Bacillus mojavensis are used as BCAs against plant fungal pathogens [30-32].
The biocontrol mechanism mediated by these bacterial species includes the production
of antibiotics, siderophore production, and the production of antimicrobial metabolites
including lytic enzymes, and most importantly, inducing systemic resistance mechanisms
against specific pathogens [33]. In addition, BCAs also trigger the production of growth
phytohormones such as cytokinins (CK), indole-3-acetic acid (IAA), and gibberellins (GA)
as well as the defense hormones salicylic acid (SA), abscisic acid (ABA), and jasmonic acid
(JA) to improve growth and adaptive responses during stress conditions [34,35]. Moreover,
some BCAs also produce metabolic intermediates such as ACC deaminase, the enzyme that
degrades 1-aminocyclopropane-1-carboxylic acid (ACC) to regulate the ethylene concen-
tration under biotic stress conditions [35]. Consequently, these reports suggest that BCAs
operate multiple mechanisms to control pathogens in addition to improving the growth
and metabolism in crop plants [36]. Furthermore, we show how BCAs use a multifaceted
mode of action for controlling plant pathogens or pests in Figure 1.

Many antimicrobial compounds (AMCs) largely belonging to secondary metabolites
are known to be secreted by microbes such as bacteria, fungi, and actinomycetes [37]. The
classes of antimicrobial agents produced by bacteria include non-ribosomal lipopeptides
and peptides (NRPs), ribosomal peptides (RPs), and polyketides (PKs) [38]. A large class of
NRPs belongs to cyclic lipopeptides (LPs), which exert their action against a wide range
of fungal and bacterial pathogens. This class of antibacterial agents mediates their action
by attaching to a membrane to cause perforation, resulting in the leakage of ions, which
is followed by depolarization of the membrane, where, once entering the cells, it inhibits
the replication, transcription, and translation of bacterial pathogens [39]. Similarly, several
types of LPs exhibit antifungal properties and exert their action by disrupting cell walls
by synthesizing chitin and (1-3)-B-D-glucan synthases, which in turn disrupts osmotic
regulation and the morphological architecture of fungal pathogens [40]. In addition, the
Bacillus species contains three families of LPs like iturin, fengycin, and surfactin, which
possess both antifungal as well as antibacterial properties [29,41]. Hussain et al. [42] recently
reported that the LPs iturin A and bacillomycin F produced by the Bacillus siamensis Sh420
strain inhibited the growth of Fusarium graminearum. Similarly, previous studies have
shown that iturin A and bacillomycin F from the B. siamensis JFL15 strain showed strong
antifungal activity against different plant fungal pathogens such as Colletotrichum nymphaeae,
Rhizoctonia solani, and Magnaporthe grisea [43]. The 3-1,3-glucanase and chitinase secreted
by B. siamensis QN2MO-1 contribute to the antifungal activities against Fusarium wilt in
tomato plants, and also promotes growth and improves fruit quality [44]. LPs have a great
potential as biocontrol elements synthesized by bacterial species to enhance agricultural
productivity. For instance, the bacteriocins belonging to RP have been reported to exhibit
broad-spectrum antimicrobial activities against closely related bacterial pathogens by
disrupting the cell wall and damaging cytoplasmic membranes [38,45]. Several Bacillus
species produce some important bacteriocins like amisin, amylolysin, ericin, entianin,
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thuricin, subtilin, subtilosin A, and subtilosin B, which are used as potential BCAs against
a wide range of bacterial pathogens [38,46]. Bacteriocins like leuconocin S and leucocin
A-UAL are produced by Gram-positive and Gram-negative bacterial species, even though
their lysis mechanisms completely differ. The most widely accepted mechanism includes
the absorption of bacteriocins by cell surfaces, followed by the inhibition of cell wall
synthesis, enhancing the permeabilization of the cell membrane and the inhibition of
RNases and DNases [45,47].
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Figure 1. Schematic diagram depicting the defense mechanism operated by BCAs against plant
pathogens. The production of bioactive molecules by BCAs mediates a diverse range of defense
responses against pathogens. They produce antibiotics, siderophores, antimicrobial metabolites, and
induce systemic resistance mechanisms against specific pathogens. This defense response consequently
improves plant growth and regulates the defense mechanisms against a wide range of pathogens.

Polyketides and other peptides are another class of antimicrobial agents produced
by BCAs that possess antifungal and antibacterial activities [46,48]. For instance, oxyd-
ifficidin and difficidin, produced by Bacillus methylotrophicus DR-08, exert antibacterial
properties against R. solanacearum, the causative agent of bacterial wilt in tomato plants [49].
Additionally, macrolactin and bacillomycin D, isolated from B. amyloliquefaciens NJN-6,
were found to possess antifungal properties against F. oxysporum and R. solanacearum in
banana [50]. The polyketide viz. bacillaene, difficidin, and macrolactin, produced by B. amy-
loliquefaciens DSBA-11, inhibited the growth of the Ralstonia pseudosolanacearum pathogen in
tomato plants [51]. Chen et al. [52] reported that the bacterial strain B. velezensis SDTB038
possessed antifungal properties against Fusarium crown and root rot in tomatoes by syn-
thesizing metabolites like bacillaene, bactin, bacilysin, difficidin, fengycin, macrolactin H,
and surfactin. A wide range of fungal species have previously been reported to be used as
microbial formulations to contain the pathogenesis of pathogenic fungi Botrytis, Fusarium,
Sclerotinia, and Pythium [53]. The biocontrol of these fungal species relies on mechanisms
such as mycoparasitism, the synthesis of antimicrobial metabolites, and competition for
nutrients and space [54,55].

The Trichoderma species-based biocontrol mechanism relies on antibiosis, mycopara-
sitism, competition for resources and space, and inducing defense systems. The mechanism
of antibiosis relies on the production of primary and secondary metabolites that are critical
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in controlling the growth and division of pathogens. Reports suggest that Trichoderma spp.,
releases around 390 non-volatile metabolites, some of which include caffeic acid, cathequin,
ferulic acid, gliotoxin, gliovirin, heptelidic acid, nematolin, sepedonin, 3,4,15-scirpenetriol,
and viridian [56]. For instance, Trichoderma spp. helps in nutrient and water uptake, en-
hances the metabolism of plants, and induces defense signaling pathways by establishing a
positive interaction with crop plants [57]. Strains of the fungal species Trichoderma harzianum
have been characterized and identified as potential candidates to control F. oxysporum f. sp.
lactucae (Fol) in baby lettuce (Lactuca sativa L. var acephala) [58].

3. Factors Affecting the BCAs Activities and Strategies to Overcome Limitations of
BCA Effectiveness

Despite huge efforts, the impact of biocontrol has remained reasonably insignificant in
managing to control diseases in crops in comparison to its synthetic counterparts [23]. Most
importantly, BCAs face greater challenges when transforming their roles from experimental
conditions to crop fields exposed to various environmental factors [59]. For instance, the
type of plant species and genotype have a significant role in the effectiveness of BCAs [60].
Umer et al. [61] reported that the production of antimicrobials from BCAs as well as their
colonization and induction of systematic resistance is dependent on the type of plant
and varies from species to species. Consequently, for a targeted application of BCAs,
scientists must uncover the complexities of host plants, BCAs, and pathogens to avoid
less effectiveness and failure [62]. The pathogen also greatly influences the biocontrol
potential of specific types of BCAs. Reports suggest that each pathogen interacts with the
host plant differently in terms of pathogenesis and prevalence due to the ecological fitness
and genetic variability in specific pathogens [63,64]. Additionally, a large number of pests
have developed resistance to BCA antimicrobials. For example, the resistance of several
pests such as Diabrotica virgifera, Busseola fusca, Helicoverpa zea, Spodoptera frugiperda, and
Pectinophora gossypiella has been reported toward Bt toxins [59]. The nature of BCAs and
the class of biocontrol agents they release is another factor that is critical for efficacy as
potential BCAs. Consequently, to understand the nature of BCAs, it is critical to investigate
the distribution pattern of BCAs in the rhizosphere [63,64]. Furthermore, the mode of
action of BCAs, pathogen selection, and the ability to resist harsh climatic conditions play
defining factors in the success of BCAs in disease management [65].

