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Preface to "Epidemiology and Control of Plant
Diseases”

Global climatic changes (GCCs) have a significant impact on the ecology and epidemiology
of plant pathogens, which, affect crop productivity and food security. GCC-induced alterations in
temperature, rainfall patterns, and extreme weather events can create favorable conditions for the
growth and spread of plant pathogens, leading to increased levels of disease infections.

In addition, high CO, rates due to GCCs can directly affect plant-pathogen interactions, altering
plant physiology and defense mechanisms, as well as pathogen virulence and reproduction rates.
This can lead to deep changes in the composition and diversity of plant pathogen communities, with
potential negative impacts on disease management strategies. To mitigate these adverse effects, plant
protection and disease management strategies need to be adapted to the changing environmental
conditions.

All of this implies that the timing of treatments should be considered, as well as the development
of innovative and integrated disease management strategies that are resilient to GCC-induced
environmental stresses. It is also crucial to promote sustainable agricultural practices that reduce

greenhouse gas emissions and enhance climate change resilience in agro-ecosystems.

Alessandro Vitale
Editor
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I am pleased to present this edition of the Special Issue of Plants, dedicated to multi-
faceted topic of epidemiology and control of plant diseases in agricultural systems.

Regarding this point, it is noteworthy that some plant disease epidemics are currently
having shocking effects on agricultural and forestry heritage and food crop production all
over the world. Moreover, global climatic changes caused by human activities have progres-
sively induced a significant increase of global mean temperature with direct repercussions
on the epidemiology of plant pathogens. As a consequence, life cycles of plant pathogens
could be deeply altered or an increase of emerging plant diseases could be observed on
many commercial crops in different agroecosystems [1,2]. Thus, a better understanding of
plant pathogen epidemiology, as well as individuation of new bio-based products, fore-
casting models, deep learning and reducing chemicals use approaches exploited for plant
protection could better satisfy the development of ecofriendly, safer, and sustainable man-
agement strategies [3-5]. In light of above considerations, researchers and technicians are
invited to investigate on epidemiological cycles of airborne and soilborne plant pathogens
with the aim of ensuring good agricultural productivity, maintaining effective management
of plant diseases and, simultaneously, good economic and environmental sustainability.
This Special Issue underlines the performances of new eco-sustainable means of control
to increase knowledge for plant pathologists, international scientific communities, and
industries, and will provide a better understanding of the mode of action and timing
application procedure of control means in different soil-plant systems. At the same time,
an early and deep understanding of plant disease epidemiology is needed to tackle future
challenges ahead and to relate directly with the disease control strategies.

Comprehensively, the Special Issue collected 13 original contributions (1 review, 1 per-
spective, and 11 research papers).

The review of Makhumbila et al. [6] provides a progress update on metabolomic
studies of legumes in response to different biotic stresses. In their contribution, metabolome
annotation and data analysis platforms are discussed together with future perspectives.
The integration of metabolomics with other “omics” tools in breeding programs can aid
greatly in ensuring food security through the production of stress tolerant cultivars.

In a perspective article, Figlan et al. [7] highlights the importance of breeding tools for
improving resistance to Fusarium head blight disease caused by Fusarium graminearum in
wheat as well as for limiting mycotoxin contamination to reflect the current state of affairs.
According to the outlined scenario, only by combining these aspects in wheat research
and development will it be possible to promote sustainable quality grain production and
safeguard human and livestock health from mycotoxicoses.

In their research article, Thomidis et al. [8] compare two models, a generic and a
polynomial model, respectively, for the forecasting in field appearance of olive leaf spot
caused by Venturia oleaginea. The results obtained with both models correctly predicted
infection periods, although differences regarding the severity parameter were reported
according to the goodness-of-fit for the data collected on olive leaves in 2016, 2017, and 2018.
Specifically, the generic model predicted lower severity values, which fits well with the
incidence of the disease symptoms on unsprayed trees. Otherwise, the polynomial model
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predicted high severity levels of infection, but these did not fit well with the incidence of
disease symptoms. This paper also establishes that a temperature within 5-25 °C range was
appropriate for conidial germination, being 20 °C the optimum. At the latter temperature,
it is also found that at least 12 h duration of leaf wetness is needed to start the germination
of V. oleaginea conidia.

Similarly, Ji et al. [9] also investigate the effects of temperature and wetness duration
on the infection severity of Coniella diplodiella, causal agent of grapevine white rot, by using
artificial inoculation of grape berries through via infection pathways (uninjured and injured
berries, and through pedicels). Results show that injured berries were affected sooner
than uninjured ones, and disease increased as the inoculum dose increased. Irrespective
of the infection pathway, 1 h of wetness is sufficient to cause infection at any temperature
tested (10-35 °C), with the optimal temperature being 23.8 °C. The length of incubation
is shorter for injured berries than for uninjured ones, and it is shorter at 25-35 °C than at
lower temperatures. Finally, authors develop mathematical equations that fit well with the
data, infection through any infection pathway, and incubation on injured berries, which
could be used to predict infection period and, thus, to schedule fungicide applications.

The research paper of Verhoeven et al. [10] presents data on seed transmission of
pospiviroids from large-scale grow-out trials of infested pepper and tomato seed lots
produced under standard seed-industry conditions. Moreover, the paper shows the results
of a systematic review of published data on seed transmission and outbreaks in commercial
pepper and tomato crops. Based on the data of the grow-out trials and review of the
literature, it is concluded that the role of seed transmission in the spread of pospiviroids in
practice is possibly overestimated.

In another research paper, Bertacca et al. [11] develop a real-time loop-mediated
isothermal amplification (LAMP) assay for simple, rapid, and efficient detection of the
Olea europaea geminivirus (OEGV), a virus recently reported in different olive cultivation
areas worldwide. This real-time LAMP assay results are also suitable for phytopathological
laboratories with limited facilities and resources, as well as for direct OEGV detection in
the field, representing a reliable method for rapid screening of olive plant material.

The research paper of Lukianova et al. [12] reports on the development of a specific
and sensitive detection protocol based on a real-time PCR with a TagMan probe for Pectobac-
terium parmentieri, a plant-pathogenic bacterium, recently attributed as a separate species
and causing soft rot of potato tubers. Since no cross-reaction with the non-target bacterial
species, or loss of sensitivity, is observed, this specific and sensitive diagnostic tool may
reveal a wider distribution and host range for this bacterium, and will expand knowledge
of the life cycle and environmental preferences of this pathogen.

In the research contribution of Shalaby et al. [13], the foliar application of paclobutrazol
(PBZ) at different rates of 25, 50, and 100 mg L! enhances the quality of tomato seedlings
and induces resistance to early blight (Alternaria solani) disease post inoculation at 7, 14,
and 21 days under greenhouse conditions. Higher values in chlorophyll content, enzyme
activities, cuticle thickness of stems and numbers, and thickness of stomata are recorded on
PBZ-treated tomato plants.