Environmental conditions such as biotic and abiotic factors play a pivotal role in the
ability of BCAs to kill specific pathogens [59]. It is very important to select a specific type of
BCA that has higher stability and efficacy in a wide range of environmental conditions like
heat stress, drought stress, salinity stress, type of soil, and competition with other biotic
species [66]. Understanding the factors that influence the BCAs and their efficacy is critical
before their application in crop fields. Currently, the efficacy, viability, and susceptibility
of the BCAs to stressful environmental conditions is one of the major problems that has
limited its expansion [23]. Considering this limitation, the efficacy of biocontrol BCAs can
be increased by preparing small liquid formulations. For instance, to control the devastating
impact of Sclerotium rolfsii, Sutthisa et al. [67] prepared 5% trehalose-Trichoderma asperellum
MSUO007 as a liquid formulation. Another strategy to enhance the efficacy of BCAs is
to combine them with fungicides in order to weaken and stress the pathogens to render
them more susceptible to subsequent attacks by BCAs [68]. For instance, the combination
of Fusarium sp. isolates with a benzimidazole fungicide improved the effectiveness of
Fusarium sp. in controlling the Fusarium wilt of carnation or cyclamen [69]. Consequently,
by employing a combination of BCAs and synthetic chemicals, the duration of effectiveness
will be increased, and therefore, the use of fungicides or antibacterial chemicals will be
reduced, leading to the sustainable agricultural production of crops. The combinatorial
approach of using nanoparticles and BCAs is another versatile method for enhancing the
efficacy of BCAs. For example, Vehapi et al. [70] used a formulation based on nanoparticles
(BpNDPs), polyvinyl alcohol (PVA), and sodium alginate (SA) in combination with B. pumilus
as plant protection against Colletotrichum gloeosporioides infestation to inhibit postharvest
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fungal decay disease in crop plants. The huge number of inclusive studies demonstrates
the potential of BCAs to enhance agricultural productivity at a global scale [71]. However,
the affectivity of BCAs is determined by the number of crops per farm, the size of the farms,
and the cultivation strategies [72,73]. Our existing agricultural practices must be redesigned
to favor biocontrol applications. Apart from the use of BCAs, monitoring measures are also
important to make decisions regarding the time of application, preventive measures, and
the use of pathogen-resistant varieties are crucial to decrease the use of synthetic chemicals
for pest control. Additional considerations include the choice of cropping system and
specific environmental conditions that help avoid pest pressure and disease progression.

4. Fungal Species as BCAs: Mechanisms and Applications

Fungal species are one of the important groups of BCAs that are commonly used to con-
trol pests and pathogens mainly due to their target specificity, quick generation time, and
relatively high reproduction rate [74]. Many genera of fungi have been utilized extensively
as efficient BCAs against fungal phytopathogens such as Alternaria [75] Penicillium [76],
Aspergillus [77], Fusarium [78], Rhizoctonia [79], Colletotrichum [80], and other devastating
pests such as insects and nematodes [81]. Trichoderma spp. is the most well-known fun-
gal antagonist being studied and employed as a microbial fungicide. Their integration
promotes sustainable agricultural practices and aids in the efficient management of plant
diseases [82].

Numerous fungi, particularly Trichoderma, have been found to have broad-spectrum
antagonistic activity against a variety of phytopathogens [75-80]. Trichoderma is a common
genus of fungus organisms that live in soil and function as mycoparasites, saprotrophs,
and plant symbionts [82]. Filamentous fungi of this genus have been studied in detail and
used as BCAs against agricultural plant diseases [83]. In order to provide effective plant
disease management, a great deal of research has been conducted in the last 10 years on the
direct and indirect control potential of BCAs against phytopathogens. In 1794, Trichoderma
was initially isolated from soil and decaying organic materials [84]. Nowadays, Trichoderma
is the source of more than 60% of effective biofungicides used worldwide [85]. Several
antibacterial secondary metabolites including viridiofungin, trichokonin, and lysozyme
have been identified from T. harzianum. These compounds have shown an antibacterial
activity against bacterial plant pathogens such as Clavibacter michiganensis and Erwinia
amylovora [86]. R. solanacearum, a causing agent of bacterial wilt disease in tomato, chilli,
and other crops, is responsible for enormous agricultural losses globally [87]. Many
approaches have been studied for the management of R. solanacearum. The crude extract
of T. harzianum could inhibit the growth of R. solanacearum when in vitro and in planta
experiments were conducted on tomato plants. Disruption of bacterial cells was confirmed
by scanning electron microscopy [88]. Applications of the T. asperellum isolates T4 and T8 in
the field delayed the onset of wilt, reduced the incidence of R. solanacearum-caused illness,
and improved tomato plant growth and yield [89].

The fungal strain BCP, also called Acremonium strictum, has the ability to hinder B.
cinerea growth by severely lysing the host hyphae [90]. Using light microscopy, the lysis of B.
cinerea mycelia was verified [90]. Fusarium wilt was found to be effectively controlled by the
Fo47 strain of F. oxysporum, which was recognized as nonpathogenic. It was also discovered
that Fo47 could raise the bioactivity of chitinase, 3-1,3-glucanase, and (3-1,4-glucosidase in
tomato plants, indicating that Fo47 could cause resistance in tomatoes [91]. Upon applying
a mixture of T. harzianum and rice straw (RST) and oil palm (EFB) compost to okra plants,
the plants exhibited resilience against Choanephora wet rot disease. Up to 85.04% less
illness severity was observed when T. harzianum was suspended in water [92]. Jaihan
et al. [93] used the extracts of entomopathogenic fungus Ophiocordyceps sobolifera against
Colletotrichum spp. in chili plants and found that it significantly inhibited the mycelial
growth and conidial germination of all the tested Colletotrichum spp. under in vitro con-
ditions. A previous study showed that the coexpression of p-1,3- and B-1,6-glucanase
genes in T. virens significantly inhibited pathogens such as R. solani, Rhizopus oryzae, and
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Pythium ultimum (Oomycota, Chromista) [94]. In a field study, commercial formulations
of T. virens (Soilgard) and T. harzianum (Rootshield) were used to prevent Fusarium wilt in
tomato plants, where it was found that these formulations prevented 62 and 68% of the
disease, respectively [95]. Fusarium wilt of potatoes (F. oxysporum) was better controlled
by T. harzianum in a greenhouse setting compared to a field setting, but a higher yield
was obtained in the field [96]. Previous study has reported that gliotoxin, an important
secondary metabolite of Trichoderma virens T23, suppressed Sclerotium rolfsii, which causes
destructive soilborne disease in many plants [97]. Isolates of T. harzianum, T. viride, and T.
spirale showed different inhibitory effects against the mycelial growth of R. solani and F. oxys-
porum f. sp. phaseoli of bean in laboratory, greenhouse, and field conditions. T. harzianum
formulation-treated plots had a yield comparable to the healthy control. Boureghda and
Bouznad [98] reported that three strains of T. atroviride and T. harzianum (Th. 16) were
the most effective isolates in protecting chickpea seedlings against Fusarium wilt among
several isolates of T. atroviride, T. harzianum, and T. longibrachiatum. They also observed that
an increase in the vegetative growth of the tested plants was correlated with a decrease
in the severity of the disease. Tsai et al. [99] reported that among five Trichoderma strains
isolated from Anoectochilus rhizospheres, a conidial formulation of a strain of T. asperellum
mixed with carboxymethyl cellulose (CoCMC) had an excellent ability in controlling the
stem rot disease (F. oxysporum) of Taiwan Anoectochilus and could completely protect the
tested plants against this disease for 9 weeks. Schubert et al. [100] examined the potential of
Trichoderma spp. as a wound treatment for controlling wood decay fungi in urban trees and
reported that T. atroviride (T-15603.1) could be successfully applied as a biological wound
treatment against wood decay fungi. Another previous study reported that Penicillium
citrinum and Aspergillus terreus showed biocontrol activity against the Sclerotium rolfsii
pathogen by inducing jasmonic acid and salicylic accumulation in sunflower plants [101].
Among the fungal BCAs, Trichoderma is the most widely used BCA across the globe.
However, there is need to explore novel fungal BCAs with growth promoting traits as well
as effective biocontrol activity that will boost agricultural productivity.