In the research paper of Withee et al. [14], 16 isolates of Paramyrothecium spp. retrieved
from 14 host species across nine plant families are collected and identified. In detail, a new
species Paramyrothecium vignicola sp. nov. is identified according to morphological features
and concatenated (ITS, cmdA, rpb2, and tub2) phylogeny. Further, P. breviseta and P. foliicola
represent novel geographic records for Thailand, while P. eichhorniae represents a novel host
record (Psophocarpus sp., Centrosema sp., Aristolochia sp.). These Paramyrothecium species
fulfill Koch’s postulates and, moreover, cross pathogenicity assays on Coffea arabica L.,
Commelina benghalensis L., Glycine max (L.) Merr., and Dieffenbachia sequine (Jacq.) Schott
reveal a potential multiple host range for these pathogens.

In another research paper, Alhudaib et al. [15] focus their attention on a devastating
disease, i.e., the black scorch, for date palm plantations in Saudi Arabian Peninsula. The
authors report variable symptoms as well as neck bending, leaf drying, tissue necrosis,
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wilting, and mortality of the entire tree in the Saudi Arabia peninsula. Based on morpholog-
ical, molecular and pathogenicity assays, the causal agent of above mentioned symptoms
is identified in Thielaviopsis punctulata. Further indications about the disease control are
provided by authors who suggest using fosetyl Al- and difenoconazole-based formulates.
These fungicides can be used in integrated disease management strategies to control black
scorch disease.

Li et al. [16] develop in an interesting study a deep learning network called YOLO (You
Only Look Once) for detecting jute diseases (-JD) from images. In the main architecture
of YOLO-JD, the authors integrate three new modules, the Sand Clock Feature Extraction
Module (SCFEM), the Deep Sand Clock Feature Extraction Module (DSCFEM), and the
Spatial Pyramid Pooling Module (SPPM) to extract image features effectively. The authors
also build a new large-scale image dataset for jute diseases and pests with ten classes.
Compared with other state-of-the-art experiments, YOLO-JD achieves the best detection
accuracy, with an average mAP (mean average precision) of 96.63%.

Aiello et al. [17] describe for the first time the new wilt symptoms on passion fruit
caused by Fusarium nirenbergiae. This report also focuses on the phytopathological impli-
cations of this fungal pathogen, which may represent a future significant threat for the
expanding passion fruit production in Italy and Europe.

In the last research paper, Calderone et al. [18] demonstrate that a chitosan oligosaccha-
ride (COS-) oligogalacturonides (OGA) complex, applied alone or combined with arbus-
cular mycorrhizal fungi (AMF), is able to reduce significantly powdery mildew (Erysiphe
necator), gray mold (Botrytis cinerea), and sour rot infections on red berried Nero d”Avola
and white berried Inzolia wine grape cultivars. Overall, this strategy can be proposed as a
valid and safer option for the sustainable management of the main grapevine pathogens in
organic agroecosystems.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Legume crops such as common bean, pea, alfalfa, cowpea, peanut, soybean and others
contribute significantly to the diet of both humans and animals. They are also important in the
improvement of cropping systems that employ rotation and fix atmospheric nitrogen. Biotic stresses
hinder the production of leguminous crops, significantly limiting their yield potential. There is a
need to understand the molecular and biochemical mechanisms involved in the response of these
crops to biotic stressors. Simultaneous expressions of a number of genes responsible for specific traits
of interest in legumes under biotic stress conditions have been reported, often with the functions of
the identified genes unknown. Metabolomics can, therefore, be a complementary tool to understand
the pathways involved in biotic stress response in legumes. Reports on legume metabolomic studies
in response to biotic stress have paved the way in understanding stress-signalling pathways. This
review provides a progress update on metabolomic studies of legumes in response to different biotic
stresses. Metabolome annotation and data analysis platforms are discussed together with future
prospects. The integration of metabolomics with other “omics” tools in breeding programmes can
aid greatly in ensuring food security through the production of stress tolerant cultivars.

Keywords: legumes; metabolomics; biotic stress; stress tolerance; metabolome annotation

1. Introduction

Leguminous crops such as Arachis hypogaea (groundnut), Glycine max (soybean),
Phaseolus vulgaris (common bean), Pisum sativum (common pea), Cicier arietinum (chickpea),
Vigna anguiculata (cowpea), Vicia faba (faba bean), Lens culinaris (lentil), Cajanus cajan (pigeon
pea), Lupinus spp. (lupin), and Vigna subterranean (bambara bean) contribute to the improve-
ment of ecosystems [1-3], nutrition and food security [4-7]. Although legumes contribute
greatly to food security, their production globally is hindered by biotic stresses that include
nematodes, viruses, insect pests, and bacterial and fungal pathogens [8-10]. The occurrence
of biotic stresses in legume production systems has impacted negatively on production and
has resulted in significant yield losses globally [11-13]. In many breeding programmes, the
key objective is to develop crop varieties that are adaptable to an array of stressors in order
to meet global food demands [14-16], thus addressing sustainable development goals 1
and 2 of the United Nations [17]. Legume programmes have been improving gradually
over the years and have advanced from traditional methods of breeding to using genomic
tools [18]. Traditional breeding techniques rely mostly on manual selection and the crossing
of genotypes with desirable traits, and although these methods have contributed greatly to
legume breeding, the genetic gain was often not statistically significant [19].

Contemporary biotechnology tools including next generation sequencing (NGS) plat-
forms have aided many breeding programmes with provision of genetic data that traditional
breeding techniques cannot fully reveal [20]. Biotechnological “omics” approaches have
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contributed greatly to breeding aimed at the improvement of plant stress tolerance by
providing insight into genetic diversity, genotype variations, genetic maps and other useful
information pertaining to the genetics of plant populations [21,22]. Despite the importance
of genomic data generated by the other omics platforms (transcriptomics, transgenomics,
epigenomics), plants produce molecular compounds with molecular weights expressed in
abundance and are responsible for biochemical functions under different environments [23].
Metabolomics highlights metabolite expressions and changes, together with their inter-
actions and phenotypic characters of plants under stress conditions. When plants are
exposed to stress, metabolic homeostasis alterations occur, requiring the plant to adjust
its metabolomic pathways, and this phenomenon is referred to as acclimation [24-27].
When this process occurs, the plant activates signal transduction pathways that set off the
assembly of proteins and metabolomic compounds that aid in reaching a new homeosta-
sis [28,29]. Furthermore, metabolome analysis provides information on the metabolomic
pathways that are responsible for complex processes that occur when a plant is exposed to
stress conditions [20].

A detailed review of metabolomic studies focused on specific biotic stressors of
legumes can aid in identifying gaps and create an interactive platform for researchers
to conduct, and possibly collaborate on, more studies aimed at improving legume produc-
tion in the world. This is because the dimensionality of large data sets generated through
metabolomics can be interpreted holistically utilising multivariate data analysis [30]. This
will further highlight the importance of metabolite detection in breeding programmes
and techniques that can be employed for different objectives since metabolites relate to
phenotypic and genomic data [9]. This review reports on metabolomics as a breeding
prediction tool in legume breeding under biotic stress. We also briefly discuss the impact of
metabolomics in legume breeding programmes aimed at improving biotic stress tolerance.