Mechanism of Action

Fungal BCAs can employ various mechanisms such as parasitism, competition for
nutrients and space, prevention of pathogen colonization in specific host tissues, antibiosis,
and the induction of plant resistance against diseases to target pathogens, thereby inhibiting
their growth, sporulation, and spread within infected plants [45,55]. Multiple approaches
have been developed to investigate the activity mechanisms of selected BCAs [102]. In-
terestingly, some BCAs initially thought to hinder pathogen development through my-
coparasitism or antibiotic production were later found to induce systemic resistance in
plants against pathogens [82]. Besides protecting plants from diseases, certain fungal
BCAs have the ability to increase plant growth, leading to increased biomass and yield.
Hyperparasitism is a fungal propensity characterized by direct antagonistic interactions,
whereby other microorganisms eliminate a pathogen [59]. Sometimes, a fungal species
can be parasitic on different species of fungi; this tendency is called mycoparasitism [103].
When cucumbers in greenhouse conditions were treated with conidial suspensions of the
hyperparasite Ampelomyces quisqualis, they were found to be effective against Sphaerotheca
fuliginea, a causative agent of powdery mildew of cucumber. A. quisqualis parasitized S.
fuliginea extensively in studies with commercial cucumber crops [104]. Previous studies
have reported that Trichoderma spp. are useful in the biocontrol of R. solani, the main fungus
that causes damping-off and root rot in many crops [105,106]. Due to their hyperparasitic
nature, Trichoderma spp. are among the most studied fungi as BCAs because they effectively
protect crops against a wide range of plant pathogens. On the other hand, antagonistic
relationships, or antibiosis, are biological interactions between two or more organisms that
are harmful to one or more of them. Antagonistic fungi, for instance, produce antimicro-
bial compounds to inhibit the growth of pathogenic fungi in their vicinity [107]. Fungi
produce one or more antimicrobial compounds and other secondary metabolites with
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antibiotic activity [108]. The most studied fungal species for antibiosis is Trichoderma [109],
and Gliocladium spp. [110] and T. virens (syn. Gliocladium virens) secrete gliotoxin and
gliovirin [111,112]. A previous study reported that the inoculation of strawberry plants
with Trichoderma spp. controlled B. cinerea infection as well as improved growth [113].

Competition occurs when two organisms vie for nutrients or space. Certain species of
fungi and yeasts can impede phytopathogens through competitive mechanisms, dimin-
ishing nutrient availability. Fungus can inhibit the pathogens through the suppression of
the spore germination rates and decrease the germ tube development of pathogens [114].
Endophytic fungi can reside inside the plant tissues; this can be either cellular interspace
or intracellular space [115]. Competition for essential nutrients often leads to pathogen
starvation, a common cause of microorganism mortality, consequently facilitating the
biological control of fungal phytopathogens [116]. Trichoderma spp. produce various sec-
ondary metabolites including nonribosomal peptides, polyketides, peptaibols, pyrones,
siderophores, and volatile and non-volatile terpenes, which possess pharmaceutical and
biotechnological significance [117]. The symbiotic association of Trichoderma with plant root
systems enhances mineral and water uptake while conferring resistance against pathogenic
organisms. Under iron-deficient conditions, many fungi secrete siderophores, iron-binding
ligands facilitating the mobilization of environmental iron [118]. These siderophores en-
hance the rhizosphere competence of T. asperellum strain T34, rendering it effective as a
BCA against F. oxysporum f. sp. lycopersici (Fol) on tomato plants [100]. For instance, the
efficient biocontrol of Pythium and F. oxysporum mediated by Trichoderma was found to be
associated with the bioavailability of iron [119].

Trichoderma spp. has gained significant attention in the field of agriculture due to
its potential as a BCA against various phytopathogens. Its effectiveness lies not only in
its direct antagonistic action against pathogens, but also in its ability to trigger various
regulatory mechanisms in plants, leading to enhanced disease resistance [82]. The T. asperel-
loides PSU-P1 strain was able to inhibit the growth of Stagonosporopsis cucurbitacearum by
expressing PR genes, chitinase, and the glucanase enzyme. S. cucurbitacearum is responsible
for disease in muskmelon. Scanning electron microscopy (SEM) analysis confirmed that
T. asperelloides PSU-P1 mediated the destruction of S. cucurbitacearum hyphae [120]. The
biocontrol of Sorghum anthracnose, caused by Colletotrichum graminicola, with T. asperellum
and T. harzianum was demonstrated in one study. In this study, seeds bio-primed using
the T3 (T. asperellum) isolate resulted in the highest increased activities of the antioxidant
enzymes, with superoxide dismutase showing a 36.63% increase, peroxidase exhibiting a
43.59% increase, and polyphenol oxidase showing a 40.96% increase at 48 h post pathogen
inoculation. Following the 15th day of pathogen inoculation, lignification was increased in
the sorghum roots in most treatments, indicating a reinforcement of the defense mecha-
nism. The field trials with T3 were found to be most effective [80]. Many other species of
Trichoderma have been reported for their prominent plant growth promotion and biocontrol
properties. The noticeable species of Trichoderma are T. atroviride [121], T. harzianum [122], T.
koningii [123], T. hebeiense [124], T. longibrachiatum [125], T. polysporum [126], T. reesei [127], T.
virens [128], T. viride [129]. T. koningii, and B. megaterium, either alone or in combination have
been tested for controlling root-knot nematodes and F. oxysporum in potato plants [130].

Induced resistance (IR) stands out as a crucial mechanism of biocontrol in plants and is
effective against both soilborne and foliar pathogens, as highlighted by Hossainet al. [131].
This resistance mechanism hampers pathogen growth and spread by triggering the secre-
tion of defense-related enzymes like chitinases, proteases, and peroxidases [132]. The fungi
Penicillium and Trichoderma have been shown to induced systemic resistance (ISR against
pathogens. Previous study has reported that the inoculation of plant growth-promoting
fungi (PGPF) in tobacco plants not only increased their growth, but also induced immu-
nity against potato virus Y (PVY) infection. In comparison to non-inoculated plants, the
treated plants exhibited better growth, reduced virus concentrations, and activated genes
associated with defense, indicating the efficacy of PGPF in boosting plant protection [133].
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Salicylic acid (SA), produced by the T. harzianum T39 strain, has been shown to induce
resistance against B. cinerea in bean plants [134]. Applying a BCA directly to a diseased plant
part exhibited ISR, while using dead cells of the BCA showcased local induced resistance
(IR). For instance, the use of dead cells of T39 can hinder powdery mildew infection in
cucumber and B. cinerea infection in tobacco, pepper, and beans. Additionally, inoculating
the cucumber seedlings’ leaves, and roots with T. harzianum led to increased peroxidase
and chitinase activity [135]. Root endophytic fungal isolates KB252-15 (ectomycorrhiza)
and KA2S1-42 (Pleosporales) showed the complete suppression of P. infestans sporangia
germination, with a slightly lower inhibition with KB151-4. Pre-treating leaflets with a
5% extract from these endophytes resulted in the total suppression of P. infestans mycelial
development and late blight symptoms. This suggests that these biocontrol candidates
could be used to control late blight disease [136]. Different fungal BCAs for disease
management in sustainable agriculture are shown in Table 1.

Table 1. List of fungal BCAs for disease management in plants.

Fungal Species Mode of Action Disease/Host Reference
Ampelomyces quisqualis Hyperparasitism Effective against powdery mildew in grapes [137]
Induction of systemic
Trichoderma harzianum resistance in pepper Effective against bllght and fruit rot of peppers [138-140]
plants along with (Phytophthora capsica)
capsidol accumulation
Aureobasidium pullulans Antagonism Effective against gray mold of strawberry [141-144]
Pichia guilliermondii Antagonism ?;Ilel\ir;:ge blue mold (Penicillium italicum) on citrus [145-147]
Cladosporium cladosporioides Antagonism Manage white rust disease in chrysanthemum [148]
Cladosporium pseudocladosporioides & & y
Candida famata Antagonism Manage Penicillium digitatum in orange fruits [145,149]
T. harzianum Antagonism Fusarium crown and root rot (FCRR) of tomato [150]
T. atroviride T95 Mycoparasitism Botryosphaeria berengeriana f. sp. piricola [151]
T. harzianum (Th.].89-2), T. viride
(TV.].92-1 and ITCC-1433), Antagonism Dry root rot chilli (R. solani) [152]
T. auxeoviride
T. koningii Mycoparasitism Sclerotinia sclerotiorum [153]
Trichoderma longibrachiatum Antagonism Sclerotium cepivorum [154]
Trichoderma asperellum Antagonism Fusarium root a.nd stem rot disease [155,156]
Apple replant disease
T. viride Mycoparasitism F. oxysporum £. sp. adzuki and Pythium arrhenomanes — [157]
T. viride Antagonism Phytophthora infestans [158]
Alternaria alternata, Alternaria solani, Colletotrichum
T. viride Antagonism spp., Fusarium solani, Fusarium equiseti, and F. [159]
oxysporum
T. virens Mycoparasitism Pythium ultimum [160]
T. virens Mycoparasitism Phytophthora erythroseptica [161]
Cell wall-degrading
Aureobasidium pullilan enzymes, synthesis of Potentl.al to c‘ontrol Penzclzllzum expansum, B. cinerea, [162,163]
antifungal compounds,  Aspergillus niger, and Rhizopus stolonifer in grapes
and mycoparasitism
C. gloeosporioides and R. vinctus Panama wilt of banana [164]
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Table 1. Cont.

Fungal Species Mode of Action Disease/Host Reference

Seed rot and damping-off of several seed- and
. Mycofungicide soilborne plant pathogens like P. infestans (late blight .

Chactomium globosum compound production  of potato), Pythium ultimum (Pythium damping-off of [165-167]

sugar beet), Alternaria raphani, and A. brassicola
. . Apple rot, apple collar rot, and crown rot
Paecilomyces Antagonism (Phytophthora cactorum) [168,169]
Aspergillius versicolor Im6-50 Antagonism Powdery scab in potato (Spongospora subterranen) [170]

In the past two decades, there has been significant progress in utilizing fungi as
biological control agents (BCAs), with several commercially available BCA products already
on the market. The future expansion of fungal BCAs hinges on the successful development
of resting spores and robust mycelia. However, BCAs alone may not suffice to control
all types of plant diseases across diverse conditions. While the mechanisms of action
for some BCAs are becoming clearer, further research and development are necessary to
better understand their behavior. The genetic transformation of fungi holds promise for
enhancing BCA performance under varying environmental conditions, however, potential
risks related to their application into the environment require thorough investigation to
establish acceptable implementation guidelines.

5. Bacteria as BCAs for Plant Disease Management

Beneficial bacteria such as Bacillus, Bradyrhizobium, Paenibacillus, Pseudomonas, Acineto-
bacter, Azotobacter, Azospirillum, Rhizobium, and Streptomyces are known to promote not only
plant growth, but also act as portent BCAs [171,172] that use different strategies to combat
pathogen attack. For example, they can secrete diverse antimicrobial compounds such as
antibiotics, lipopeptides, biosurfactants, microbial volatile compounds, bacteriocins, and
cell-wall degrading enzymes against different bacterial and fungal pathogens [29,172-174].
On the one hand, they can trigger the host immune system by acting as elicitors or priming
agents. Additionally, BCAs may potentially disrupt the pathogens” quorum sensing (QS)
system by preventing or enzymatically breaking down the formation of signal molecules
that initiate infections [174,175]. When it comes to nutrition acquisition, highly competitive
bacterial BCA can outcompete the pathogen by using low-molecular-weight siderophores
that have an affinity for ferrous iron to colonize and persist in the infected site [175]. The
first use of bacteria as a BCA for plant protection was Bacillus thuringiensis [176]. Similarly,
after the discovery of penicillin as an antibiotic to control bacterial pathogens, Staphylococcus
was the first to revolutionize the scientific community [177]. The primary bacteria utilized
as BCAs in horticulture crops are strains of Bacillus, Pseudomonas, and Serratia [173]. The
significant contribution of microbial pathogens in controlling major diseases in horticul-
ture crops is widely recognized. The bacteria release secondary metabolites to inhibit the
growth of fungal pathogens and serve as potential biopesticides. Bacillus species are the
most commonly used biopesticides and they also enhance plant defense by activating the
induced systemic response (ISR) (Figure 2). Ongena et al. [178] reported that bean and
tomato plants with a high concentration of Bacillus in their rhizosphere exhibited enhanced
disease resistance against B. cinerea.

Biological control agents show great promise in managing diseases and reducing the
spread of pathogens at the site of infection. BCAs are integrated into the soil to improve
the diversity of beneficial microorganisms in the vicinity of the rhizosphere. It restricts
pathogen growth through various processes including parasitism and the production
of lytic enzymes. Some bacteria emit volatile organic compounds such as acetoin, 2,3-
butadial, and 3-hydroxy-2butanone that stimulate defense enzymes and restrict pathogen
growth [179]. Similarly, the VOCs produced by P. fluorescens WR-1 have restricted the
growth of R. solanacearum in tomato plants [180]. Applying beneficial microorganisms
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(BCAs) to root exudate enhances plant defense by activating the induced systemic resistance
(ISR) pathway and promoting the expression of defense-related genes. The root colonization
by BCAs is an important feature in the delivery of secondary metabolites and cell-wall
degrading enzymes. Additionally, the application of Pseudomonas strain PCL1751 to tomato
plants improves their resistance to the root rot pathogen F. oxysporum [181]. In another
study conducted by Schuhegger et al. [182], it was found that Serratia liquefaciens and
Pseudomonas putida have the ability to stimulate induced systemic resistance (ISR) in tomato
plants, providing defense against Alternaria alternata. Induced systemic resistance is a
crucial aspect of disease resistance as it facilitates the activation of defense hormones
and ultimately results in the production of resistance genes. In Table 2, we summarize
the list of potential bacterial BCAs that have been used against different pathogens in

sustainable agriculture.

Table 2. Role of bacterial BCAs to control pathogens in different crop systems.