2. Biotic Stressors of Legumes
2.1. Insect Pests

Insect pests attack legume crops by boring, webbing and damaging plant parts such as
the leaves, pods, stems and roots [31,32]. In addition to attacking plants, insect pests may
also act as vectors for pathogens that negatively impact crop production systems [33]. Insect
pests such as aphids [33,34], pod borers [31,35], thrips [36,37] and whiteflies [38,39] have
been reported to feed on legume crops, among others. The use of biological enemies of pests,
cultural control (crop rotation, mulching, intercropping, etc.), mechanical control (water
hosing at high pressure), chemical application and integrated pest management strategies
have been recommended for the control of insect pests in legumes [39—42]. These efforts
have been found to be effective in reducing insect severity in legumes [39,43]. However,
the insects are constantly adapting to control measures used in production systems [44].
Breeding for tolerance to insect pests is the most sustainable approach and this requires an
understanding of the plant’s signal pathways that respond to insect attack [45].

Pathways expressed in rice infested with caterpillars included flavonoids, phenolic
acids, amino acids and derivatives. These improved the production of cytosolic calcium ions
that signal herbivore attack to the plant [46]. Maize infested with Monolepta hieroglyphica re-
vealed significant up-/down-regulation of metabolites derived from sugar and amino acid
pathways that might be responsible for resistance. Similar results were reported in cabbage
infested with aphids [47]. Insect—plant metabolomic response of leguminous crops has
been conducted for red clover, pea and alfalfa in a composite study with aphid infestation.
Triterpene, flavonoid and saponin enriched pathways were found to be responsive to aphid
attack [34]. Flavonoids and amino acids have also been found to be significantly enriched
in alfalfa infested with thrips [48]. However, limited studies have been conducted on the
host-plant metabolomic response of leguminous crops to insects, as well as to other biotic
stressors. These studies could have far-reaching impacts on stress biomarker identification
with potential benefits in legume improvement programmes.
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2.2. Diseases of Legumes
2.2.1. Bacterial Diseases

Bacterial diseases of legumes can be categorised into leaf blights, leaf spots/bacterial
wilts and other multiple symptoms of sprout rot and dwarfism [49]. Their symptoms are
based on the tissues that they infiltrate (leaves, stems and roots) [50]. Legume bacterial
diseases are known to cause yield losses of up to 50%, which negatively impacts economic
gains and food security [51]. The two plant bacterial pathogens Xanthomonas axonopodis and
Pseudomonas syringae are known worldwide for causing bacterial blight [49,52]. Symptoms
of infection usually occur on all aerial parts of the plant, and in severe incidences, defoliation
and wilting occur [52,53]. Like bacterial blight, another disease that threatens legume
production is bacterial wilt, caused by Curtobacterium flaccumfaciens pv. Flaccumfaciens [54].
The pathogen has created new variants that cause damage to legume crops worldwide by
causing leaf chlorosis in plants. In fields where the disease occurs, upon plant maturation
and shattering of seeds, the infected seed replants itself and allows the pathogen to thrive
from generation to generation [54,55]. The control of bacterial diseases has relied on
integrated approaches that limit the survival of pathogens. This includes crop rotation
and the use of pathogen free certified seed [52]. These measures are only effective to
a limited extent, and detecting pathogens in seed is not an easy task for farmers. A
promising and more long-term method for the control of bacterial diseases would be the
utilisation/breeding of tolerant varieties [56,57].

The evaluation of metabolite profiles in citrus infected with huanlongbing caused by
the bacterium ‘Candidatus Liberibacter asiaticus’ reported distinct sugars as well as amino and
organic acids expressed in the roots, thus giving insight on resistance [58]. Metabolomic
compounds synthesized from flavonoids, amino and phenolic acids act as protective agents
in the xylem of oat plants when infected with halo blights caused by P. syringae pv. by repair-
ing the cell wall [59]. Similar metabolomic pathways including phenols and acetates have
been reported in tomato infected with bacterial wilt caused by Ralstonia solanacearum [60].
To date, there is little to no information from metabolomic studies on the response of
leguminous crops to bacterial disease infection to aid breeders with biomarker discovery.

2.2.2. Fungal Diseases

The occurrence of fungal diseases in legume production areas is known to cause
substantial yield losses of up to 100% [59]. Fungal pathogens can cause infection at any
plant growth stage (emergence, seedling, vegetative and reproductive stage) by attacking
organs and tissues that are involved in the transportation of water and nutrients [61,62].
Upon infection, these pathogens degrade the plant cell wall, which consequently results in
the death of the plant, especially if the variety grown does not have any resistant genes [63].
Root rot caused by Rhizoctonia solani, Fusarium solani, Fusarium oxysporum and Aphanomyces
euteiches and fungal wilt caused by Formae speciales are some of the most destructive fungal
diseases that limit the productivity of legume crops worldwide [64]. The pathogen R. solani
is considered one of the most destructive fungal pathogens that usually infects the roots
and hypocotyl of the plant through penetration of the appressoria [63]. At pre-emergence
and post-emergence plant growth stages, R. solani causes symptoms of damping-off, root
rot and stem canker [65]. Under greenhouse conditions, the seedling survival of some
leguminous crops may be less than 5% [66]. The pathogen may further infect the plant’s
fruits in highly humid conditions, thus reducing crop quality and yield [67]. Fusarium spp.
are also predominant pathogens that interfere with plant growth by causing damping off
and root rot [68]. In African small-scale farms, yield losses of up to 100% caused by the
F. solani pathogen in common bean have been reported [69]. In addition, A. euteiches is a
soil-borne fungal pathogen that poses a threat to legume production by causing wilting,
root rot and consequently yield losses of up to 80% [70,71].

The management of fungal diseases is problematic due to the complexity of these
pathogens [72]. Over the years, management has been implemented by integrating con-
ventional methods such as crop rotations, increased greenhouse temperatures, biological
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enemies and chemical use [73]. The use of fungicides has been a promising avenue for
the control of fungal pathogens. However, chemicals used to control pathogens have an
immense economic and environmental impact [74]. This has led to the exploration of
using biological control measures such as bacterium and fungal strains as environmen-
tally friendly alternatives to control pathogens that attack plants [75]. Trichoderma spp.
are widely used strains for the biological control of fungal diseases. Beneficial strains of
T. velutinum have been found to be an effective biological control measure that promotes
the accumulation of metabolites that are responsible for defence in common bean infected
with F. solani. Even though numerous strains have been found to be effective in control-
ling fungal diseases, legislation in many countries regarding the use of biopesticides and
their shelf life is still a challenge [76,77]. The development of disease-resistant cultivars
using genomic technologies can aid in improving legume productivity worldwide [54].
Legume metabolomics focussed on breeding for disease resistance can be beneficial to
breeding programmes by increasing the availability of resistant genotypes that are released
to farmers [78].