S. No. Bact.e rial Patl.logen Disease Crop D‘iﬁe/CFﬂ Mode of Action Reference
Strain against (g~ 1/mL-1)
Bagzllug . Colletotrzghum Anthracnose 1% 108 Damage .szll
1. altitudinis gloeospori- disea Tea fu/mL permeability and [183]
GS-16 oides sease ctu/me integrity
Bacillus . Bean, potato, 6 1 Inhibition mycelium
z thuringiensis B. cinerea Grey mold and rapeseed 107 cfug growth [184]
Bacillus Colletotrichum  Anthracnose Apple and Inhibition mycelium
3. subtilis @ e 108 cfu/mL PR [185]
GYUN-2311  SPP- iseases ot pepper grow
Inhibits fungal and
Bacillus Magnaporthe N . 2 x 107 oomycete hyphae
4 velezensis S4 oryzae Riceblight  Rice cfumL~! growth and alters [186]
appressoria
Pseudomonas Fusarium Banana Interacts directly with
5. . oxysporum f. Fusarium Banana ~107 host cells via flagella, [187]
aeruginosa 91 . e . .
sp. cubense wilt pili and lipoproteins
Induction of defense
Pseudomonas ~ Xanthomonas . related enzymes,
6 aeruginosa oryzae pv. Bacterial Rice 10° cfu mL ™! production of [188]
' BR 83 Ory e PV leaf blight cum 4-hydroxy-2-
P Y alkylquinolines (HAQs)
along with siderophores
Pseudomonas . 3
7. aeruginosa BP trytis Gray mold  Tomato 25 5110 cfu Type III secretion system  [189]
cinereq mL
CQ-40
Pseudontonas Pythium Damping- Lettuce and
8. strain u%fimum f pimg Cucumber 7.47 x 108 cfu Inhibit mycelial growth ~ [190]
IALR1619 © cumbe
Downregulation of
Bacillus Ralstonia Bacterial 1x 108 genes associated with
9. . . Tomato . [191]
velezensis solanacearum  wilt cfu/mL spore germination and
growth
. Inhibit Rhizoctonia
Bacillus Rhizoctonia Foliar 37+02 x cerealis mycelial growth
10. subtilis ; . Wheat KTEbY 8 mycena’ gt [192]
X718-3 cerealis blight 10*" cfu/g and induce mycelial

swelling and rupture.
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Figure 2. Schematic diagram showing the role of bacterial biocontrol agents in plant disease resistance.
The induction of defense hormones triggers the production of SA and jasmonic acid (JA), which in turn
confers resistance to fungal infections. The role of secondary metabolites secreted by beneficial microbes
leads to the activation of induced systemic resistance (ISR). They can also produce diverse antimicrobial
compounds such as antibiotics, lipopeptides, biosurfactants, microbial volatile compounds, bacteriocins,
and cell-wall degrading enzymes to inhibit pathogen growth and disease progression.

6. Viruses as Biocontrol Agents

Viruses are important BCAs that act against a wide range of microbial pathogens and
pests [193]. Viruses often carry a negative reputation due to their association with diseases
and pandemics. However, it is important to note that the majority of viral species are harm-
less or even helpful, playing crucial roles in ecosystems [194]. As the most abundant entities
on Earth, viruses are believed to have a significant ecological impact in maintaining the
balance of organism populations. All three domains of life are susceptible to viral infection;
however, many endocellular bacteria such as phytoplasmas are conspicuously immune to
viral infection. Since viruses are frequently regarded as the ultimate parasites and do not
usually cause detectable harm to their hosts, they are appealing candidates for BCAs [195].
A century ago, Mallmann and Hemstreet [196] initially proposed the use of bacteriophages
as BCAs against bacteria. Currently, researchers are interested in investigating phages as
BCAs for bacterial disease control, primarily because of the fast development of antibi-
otic resistance in bacterial pathogens that has resulted in serious agricultural loss [197].
Interestingly, phages are viruses that only infect bacteria; they do not directly harm plants
or mammals. On the other hand, the utilization of the mycovirus Cryphonectria hypovirus
1 (CHV1), which was found to induce hypovirulence in the ascomycetous fungus Cry-
phonectria parasitica, was the first instance of a virus being a successful BCA in fungi [193].
Since then, CHV1 has been used to impede the spread of chestnut blight in forests and
orchards [198]. The first instances of virus biocontrol in insects were the applications of
baculoviruses to manage populations of lepidopteran insects [199]. Viruses can also be
employed to manage viral disease in plants via cross protection. Here, attenuated plant
virus strains are used as a BCA in order to safeguard crops from pathogenic strains of
the same or similar viral species. The basis for this crop protection technique is the cross
protection/interference phenomena, which was initially studied in tobacco plants infected
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with a yellow strain of the tobacco mosaic virus (TMV). Figure 3, shows viral BCAs employ
different strategies to safeguard plants from pathogen attacks.

' !
Viral transfer by anastomosis from
hypervirulent to virulent strains leads
to reduction of virulence factors,
making the pathogen less capable of

ausing severe disease.
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Figure 3. Schematic diagram showing the role of viruses as BCAs in controlling plant pathogens and
pests. (A) Depicts plants with viral biocontrol agents that protect them from pathogens by using
diverse strategies such as activating immune signaling pathways, infecting pathogens to alter their
virulence, triggering pathogen cell lysis, and cross infection by activating memory resistance. (B) De-
picts plants without viral BCAs being challenged by pathogens, which leads to disease development
and ultimately host death.

6.1. Biocontrol Potential of Mycoviruses against Fungal Plant Pathogens

Mycoviruses are obligate parasites found in the majority of economically significant
plant-pathogenic fungi. Latent infections are often linked to mycovirus—fungus interactions;
however, mycovirus infection can potentially be advantageous or deleterious to the fungal
host. They have a variety of genome types, but the most common ones are double-stranded
RNA (dsRNA) or positive- and negative-sense single-stranded RNA (ssRNA+/—) genomes.
Single-stranded DNA (ssDNA) genomes are far less common and are conspicuously absent
from dsDNA viruses [200,201]. These have a mono- or multi-segmented genome, naked or
encapsidated [202]. Mycovirus-infected hypovirulent Cryphonectria parasitica was effectively
used in the past to control chestnut blight, which led to an increased investigation into
mycoviruses and their potential for the biocontrol of pathogenic fungus in plants across
different pathosystems [203]. Based on artificial transection methods, it was found that
mycoviruses have broad host ranges and induce hypovirulence. For instance, species that
are phylogenetically close to C. parasitica such as C. radicalis, C. havanensis, C. cubensis, and
Endothia gyrosa were artificially infected using the synthetic transcript of CHV1-EP713,
which showed that CHV1 was not only able to multiply, but also induced hypovirulence
as well as other phenotypic changes in all of these fungal strains [204,205]. Previous
reports have shown that CHV1 can also reduce the virulence and growth of important pant
pathogens such as Valsa ceratosperma and Phomopsis G-type, highlighting their potential
as BCAs [206]. The infection of C. parasitica, Glomerella cingulate, and V. ceratosperma with
mycovirus Rosellinia necatrix partitivirus 1 (RnPV1) also inhibited growth and reduced their
virulence [207]. On the other hand, Xiao et al. [208] used purified virions of mycovirus
Sclerotinia sclerotiorum partitivirus 1 (SsPV1) to infect B. cinerea, which also showed growth
alteration, stable persistent infection, and the induction of reduced virulence. Lee et al. [209]
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used protoplast fusion to transmit mycovirus FgV1-DK21 to F. graminearum, F. asiaticum,
F. oxysporum f. sp. lycopercisi, and C. parasitica. All of these hosts allowed FgV1-DK21 to
proliferate, even the distantly related C. parasitica, where it resulted in growth changes
and decreased pathogenicity, which were different from those seen in CHV1 infections.
These studies further support the notion that mycoviruses are potential BCAs and could be
applied to the control of a wide range of plant fungal pathogens.

6.2. Phage-Based Biobactericides

Plant pathogenic bacteria also pose a serious threat to crop productivity. Currently,
many bacterial pathogens have developed antibiotic resistance, which is a major concern
to the environment and human health. For example, Xanthomonas campestris, Erwinia
amylovora, and Pseudomonas syringae have been found to harbor antibiotic resistance genes
(strAB) that confer resistance against streptomycin [210]. To overcome this problem, har-
nessing phage-based BCAs is a viable strategy for controlling bacterial pathogens in sustain-
able agriculture. Bacteriophages, often known as phages, are viruses that cause bacterial
hosts to degrade by selectively infecting and multiplying within them as antimicrobial
agents. In order to control bacterial disease and increase crop yields, phage therapy is a
viable, effective strategy against resistant bacterial plant pathogens [211]. The U.S. Envi-
ronmental Protection Agency (EPA) has approved four distinct phages from Omnilytics
as active ingredients for bactericides since 2005. The first cocktail, known as AgriPhage,
guards tomato and pepper plants in both greenhouses and open fields from bacterial spot
and speck by including bacteriophages against X. campestris pv. vesicatoria and P. syringae.
Similarly, Omnilytics has created concoctions to combat fire blight on pear and apple trees
as well as bacterial canker disease on citrus and tomatoes [195]. Unfortunately, the literature
lacks specific information regarding the phage composition and anticipated reductions in
symptom development of the current cocktails; however, preliminary formulations of the
X. campestris pv. vesicatoria phage cocktail were found to reduce tomato plant bacterial spot
disease severity by an average of 17% [212]. Five greenhouse trials found that a cocktail
against X. citri subsp. citri comprising of at least some of the Omnilytics phages might lower
citrus canker disease severity by an average of 59% [213]. A&P Inphatec, a subsidiary of Ot-
suka Pharmaceutical, developed XylPhi-PD, a phage product that the EPA licensed in 2021
to guard grapevines in California against Pierce’s disease, which is brought on by Xylella
fastidiosa [194]. In a four-site field study conducted in California, the business revealed that
the constant injection of XylPhi-PD in the xylem reduced disease incidence by 57%. The
Hungarian government has given Enviroinvest permission to distribute the phage cocktail
Erwiphage Plus domestically as an anti-E. amylovora bactericide. This medicine is modified
every year to prevent the development of resistance, and it can only be used under very
specific circumstances during the flowering season. Each year, emergency authorization is
granted for as few as 120 days, spanning from mid-March to mid-July [214]. An engineered
cocktail of four lytic phages has been reported as an effective BCA of X. fastidiosa and its
associated infections including PD, olive-quick decline syndrome, and oleander, coffee, and
almond leaf scorch [215,216]. Ahmad et al. [217] showed that the filamentous phage XacF1
caused loss of virulence, reduced EPS production, restricted motility, and delayed growth
rate in Xanthomonas axonopodis pv. citri, the causative agent of citrus canker disease, which
further highlights its biocontrol potential against bacterial pathogens. On the other hand,
phages such as vRsoP-WF2, vRsoP-WR2, and vRsoP-WM2 were also identified as effective
BCAs against R. solanacearum [218]. Two particular phage species, E. amylovora Siphoviridae
phage (PhiEaH1) [214], and PhiEaH?2 [219], were isolated locally and effectively decreased
the incidence of fire blight cases in field studies.

6.3. Cross-Protection

Cross-protection is a strategy that pre-immunizes plants against mild virus strains
in order to fight viral infections [195]. Plants are shielded against secondary infection by
other viral strains by cross protection. McKinney was the first to demonstrate the cross-
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protection effect in tobacco plants chronically infected with a tobacco mosaic virus (TMV)
light green isolate, which decreased the onset of yellow symptoms caused by a TMV yellow
mosaic isolate [220]. There has been some success using it to manage viral illnesses such as
cross-protecting tomatoes against mild strains of the tobacco mosaic virus, papaya against
minor strains of the papaya ring spot virus, and citrus against moderate strains of the citrus
tristeza virus [221]. On the other hand, yellow symptoms were not suppressed by the
TMYV moderate dark green isolate. Many viruses such as the potato virus X, potato leafroll
virus, and citrus tristeza virus (CTV) have been shown to exhibit cross protection [222].
“Plant vaccines” are another term for attenuated isolates. Sap from appropriate leaves can
be made to proliferate an attenuated strain in order to provide a real plant vaccination.
Next, approximately ten day old seedlings are mechanically given this sap along with
carborundum in their cotyledons [223]. An attenuated virus cannot infect another viral
species that is closely related to it once it has infected a whole plant. As a result, attenuated
viruses are crucial agents of biological control. Salaman [224] initially looked into the
cross-protective effects of plant viruses in 1933 and discovered that a moderate isolate of
potato virus X (PVX) may prevent a severe PVX isolate from becoming infected. Holmes
subsequently created a mild isolate of TMV by heating a virulent strain and observed that
in plants infected with the mild isolate, the symptoms brought on by infection with the
virulent isolate were reduced [225]. For field studies involving over 2000 citrus rootstocks,
a mild isolate of CTV was created in 1951 [226]. The findings suggested that citrus trees
protected against more severe CTV isolates were infected with milder isolates. Posnette
and Todd [227] employed a similar study approach when they tested a mild isolate of
cacao virus 1A in an African area where swollen shoot disease was common. In that
study, only 35 out of 416 trees infected with the mild isolate exhibited severe symptoms
of infection compared to 273 out of 387 uninfected trees that displayed severe symptoms.
This outcome was interpreted as proof that inoculating cacao trees with a moderate viral
isolate may successfully protect them in the real world. As a result, attenuated viruses have
been the subject of both fundamental and applied research for many years. In addition,
cross-protection against the pepino mosaic virus has been recently created and widely
used in Europe [228]. These strains of the virus also received separate authorization from
the European Food Safety Agency in 2015. Since then, cross-protection has been used in
open-field settings to guard against significant viral diseases caused by the papaya ringspot
virus in papaya [229] and the citrus tristeza virus (CTV) in citrus species [229]. In South
Africa, Peru, and the U.S., cross protection has been proven to be an effective management
strategy for the citrus stem pitting disease caused by CTV [230].