The metabolomic profiling of leguminous crops has been conducted in common
bean and provided major findings in relation to metabolomic pathways including amino
acids, flavonoids, isoflavanoids, purines and proline metabolism, which were shown
to promote plants’ potential for defence against Fusarium pathogens [79]. In addition,
Mayo-Prieto et al. [80] also reported amino acids, peptides, carbohydrates, flavonoids,
lipids, phenols, terpenes and glycosides that were up-/down-regulated as a defence mech-
anism by the common bean plant against the pathogen R. solani. Similar results have
been reported in other leguminous crops including chickpea infected with F. oxysporum,
soybean infected with Aspergillus oryzae/Rhizopus oligosporus, pea infected with Dydymella
pinodes and R. solani (Table 1) [81,82]. Intensifying the fungal-legume metabolomic research
worldwide will aid in understanding the biochemical properties of these leguminous crops
in response to disease stress.

2.2.3. Viral Diseases

Viral pathogens attack many crops, including legumes, by causing the yellowing of
leaves, stunting and poor pod setting, which result in poor yields [65]. Major viral diseases
causing production losses in legumes belong to the Nanoviridae, Luteovridae and Poltyvridae
families. These diseases cause the necrosis of plants, and their identification requires
molecular techniques. Over the years, the accurate identification of viruses has improved
because of an increasing number of available genomic platforms. [49,66]. Viruses attach
themselves to specific sites of vectors such as insects (aphids, beetles, etc.) and remain there
until transmission to their host occurs [67]. The control of viral diseases is difficult and thus
requires adherence to quarantine prescripts, removal of inoculum sources, adjustments
of planting dates, intercropping, crop rotation, chemical application aimed at controlling
pests (elimination of vectors) and the use of tolerant/resistant genotypes [68].

Utilising metabolomic techniques on the Citrus tristeza virus of Mexican lime Citrus
aurantifolia revealed up-/down-regulation of amino acids, alkaloids and phenols dur-
ing infection, thus signalling pathogen defence when different strains of the virus were
utilised [83]. In stems of Amarathus hypochondriacus L. infected with Ageratum enation virus,
alkaloids, amino acids, dicarboxylic acids, glutamine and sugars may increase or decrease
in concentration as a mechanism to improve overall respiratory metabolism [84]. Studies on
the response of leguminous crops to viral disease infection are limited, thus requiring more
research in order to fully understand the underlying information relating to metabolites
expressed under virus pressure.

2.3. Parasitic Weeds

Unlike “normal” weeds that disadvantage the plant greatly, parasitic weeds on the
other hand extensively extract moisture, nutrients, photosynthates and other resources from
the host plant [69]. When parasitic weeds are not controlled, the extraction of resources
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continues, consequently extinguishing the crop [70]. Roomrape species, Striga gesnerioides
and Alectra vogelii are problematic parasitic weeds that cause yield losses in many legume
production areas in Sub-Saharan Africa [71]. Biological control [69], intercropping [72],
chemical application and cultural practices (timely planting) are recommended for the
control of parasitic weeds [73]. However, these are often not successful, and the fight against
parasitic weeds lies within breeding for resistance [71,73]. Although breeding for resistance
will aid in controlling parasitic weeds, the complexity and low heritability is a challenge
that breeders face when breeding for parasitic weed resistance [71,73,74]. Initiatives to use
breeding prediction tools such as metabolomic techniques for parasitic weed resistance
have been explored in rice to study and dissect S. hermonthica resistance [85]. This study
reported the phenylpropanoid pathway, which contributes to the formation of lignin in
rice, to be an important pathway that can be utilised for resistance to S. hermonthica. There
is a deficit on metabolomic experiments that evaluate the performance of legumes under
parasitic weed conditions.

2.4. Parasitic Nematodes

Legumes are famous for their ability to fix nitrogen by using rhizobium, which is a
mutualist bacterium [75]. However, the presence of parasitic nematodes reduces rhizobia
activity, which leads to poor nodulation [76]. Parasitic nematodes invade the roots of plants
and form an indefinite feeding area, which, in turn, can affect root development, thus
leading to poor plant growth [77]. Heterodera and Globodera spp. are root knot and cyst
nematodes that affect many crops including legumes, resulting in over 12% yield losses [78].
The presence of parasitic nematodes often leads to infection by other pathogens including
fusarium spp.; therefore, the utilisation of sustainable control strategies for other pathogens
is essential for legumes [74]. Soybean evaluated under Melodegyne pinodes and Heterodera
glycines pressure exhibited phenylpropanoids, cysteine, methionine, alkaloid and tropane
pathways that can be attributed to resistance properties of the crop to nematodes [86]. The
in-depth exploration of metabolites of other crops including legumes would be beneficial
to understanding nematode—crop biological interactions.

Table 1. Summary of metabolomic studies conducted in response to biotic stress in leguminous crops
using different platforms such as GC-MS, LC-QqQ-MS, LC-MS, LC-obitrap-MS, UHPLC-MS, H
NMR and GC-MS/TOF.

. e ae Total
Legume Biotic Stress Classification Method Metabolites Reference
C. arietinum Fusarium oxysporum Fungal GC-MS 72 [87]
Rﬁ?” ¢r8 ’”‘f. oryzac/ Fungal LC-QqQ-MS 489 [88]
G. max izopus oligosporus
Heterodera glycines Nematode GC-MS 20 [86]
M. sation Thysanoptera spp. Insect LC-MS 772 [48]
Acyrthosiphon pisum Harris Insect LC-Obitrap-MS/UHPLC-MS 107 [34]
Acyrthosiphon pisum Harris Insect LC-Obitrap-MS/UHPLC-MS 57 [34]
Didymella pinodes Fungal LC-MS/MS 31 [89]
P. sativum ; ; ;
Rhizoctonia solani Fungal TH NMR 126 [81]
Didymella pinodes Fungal GC-MS/TOF 39 [82]
Fusarium solani Fungal UPLC 743 [79]
P.vulgaris Trichoderma velutinum/
Rhizoctotonia solani Fungal LC-MS 216 [80]
T. pratense Acyrthosiphon pisum Harris Insect LC-Obitrap-MS/UHPLC-MS 103 [34]
V. faba Acyrthosiphon pisum Harris Insect LC-Obitrap-MS/UHPLC-MS 13 [34]
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3. Legume Metabolomics
3.1. Metabolome Profiling Techniques

The use of metabolomics has been applauded for its ability to provide detailed
prospects by in-depth study of crop biology. Information that is derived from metabolomic
tools can be translated to assess phenotypic changes/biomarkers, gene changes and, also, to
distinctively support other genomic experiments [79,80]. Furthermore, metabolomic studies
can be applied for polygenic traits and prediction of epistatic effects [79,88]. The overall suc-
cess of detecting metabolites and their changes depends on utilising analytical techniques
that can detect compound concentrations, proportions and molecular weights [81,82,89].
The concept of metabolome profiling was introduced with the use of mass spectrometry
and at a later stage, gas chromatography was also introduced [87]. Since the inception of
the latter, metabolome profiling using both spectrometric and chromatographic techniques
have been improving [30,90]. Different strategies are utilised for compound profiling in
metabolomics, including metabolite profiling, fingerprinting and target analysis [91,92].
Metabolite fingerprinting compares “fingerprints” of metabolites [93]. The profiling anal-
yses broader groups of metabolites that are related to specific pathways or compound
classes, while target analysis is utilised for targeting specific metabolic pathways and
observes the occurrences of modifications [94]. Protocols for both metabolite profiling and
fingerprinting in stress experiments involve the sample acquisition from a stressed plant
(leaves, stems or roots; Figure 1A) that are cut and placed in a labelled tube (Figure 1B).
Dewar with liquid nitrogen is ideal for snap freezing samples in the field and a laboratory
ultra-freezer with a temperature above —60 °C is recommended for sample preservation
to avoid dehydration (Figure 1C). The stored samples are then crushed, and extraction is
conducted in preparation for metabolite analysis, using the appropriate technology that
generates spectral data (Figure 1D-F).