7. Biocontrol Agents’ Production and Formulations
7.1. Production of BCAs

A critical factor that must be considered when selecting a BCA for commercial devel-
opment is the availability of a cost-effective manufacturing and stabilization technology
that yields an optimally effective form of the antagonist [23]. More studies on the practical
aspects of mass production and formulation need to be undertaken to make new biocontrol
products stable, effective, safer, and more cost effective [231]. One essential stage in creating
effective BCAs for market use is the production of BCAs. The basic objective of industrial
scale-up processes, which involve either liquid or solid phase fermentation, is to produce a
high amount of biomass at the lowest feasible cost [231]. This is typical procedure to create
bacteria and yeasts by liquid fermentation in a continuously stirred tank in order to attain
a high aeration. However, a lot of molds are mostly made in a solid state. Regardless of
the mass production method, the main objective is to have the highest yield at the lowest
cost [232]. The practical efficacy of a BCA greatly depends on the quality of the inoculant,
itself a function of the production and formulation processes [233]. The two main processes
in production optimization are determining the composition of the medium and enhancing
the growing conditions. To manage the BCA production operation and attain an excessive
number of cells, create secondary metabolites, or both, it is vital to comprehend their mode
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of action. Erlenmeyer flasks are typically used in a low-volume laboratory setting for the
first phase, which involves evaluating a huge number of substances and concentrations.
After that, 2 to 5 L laboratory bioreactors are used to properly calibrate the growth settings.
Ultimately, 100-300 L pilot plant bioreactors will be used for the initial large-scale man-
ufacturing, and it will not be hard to scale up the operation to commercial requirements
if the pilot plant results are satisfactory. In specifically made plastic bags (VALMIC®)
encompassing turba:vermiculite (1:1 w/w), the generation of Penicillium frequentans strain
Pf909, a BCA in the management of brown rot in stone fruit, was developed [234]. By
applying potato extract, V-8 juice, molasses, and wheat fiber, the BCA Trichoderma spp. was
grown in both liquid form [235] and on solid media containing various cereals such as
sorghum and millet [236]. As an example, the formation of the conidia of the antagonist
Ampelomyces quisqualis has been shown in a variety of liquid media including a sugar-based
medium enhanced with shrimp shell powder [237] and potato dextrose broth adjusted
with 2.5% glycerol [238]. In order to guarantee a high, strong, and productive microbial
population, careful research is required to enhance the growth conditions (temperature,
pH, agitation, aeration, initial inoculum, and process duration) after the optimal growth
medium for each microorganism has been determined [239]. A valuable product can be
recovered after fermentation by focusing on acquiring cells (or spores), the supernatant
containing the released metabolites, or even both, depending on the BCA. One instance of
BCA that is recommended is the recovery and formulation of B. amyloliquefaciens [240], as
both forms are involved in its mode of action to manage diseases. This includes both the
vegetative and endospore cells as well as the produced metabolites. Microorganisms are
typically present in low concentrations and are combined with other molecules from which
they must be removed through a number of steps. These processes include centrifugation,
flocculation, and filtering (pressure, rotary vacuum drum, and flocculation) [241].

7.2. BCA Formulation

When developing a formulation, a number of factors need to be considered including
the cost of production and acquisition and compatibility with agricultural machinery [242].
As the link between fermentation and field application, the formulation is sometimes seen
as the main obstacle to the commercialization of BCAs [243,244]. Both liquid and solid BCA
formulations come in a wide range of varieties. Solid formulations can increase the BCA
stability, although liquid formulations are typically simple and less expensive to produce.
A formulated product is primarily made up of, or may contain: (1) the active ingredient,
which is synthesized microorganism cells and secondary metabolites, (2) carriers, which
are often inert materials that carry and deliver the active ingredient in the target site, and
(3) adjuvants, which are substances that protect the active ingredient from high tempera-
tures, desiccation, ultraviolet radiation, and other environmental stresses while also facili-
tating the product’s spread and dispersal in the intended environment. The microbe must
be compatible with all adjuvants employed in the formulation process and not negatively
affected by any of them [245].

7.2.1. Liquid Formulation

In order to maximize the product’s viability and improve the BCA’s adhesion, sur-
factant, and dispersion capabilities, liquid formulations combine whole cultures or cell
suspensions with additives like stabilizers, colorants, and extra nutrients [246]. Compared
to formulations based on solids, these formulations are less expensive and simpler to
process. Particles can be suspended in a variety of liquids such as oil or water, dispersants,
surfactants, suspender components, or a carrier liquid in some liquid compositions. When
the processed culture is combined with emulsifiers, surfactants, and/or mineral or veg-
etable oils that facilitate their subsequent dispersion in water, the mixture is referred to
as oil-based. The oils that are utilized must not be harmful to humans, plants, microor-
ganisms, and animals. Since oils provide a defensive effect that lengthens the shelf life
of microorganisms, it is generally thought that oil-based formulations are appropriate for
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foliar applications in dry ambient circumstances [247]. The development of the filamentous
fungus T. harzianum, an efficient opponent to prevent Botrytis rot in apples, is an illustration
of this system and was conducted by emulsion [248]. The yeast Hanseniaspora guilliermondii
isolate YBB3 was developed as a liquid formulation based on glycerol to manage Aspergillus
rot in grapes. This formulation proved to be more effective than solid formulations that
mixed the biomass produced with talc/kaolin powder alone or modified with yeast extract,
sucrose, and sodium alginate [249].

7.2.2. Solid Formulation

Although dried products have short viability rates due to both the thermal and dehy-
dration stresses that occur during the drying operation, they are nevertheless a practical
solution because of their low production costs and ease of storage and transportation [250].
As a result, every isolate requires a technique that is experimentally tailored to it. The
following methods of dehydration are efficient: fluidized bed drying, spray drying, and
freeze-drying. Vacuum desiccation, often known as freeze-drying or lyophilization, is a
technique for dehydrating labile goods. In short, the sampled liquid needs to be chilled
until the solutes crystallize, then the non-crystallizing solutes create an amorphous matrix,
and the freezable solution water finally turns into ice. Next, the water is removed from
the amorphous matrix by sublimating the ice in vacuum-controlled conditions. Ultimately,
the product’s moisture content is disported [251]. This method is frequently employed for
the conservation of microorganisms, particularly those kept in microbiology collections.
According to Prakash et al. [252], it keeps microorganisms viable for over twenty years and
does not require specific low-temperature settings for continued management. By eliminat-
ing the moisture from the liquid droplets, a product can be transformed from a liquid to a
solid state in the form of powder through spray-drying, also known as atomization. The
scattered droplets (10-200 m), which are mostly created by pressure nozzles, pneumatic
type atomizers, or rotary wheel/disc atomizers, are combined with low-humidity hot
air (150-170 °C) inside the chamber. Subsequently, rapid mass transfer and related heat
reactions cause the moisture to swiftly escape as vapor from the suspended droplets. Until
the required particle properties are attained, the droplets continue to dry inside the drying
chamber. Ultimately, external apparatus like cyclones and/or bag-filter houses are used to
separate the dried particles from the drying air and collect them afterward [253]. The only
BCAs that can be created with this method are those that can withstand high temperatures
such as those that can produce thermoresistant endospores. B. amyloliquefaciens strain
CPA-8, created to suppress Monilinia spp. in nectarines and peaches, has shown some
promising effects [253]. Powders, granules, and spheres are dried, granulated, and coated
using fluidized bed technology [254]. Its foundation is the strong interactions that occur
between particles. Via a perforated plate, heated air that has been filtered and perhaps de-
humidified (between 35 and 45 °C) enters the product, counteracting gravity and fluidizing
the material that has been previously sucked or placed into the granulator. However, in
order to use this product, it must first be extruded and then chopped into short rods or
“pellets”. Filters retain small particles that are transported by the air flow to the cylindrical
expansion chamber, allowing them to return to the conical product chamber. As the process
proceeds, this cycle is mostly controlled by changes in the product’s temperature and the
fluidization air flow [254]. Because this technology uses relatively mild temperatures, takes
little time, and is inexpensive, it is especially well-suited for BCAs that are sensitive to
heat. Numerous BCAs including Epicoccum nigrum and Penicillium oxalicum have been
successfully conserved using this technique [255].

The process of encapsulation involves the microorganism being placed inside a specific
matrix or capsule that may be biodegradable if it is made of polyacrylamides, guar gum,
gum arabic, sodium alginate, chitosan, or other biocomposites [256]. Vemmer et al. [227,257]
demonstrated that these matrices are effective carriers because they enclose living cells
and shield them from harsh environmental elements like UV rays and rain. Additionally,
Gonzalez et al. [258] reported that these microcapsules are easily manipulable, can be kept
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long-term in room temperature storage, and are excellent for BCAs that require a delayed
release such those placed in soil. The alginate encapsulation of Gliocladium virens (Soil
Gard) [259] and the encapsulations of B. thuringiensis in shell-core hydrocapsules, which
have a liquid center surrounded by a polymer membrane [260], are two examples of this
type of formulation.

8. Role of Genetic Engineering for Improving BCAs Traits

The use of BCAs for disease and pest management has significantly increased in recent
times because of the negative impact of chemical pesticides on soil fertility, the environment,
and human health. However, there are many challenges while using BCAs such as their
environmental stability, efficacy, pest or disease suppression ability, host range, target selec-
tion, reducing the ecological risk, and improving the mass production or storage [261,262].
Recent developments in genomics and biotechnology have facilitated improvements in the
above traits in BCAs and also aids in the identification of novel BCAs, their characteriza-
tion, and the genetic by-products [261-263]. The availability of microbial genome data has
opened new dimensions for the discovery of a large array of BCAs [263]. The integrated
approaches of omics technologies will provide a strong foundation for in-depth insights
regarding the interactions between BCAs and their hosts. Through the application of omics
approaches such as the genomics, transcriptomics, and proteomics of BCAs, pathogens,
and crop plants, a specific set of interactome could reveal the key mechanisms and factors
influencing the efficacy and applicability of an organism as a BCA [264,265]. The efficacy
of BCAs can be increased using genetic engineering. For instance, in Pseudomonas fluo-
rescens F113, the loss of the sadB, wspR, and kinB genes results in increased motility and
improved root colonization, demonstrating good biocontrol activity against Phytophthora
cactorum in strawberry plants and Fusarium oxysporum f. sp. Radicis-lycopersici in tomato
plants [266]. Conversely, significant mycosubtilin production resulting from the overex-
pression of the mycosubtilin gene utilizing the Staphylococcus aureus constitutive promoter
in Bacillus subtilis strain ATCC 6633 enhances Pythium aphaniderm suppression [267]. Intro-
duction of the chitinase gene in Bacillus thuringiensis 3023 from Serratia marcescens showed
broad biocontrol activity against various pests [268]. Genetically modified Pseudomonas
fluorescens strain BL915 with high antipathogenic substances (APS) like pyrrolnitrin showed
strong biocontrol activity against soilborne and seedling pathogens [269]. Similarly, the
overexpression of Cry genes in B. thuringiensis showed strong insecticide activity against
susceptible and Bt-resistant insects in tobacco plants [270]. Genetically-modified Pseu-
domonas spp., through the introduction a translational enhancer from Bacillus confers
strong biocontrol activity. Genome shuffling has been used in Bacillus subtilis, Streptomyces
melanosporofaciens, and Streptomyces bikiniensis for the improvement in biocontrol traits
against Fusarium oxysporum £. sp. melonis, Phytophthora infestans, Fusarium oxysporum f. sp.
Cucumerinum [271], Streptomyces melanosporofaciens [272], and Streptomyces bikiniensis [273].
Recently, the Sarocladium oryzae mutant strain was found to efficiently control Rhizoctonia
solani and Sclerotinia sclerotiorum pathogens [274]. Transformation of the Serratia marcescens
chitinase gene into Pseudomonas fluorescens improved the biocontrol efficiency against R.
solani on bean seedlings [275]. Similarly, the introduction of pyrrolnitrin coding genes from
Pseudomonas protegens Pf-5 to P. synxantha 2-79 showed strong biocontrol activity against
wheat pathogens. It has been demonstrated that T. virens cotton strains containing two
copies of the ech42 gene exhibited increased antagonistic activity against R. solani [276].
Sun et al. [277] genetically modified the Clonostachys rosea strain, which showed strong
biocontrol activity against Sclerotinia rot of soybean. To increase its effectiveness against soil-
borne infections, a genetically engineered strain of Pseudomonas putida was developed with
phz or phl biosynthesis gene loci, which produced constitutively phenazine-1-carboxylate
(PCA) or 2,4-diacetylphloroglucinol (DAPG) [278]. Another study found that once the
trichodermin gene (tri5-trichodiene synthase) was cloned and overexpressed in T. brevi-
compactum, it produced higher trichodermin, which exhibited strong biocontrol activity
against Aspergillus fumigatus and Fusarium spp. Ma et al., 2003. A previous study showed
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that T. virens Atvkl mutants showed improved biocontrol efficacy against R. solani along
with the overproduction of lytic enzymes and the increased expression of genes linked to
mycoparasitism [279]. These studies further support the notion that genetic engineering
is the key to developing long-term effective BCAs. Although genetic engineering has
been a major driver for BCA development, it has some possible health risks and lateral
gene flow to non-target animals, which might pose threats to the environment. In this
regard, genome editing is an alternative for improving the traits of BCAs more precisely
and effectively without endangering the environment. The use of CRISPR and Cas genes
has expedited the creation of versatile and economical genomic engineering toolkits that
rely on the programmable targeting of CRISPR-Cas technologies [280]. Genome editing
using CRISPR/Cas has been used for improving diverse biocontrol traits in Trichoderma
species [281]. In future, CRISPR/Cas based gene editing for the improvement of biocon-
trol traits is the most promising tool for developing future climate resilient, efficient, and
ecofriendly BCAs in sustainable agriculture.

An understanding of the biosynthetic pathway of antimicrobial metabolites in BCAs is
important for improving their biocontrol efficiency. For example, the antibiosis action of BCAs
is often achieved by the synthesis of low-molecular-weight chemicals that either directly or
indirectly impede the development of pathogens. These encompass a wide range of chemical
groups including polyketides [282], terpenes [283], and peptides [284,285]. Thus, metabolic
engineering is needed to increase the secondary metabolite production of BCAs, which may
potentially result in the synthesis of new antimicrobial compounds. Metabolic engineering
holds great promise for the development of future BCAs, offering innovative strategies to
enhance their efficacy, specificity, and environmental sustainability. Modern techniques such
as plasmid engineering, RNAi interference, and CRISPR-based genome editing utilized to
modify the T. hazrium strain for strain enhancement seems promising (Figure 4).
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Figure 4. Schematic diagram highlighting the role of different molecular methods for improving
the biocontrol traits in BCAs for disease and pest management. (a) gene editing, (b) CRISPR/Cas9,
(c) RNAI (d) DNA methylation and (e) Metabolic engineering.
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9. Conclusions

In sustainable agriculture, BCAs are currently being examined as alternatives to
synthetic pesticides to manage plant pathogens and pests, mainly due to their safety and
ecofriendly nature. These include naturally occurring microorganisms such as fungus,
bacteria, and viruses, which are commercially produced as biopesticides and have a variety
of agricultural applications in biological and integrated pest management programs. BCAs
use diverse mechanisms such as parasitism, antibiosis, or competition and induce the plant
defense system to manage diseases or pests. They also play a vital role in improving plant
growth and soil fertility. However, the identification and development of a novel class of
biocontrol agents possessing increased potency, high productivity in fermenters, extended
shelf life, room temperature storage capacity, and excellent compatibility with other control
strategies are required for the sustainable management of plant diseases. On the other
hand, BCAs must be evaluated for any negative impacts on crops, consumers, and the
environment before they can be approved and commercially produced. To further clear
the regulatory road and guarantee biosafety, it is also necessary to comprehend how BCAs
affect the natural microbiome, which includes the soil and plant microbiomes. Before they
may be effectively used in the field, a number of modifications must be made including
improving the formulation and delivery strategies, scaling up manufacturing, adhering to
regulatory standards, and enhancing cost-effectiveness. Further investigations on certain
underdeveloped areas such as the creation of next generation BCAs and the application of
biotechnology in conjunction with “omics” approaches to enhance biocontrol efficacy are
also necessary for the future development of successful biological control strategies. In this
regard, genetic engineering using CRISPR genome editing have the potential to decrease
undesirable traits in BCAs and introduce new, desirable traits, which can act against
a broad spectrum of pathogens and pests in different crop systems. In climate change
scenarios, biological control agents may lose their efficacy if there is a higher fluctuation in
temperature, humidity, frequency of rain, and other weather conditions. Therefore, it is
important to develop climate resilient biocontrol agents in sustainable agriculture.
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