Figure 1. Flow diagram summarizing steps taken for metabolomic sample analysis in biotic stress
experiments. Plant under biotic stress (A), samples from selected plant parts in a tube (B), snap
freezing samples in liquid nitrogen and later stored in an ultra-freezer (C), extraction of metabolites
in accordance with recommended protocols (D), metabolome analysis technologies (E), generation of
raw spectral data (F).
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3.2. Metabolite Profiling

Metabolite profiling is important in studying organisms’ biochemical pathways [88].
Numerous technologies such as gas chromatography-mass spectrometry (GC-MS), liquid
chromatography-mass spectrometry (LC-MS), nuclear magnetic resonance (NMR), capil-
lary electrophoresis-MS (CE-MS) and Fourier transform-infrared (FT-IR) spectroscopy are
commonly used analytical platforms for metabolite profiling [49,95]. The unique properties
of these profiling techniques together with their applications, limitations and successes
in plant metabolomics have been discussed by numerous researchers [30,96-99]. There
are limited studies on the metabolome profiling of legume crops evaluated under insect
stress. Although not a model for legume crops, metabolomic profiling has been performed
on Medicago sativa (a close relative of the model legume crop M. truncatula) under insect
stress (Table 1) [34,48]. In plant-insect interactions, a metabolome profiling study on alfalfa
cultivars reported the production of numerous up-regulated metabolites in response to
infestation by thrips using LC-MS (Table 1). Among the metabolite classes were amino
acids together with derivatives that produced toxic amino acids released by the plant in
response to insect attack [48]. Similar metabolites analysed using UHPLC-MS were also
reported for pea (P. sativum), red clover (Trifolium pratense) and other alfalfa genotypes
in response to biotic stress [34]. In addition, Narula et al. [87] reported a large number
of metabolites that were up-regulated and down-regulated when chickpea was infected
with F. oxysporum using GC-MS as a metabolome profiling tool. Similar results were
also reported for common bean infected with F. solani [79], T. velutinum and R. solani [80]
(Table 1). Among the primary metabolites reported, amino acids, alcohols and alkaloids
were upregulated. Precursor molecules of these metabolites were found to be responsible
for defence and energy provision for the plant [91]. More studies have been reported on
P. sativum focusing on metabolite profiling under biotic stress (Table 1), particularly fungal
pathogens [92,100,101]. For example, using 'H NMR, young pea plants showed a height-
ened production of amino acids that signal the production of the metabolite proline during
fungal infection [81]. However, as the plant grows older, its energy requirements change,
and proline production reduces. Overall, the down-regulation of metabolites can be used
as a guideline for selecting resistant/tolerant varieties. Varieties resistant to pathogens also
produce sulphur as a defence strategy. Resistant cultivars tend to have increased sulphur
assimilation with high energy accumulation from sugar metabolites (nitrogen mobilization)
for restoration of damaged plant cells [92].

4. Metabolome Data Processing and Annotation Tools Used in Legume
Stress Tolerance

Metabolome usage has grown rapidly because of its provision of the cellular function
data of small molecules (<1500 Da) linked to more than 40,000 metabolites that are registered
on numerous databases [102]. Data generated by metabolomic technologies such as GC-
MS, LC-MS and NMR, amongst others, are enormous and require software tools that are
able to visualise, detect peaks, normalize/transform the sample data, annotate, identify,
quantify and statistically analyse targeted /untargeted metabolite variations, in accordance
with applied algorithms for univariate/multivariate analysis (Figure 2) [103,104]. There
is no single tool that can unravel information from a metabolome profile; thus, analysis
integrates numerous databases and requires algorithms that are provided by an array of
tools [105]. Studies of metabolites in crops use an array of statistical platforms to evaluate
variations of metabolites in different stress environment [106]. In legumes, metabolome
data processing platforms (Table 2) used in studies of biotic stress for legumes include
R and SIMCA [48,81]. Software such as SIMCA, Analyst software, STAT GRAPHICS
Centurion, Labsolutions, ChromaTOF and agilent software MassHunter require licensing
for metabolome data processing. However, there are numerous web-based accessible
platforms that can be used for data processing, metabolome annotation and visualisation
such as R, XCMS, MetaboAnalyst, METLIN, KEGG, HMBD, MeV, MetLAB and others
(Tables 2 and 3) [103].

11
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The representation of biological networks is important in metabolomics, as it gives
representation of relationships or patterns that occur in metabolomic pathways. There are
numerous metabolomic pathway databases that aid in grouping metabolites with similar
functions. Metabolomic pathway databases including KEGG, cytoscape, MapMan and

iPath, among others, are applicable to plants [103,107].

Figure 2. Flow diagram illustrating data handling steps for metabolomic experiments. After acquiring
raw data, pre-processing, pre-treatment and statistical analysis are required prior to interpretation
of results.

Table 2. Statistical tools and databases used for metabolome data processing and annotation in

legume biotic stress studies.

Legume Statistical Access Domain Function Reference
& Tool/Database Name (URL, Accessed on 28 April 2022)
https:/ /sciex.com/products/software/ Data processing
Analyst software analyst-software Metabolite annotation
R https:/ /www.r-project.org/ Data processing [79]
KEGG https:/ /www.genome.jp/kegg/kegg2.html  Metabolomic pathways
Agilent MassHunter https:/ /www.agilent.com/en/promotions/ Data processing
. masshunter-mass-spec
P. vulgaris
Pubchem https:/ /pubchem.ncbi.nlm.nih.gov/ Metabolite annotation
HMBD https://hmdb.ca/ Metabolite annotation (50]
CAS https:/ /www.cas.org/ Metabolite annotation
ChemSpider http:/ /www.chemspider.com/ Metabolite annotation
METLIN https:/ /metlin.scripps.edu/landing_page. Metabolite annotation

php?pgcontent=mainPage
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Table 2. Cont.

Legume Statistical Access Domain Function Reference
& Tool/Database Name (URL, Accessed on 28 April 2022)
https://sciex.com/products/software/ Data processing
Analyst software analyst-software Metabolite annotation
R https:/ /www.r-project.org/ Data processing [48]
KEGG https:/ /www.genome.jp/kegg/kegg2 html Metabolomic P athway
analysis
XCMS https:// Xcmsonhne.scrlpps..edu. /landing_ Data processing
page.php?pgcontent=institute
M. sativa
MetaboAnalyst https:/ /www.metaboanalyst.ca/ Data processing
R https:/ /www.r-project.org/ Data processing
METLIN https:/ /metlin.scripps.edu / landing_page. Metabolite annotation [34]
php?pgcontent=mainPage
MassBank https:/ /massbank.eu/MassBank/ Metabolite annotation
HMBD https:/ /hmdb.ca/ Metabolite annotation
LipidMaps https:/ /www.lipidmaps.org/ Metabolite annotation
KEGG https:/ /www.genome.jp/kegg/kegg2.html ~ Metabolomic pathways
https:/ /www.shimadzu.com/an/products/ .
. . . . Data Processing
Labsolutions software-informatics/software-option/ . .
. . Metabolite annotation
labsolutions-cs/index.html
e . Data processing
COVAIN toolbox https:/ /bio.tools/covain Metabolite annotation
STATGRAPHICS . . . [89]
Centurion https:/ /www.statgraphics.com/ Data processing
R Studio https:/ /www.rstudio.com/ Data processing
ChromaTOF https:/ /www.leco.com/product/chromatof- Data processing ar.ld
software Metabolite annotation
https:/ /www.sartorius.com/en/products/ . (82]
. Data processing and
P sativum SIMCA process-analytical-technology/data- Metabolite annotation
analytics-software/mvda-software/simca
https:/ /www.jmp.com/support/ .
JMP software downloads/JMPG101_documentation/ I\I/[);?blco)fi(’)c(e:easzﬁlci;?gn
Content/JMPGUserGuide/IN_G_0018.htm
https:/ /www.sartorius.com/en/products/ Data processing and
SIMCA process-analytical-technology/data- P sat [81]
. . Metabolite annotation
analytics-software/mvda-software/simca
R https:/ /www.r-project.org/ Data processing
KEGG https:/ /www.genome.jp/kegg/kegg2. html Metabolomic Pathway
analysis
Data processing and
MeV https:/ /mev.tm4.org/#/about boli .
C. ariethium Metabolite annotation [87]
XLSAT software https:/ /www.xlstat.com/en/ Data processing
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Table 3. Statistical tools and databases used for metabolome data processing and annotation in

legume biotic stress studies.

Statistical

Access Domain

Legume Tool/Database Name (URL, Accessed on 28 April 2022) Function Reference
. . Data processing
MapMan/PageMan https:/ /mapman.gabipd.org/mapman Metabolite annotation
. Data processing
L. japonicus MeV https:/ /mev.tm4.org/#/about Metabolite annotation [108,109]
Microsoft Excel https:/ /www.microsoft.com/en-za/ Data processing
https: Data processing
MetaGeneAlyse / /metagenealyse.mpimp-golm.mpg.de/  Metabolite annotation
. GRaphPad (Prism) https:/ /www.graphpad.com/ Data processing
L. corniculatus -
L. creticus MeV https:/ /mev.tm4.org/#/about Data processing
L. tenius Metabolite annotation [110]
L. bu’rt'tii MetaGeneAlvse https: Data processing
L. uligino Y / /metagenealyse.mpimp-golm.mpg.de/  Metabolite annotation
L. filicaulis
f Microsoft Excel https:/ /www.microsoft.com/en-za/ Data processing
Microsoft Excel https:/ /www.microsoft.com/en-za/ Data processing
SPSS https:// www.lbm.f:om /products/spss- Data processing
statistics
Stylosanthes [26]
R https:/ /www.r-project.org/ Data processing
https: .
KEGG / /www.genome jp/kegg /kegg2 html Metabolomic pathways
. . Data processing and
. MapMan https:/ /mapman.gabipd.org/mapman Metabolite annotation
P. vulgaris [80]
KEGG htps: Metabolomic pathways

//www.genome.jp/kegg/kegg2.html

5. Conclusions

Legume crops are grown in most regions of the world because they provide food
security for many households. With the current climate crisis, the production of crops
that are adaptable to biotic and abiotic stress is paramount. Legumes are produced in
semi-arid environments and in these production areas, multiple stressors are prevalent.
Plant stress response is a very complex phenomenon that researchers are constantly striv-
ing to understand by making use of high-throughput techniques. The integration and
application of omics tools in agriculture has evolved and broadened the understanding of
the underlying biochemical and molecular mechanisms of crops grown in diverse environ-
ments. Metabolomic studies are already becoming one of the omics tools used for breeding
strategies. However, strong bioinformatics skills are needed for the processing and manip-
ulation of the data. Furthermore, metabolomic database availability should be improved
in order to accelerate information availability for legume crops. Additionally, studies that
integrate metabolomics with other omics tools should aim to elaborate on the metabolomic
aspects. For example, in many studies integrating transcriptomics and metabolomics,
the information tends to be denser for gene expression than for metabolomics. In such
cases, metabolome specific papers should be published separately to avoid complexity
of integrating all the data and suppressing metabolomic information. Overall, the inte-
gration of metabolomics with other omics tools provides a powerful strategy to unravel
plant—pest/pathogen interaction in biotic stress environments.
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Abstract: The recently adopted conservation and minimum tillage practices in wheat-production
systems coupled with the concomitant warming of the Earth are believed to have caused the upsurges
in Fusarium head blight (FHB) prevalence in major wheat-producing regions of the world. Measures
to counter this effect include breeding for resistance to both initial infection of wheat and spread of
the disease. Cases of mycotoxicosis caused by ingestion of wheat by-products contaminated with
FHB mycotoxins have necessitated the need for resistant wheat cultivars that can limit mycotoxin
production by the dominant causal pathogen, Fusarium graminearum. This manuscript reviews
breeding tools for assessing and improving resistance as well as limiting mycotoxin contamination
in wheat to reflect on the current state of affairs. Combining these aspects in wheat research and
development promotes sustainable quality grain production and safeguards human and livestock
health from mycotoxicosis.

Keywords: contamination; health; infection; molecular techniques; selection

1. Introduction

Breeding wheat for Fusarium head blight (FHB) resistance involves systematic genetic
manipulation of the crop to incorporate superior biochemical and morpho-physiological
traits that safeguard it against the damaging effects of the dominant causal species, Fusarium
graminearum. Infection of crops by F. graminearum does not only reduce yield, but also
exposes the grain to contamination by mycotoxins. Mycotoxin contamination in grain
crops intended for processing food, feed and beverages often results in the accumulation
of these toxic fungal metabolites in foodstuffs, causing health hazards to both human
beings and livestock. F. graminearum species complex infects grain crops including wheat,
barley and maize. Breeding for resistance against FHB aims to reduce the impact of the
pathogen on crop yield as well as mycotoxin contamination in infected grain. Various
strategies for breeding against Fusarium head blight have been embarked on because
resistance against the disease is multigenic and is further confounded by the large influence
of genotype by environment interactions [1,2]. Resistance against FHB is conferred by more
than 250 quantitative trait loci (QTL) distributed across the entire chromosome cascade of
the wheat genome [3-5]. To effectively compart the negative effects of the disease, strong
background knowledge is needed on various aspects including the importance of FHB as
a grain disease, mycotoxin contamination of infected grain, breeding strategies to reduce
mycotoxin contamination in grain as well as the tools used to assess and limit mycotoxin
contamination during breeding, selection and the entire wheat value chain.

Fusarium head blight, also known as ‘scab’, is a wheat disease that is mainly caused
by the fungal complex called F. graminearum Schwabe (teleomorph Gibberella zeae Schwein.
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Petch). It is one of the most common diseases affecting bread wheat (Triticum aestivum L.)
around the world. Epidemics of FHB occur in cycles of four or five years worldwide [6]
and in shorter periods under favorable conditions, particularly where no-till or minimum
tillage practices, high humidity and/or high temperature coincide with early flowering
to the soft dough stages of susceptible wheat cultivars. In addition to the enormous grain
yield losses, F. graminearum infection is associated with the accumulation of mycotoxins
that put the health of human beings and livestock consuming infected grain at risk [7].
Ingestion of huge amounts of mycotoxin contaminated grain may lead to mycotoxicosis,
which under severe circumstances may cause death. It is important to note that there is
very high genetic variability of F. graminearum species, which results in high resilience and
complicates efforts towards breeding for FHB resistance due to genotype by isolate and
isolate by environment interactions [8].

F. graminearum produces two groups of toxins, namely zearalenone and trichothecenes.
Zearalenone (previously referred to as F-2 toxin) is one of the most prevalent estrogenic
mycotoxins produced through the polyketide pathway. This mycotoxin is denoted as 6-[10-
hydroxy-6-oxo-trans-1-undecenyl]-B-resorcyclic acid lactone. Zearalenone derives its name
from Gibberella zea and, resorcyclic acid lactone because of the C-1’ to C-2 “double bonds.
The “-one” denotes its ketone group [9]. The toxicity of zearalenone is through binding to
estrogen receptors ending up in estrogenicity, occasionally causing hyperestrogenism in
livestock and human beings, especially women. Eventually, the toxicity of zearalenone
may lead to myelofibrosis, reproductive system disorders, cancers, skeletal malformations
and weakening [10], nervous disorders [11] and various other physiological malfunctions.
Trichothecenes, on the other hand, are chemically tricyclic sesquiterpenes, which have
double bonds at the C-9, 10 position and a C-12, 13 epoxy functional group. The most
common contaminants of cereals are type-A and type-B trichothecenes [12,13]. Type-A
trichothecenes are different from type-B by the absence of a carbonyl group at C-8 and
hydroxylation at C-7. Type-A mycotoxins include diacetoxyscirpenol, T-2 and HT-2 toxins
while type-B trichothecenes include fusarenone-X, nivalenol and deoxynivalenol. The
effects of trichothecene ingestion through contaminated foodstuffs by animals and human
beings include diarrhea, vomiting and death when the toxicosis is severe.

Various national and multi-national organisations have drafted guidelines on food
safety to ensure that consumers are safe from the risks of eating contaminated food. The
regulating bodies include the European Food Safety Authority, Codex Alimentarius and the
USA Food and Drug Administration. Realizing that it is not possible to produce mycotoxin-
free wheat grain, the regulating bodies have set threshold limits, which are practically
attainable to reduce the incidence of mycotoxins in wheat products and other foodstuffs.
The threshold regulations mainly protect the health of animals and human beings from
the dangers caused by mycotoxins. Contamination of wheat with mycotoxins occurs
during infection by mycotoxin, producing fungi such as F. graminearum, and further toxin
accumulation may occur postharvest during grain storage [14-17]. Various interventions are
necessary to limit mycotoxin contamination of the wheat grain by F. graminearum mycotoxins.

FHB can be managed using various strategies including cultural, biological and chemi-
cal control methods as well as breeding for resistance against the disease. Wheat production
has thrived for ages through selection for superior traits and painstaking efforts to incor-
porate disease resistance. With increased efforts to incorporate FHB resistance into wheat,
disease incidence and the spread of infection decrease, resulting in a subsequent reduction
in mycotoxin contamination. Moreover, resistance may be specific to reduce mycotoxin
production by the infecting F. graminearum. Various breeding strategies are being embarked
upon to ensure minimal mycotoxin contamination of wheat grain. It is also important to
develop laboratory tools to assist the selection of wheat varieties that suppress mycotoxin
production as well as to ensure compliance with wheat grain safety standards. This review
discusses these aspects beginning with various breeding strategies employed against FHB.
Emphasis has been put on traditional breeding strategies, new techniques of resistance
breeding and tools for monitoring mycotoxin levels in the harvested wheat grain.
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2. Resistance against Fusarium Head Blight in Wheat

Resistance to FHB is categorised into various types of which the most prominent ones
are type I and type II [18]. Type I refers to the resistance against initial infection and is
exhibited by the ability of the cultivar to create a barrier to initial entry of the pathogen
into the plant. On the other hand, Type II resistance is resistance to the spread of the
pathogen after it has gained entry into the plant. The later type of resistance is more stable.
Type I and II resistance can be tested under both field and artificial environments [19].
Usually, screening for resistance against FHB takes place in the advanced generations
like F4 onwards [20]. Select breeding lines are chosen and are artificially inoculated with
the pathogen isolate(s)/races(s) to screen for resistance [21]. Assessment of resistance to
FHB is done through generally visualizing discolouration of the spikes and by precisely
assessing the intensity and number of affected grains. Affected grain may have a pinkish
discolouration, sometimes with a chalky appearance. Assessment covers both the pro-
portion of kernels that are diseased and the level of mycotoxins in the affected grain [22].
Resistance against mycotoxin accumulation is called type III resistance, which requires
special tools for assessment, unlike type I and II which can be assessed visually. Both type I
and type Il resistance have indirect effects on toxin accumulation, but resistance to toxin
accumulation, type III resistance, still has to be a targeted breeding objective on its own.
Generally, genotypes to be used as donors of resistance in FHB breeding programmes and
ultimate varieties must (1) resist initial infection (type I), (2) limit the pathogen spread in
infected spikes (type II), (3) reduce mycotoxin accumulation in the grain (type III)), (4) resist
kernel damage (type IV) and (5) tolerate the presence of the disease without much yield
penalty (type V) [19]. Knowledge of the genetic basis underlying these observable types of
resistance is slowly being demystified through advanced biotechnology and genetics.

3. Breeding Focus against Fusarium Head Blight

With the development of settlements for human beings and crop domestication, early
farmers selected plants that had desirable traits and the resulting gene pool formed the
basis of today’s domesticated crops. Natural selection for superior agronomic traits was
accelerated by the active mating and selection of offspring with desirable traits. Crops
progressively improved, hence, huge monoculture practices were established to what has
become modern agriculture. Wheat is one of the crops that has been extensively bred
over the years leading, notably, to the Green Revolution of the 1960s. After a prolonged
period of painstaking breeding efforts, Dr. Norman Borlaug, the Father of the Green
Revolution, developed high yielding wheat varieties in India and Pakistan, a move that
averted massive hunger. Despite this milestone, various diseases continue to threaten the
crop, particularly wheat rusts and Fusarium head blight. Breeding for disease resistance
continued to protect yields of high yielding varieties, among other control strategies. The
wheat disease resistance breeding strategy at the International Centre for Maize and Wheat
Improvement (CIMMYT) systematically grouped breeding needs of various regions in the
world into mega-environments [23]. Breeding for resistance against FHB falls within the
needs of mega-environment 2, which is characterized by high rainfall. China has been a
significant source of resistance to FHB and hundreds of wheat lines carrying resistance have
been shared with CIMMYT. Among the Chinese lines that carry FHB resistance are Sumai#3,
Shanghai#5, Suzhoe#6, Yangmai#6, Wuhan#3 Ning 7840, and Chuanmai 18, which have
been developed using traditional breeding methods. Genes for resistance against FHB
are mostly additive, requiring a meticulous programme for resistance incorporation and
selection [24].

Genetic variation for FHB resistance breeding is large. Therefore, there is a wide pool
of sources of resistance. This makes it easy for resistance to be incorporated into wheat with
options from exotic and native sources. However, Asian sources of resistance against FHB
such as the Chinese spring wheat, Sumai#3, are prominently used worldwide. Resistance
to FHB is mostly additive, being controlled by the effects of multiple genes. Quantitative
trait loci controlling FHB across all 21 bread wheat chromosomes have been mapped and
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identified, with just a few validated and used in breeding [4,5,25]. These QTL are prevalent
in Chinese genotypes derived from Sumai#3 and they contain Fhb1, Fhb2, as well as Qfhs.ifa-
5A [26-32]. Nevertheless, other resistance QTL do exist outside of Sumai#3. The presence
of Fhbl (Sumai#3) and Qfhs.nau-2DL (breeding line CJ9306), which confer resistance to both
type I and type III resistance, are of particular interest. Fhb1 improves the detoxification of
deoxynivalenol (DON) to DON-3-glucoside [33]. Qffis.ifa-5A confers type III resistance by
suppressing mycotoxin accumulation. Although resistance to FHB acquired from sources
such as Sumai#3 has been useful, its use has been moderate and therefore new sources
of resistance are desperately needed, especially resistance to curb toxin accumulation in
wheat infected with F. graminearum. The current shortfalls in breeding for resistance against
FHB therefore require radical use of new technologies. These technologies will help to
improve wheat productivity to meet the needs of the growing global population.

Wheat breeding programs against FHB also aim to reduce mycotoxin production
by the infecting fungus F. graminearum. From a food safety concern, this is an important
breeding objective to ensure that harvested grain is strictly below the mycotoxin threshold
level. To breed for resistance against FHB, a reliable inoculation method is needed. This
allows repeatable assessment of resistance to ensure selection of resistant lines under high
and uniform disease pressure. It is also important to use a cocktail of isolates/races for
inoculation to ensure selection for broad-spectrum or multi-race resistance, preferably
using races prevalent in the area where the resistant cultivars will be released. Isolates that
produce higher levels of DON, a type-B trichothecene, are found to be more aggressive
and could be useful for effective selection for type III resistance [34-39]. Resistance of
wheat to DON accumulation is acquired through the ability of the plant to degrade the
mycotoxin, for example, the possession of a putative deoxynivalenol-glycosyl transferase
that detoxifies DON [33,40]. Newer strategies for resistance breeding have been adopted
over the years and progress has been made ever since the adoption of these technologies.
Breeding programs that aim to limit DON production by F. graminearum in wheat have
greatly benefited from these new technologies.

4. Traditional Crop Breeding against Fusarium Head Blight

Conventional breeding is a systematic hybridization and selection strategy aimed to
release superior genotypes. In certain instances, the trait of interest is transferred from a
wild relative of the crop to be improved and this is termed wide crossing. Breeding for
disease resistance often takes a different strategy from conventional breeding for complex
agronomic traits such as yield. There has to be a source of resistance, which donates
the resistance gene/genes to the recipient genotype containing most of the desirable
agronomic traits, except for the resistant gene(s) of interest. In such a scenario, backcross
breeding, which is the most prominent classical breeding technique against plant diseases,
is used to recover most of the recipient genotype’s genome. In certain instances, the
resistance incorporated into a cultivar against FHB may be race-specific, though in most
cases it is race non-specific. It is always important to adopt a clear resistance breeding
strategy so that broad-spectrum and durable resistance may be incorporated into the
cultivar. When using traditional breeding techniques, it is critical to select effectively in
the early generations for FHB resistance; otherwise the promising gene combinations are
lost irretrievably [41]. Thus, the selection efficiency increases when the breeding method
can be used to select successfully in the early generations of selection [41]. Following the
vast research investments that were put towards FHB resistance, backcross breeding is
no longer sorely classical but is now fused with various molecular marker techniques for
effective and timely selection as well as gene and QTL introgression.

5. Molecular Breeding Techniques

The use of resistant cultivars remains a valuable tool for the control of FHB. It there-
fore remains imperative to intensify breeding efforts and optimize breeding and selection
strategies for resistance against FHB and mycotoxin production. The development and
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improvement, in recent years, of molecular techniques like real-time polymerase chain
reaction (PCR), marker-assisted selection, marker-assisted QTL backcrossing, next gen-
eration sequencing technologies and genetic engineering, are boosting research on FHB
resistance and its associated mycotoxicosis. Screening for resistance against FHB usually
takes place in advanced generations like F; onwards when select breeding lines are chosen
and artificially inoculated with the pathogen to screen for resistance [42]. This task is very
laborious and requires time for completion. In this case, advanced molecular techniques
are required to monitor levels of inoculation, to select for resistance in genotypes to be used
as parents in breeding for resistance to FHB and to introgress resistance genes into elite
genotypes. These molecular tools are therefore useful in wheat pre-breeding and breeding
against FHB.

5.1. RNA Interference to Reduce Mycotoxin Contamination in Fusarium graminearum Infected Wheat

The discovery of more sophisticated biotechnological approaches such as ribonucleic
acid (RNA) interference (RNAI) offers new transformation opportunities to enhance resis-
tance against F. graminearum and other invading wheat pathogens [43]. This is achieved
through induced silencing of target virulent genes. RNA interference is an essential cel-
lular system involved in gene regulation and protection of eukaryotes against infection
by viruses [44]. It is an important systematic mechanism that can be employed to fight
mycotoxigenic plant pathogenic fungi like F. graminearum. RNAIi post-transcriptionally
converts double stranded RNA molecules into short-stranded RNA duplexes of about 21
to 28 nucleotides often termed short interfering RNAs (siRNAs), which then cleaves to
complimentary mRNA, effecting gene silencing or regulation [45-48]. RNA interference
pathways are often triggered by the presence of viral RNAs providing gene regulated
defense against specific RNA viruses. In this case, the mechanism will be termed virus-
induced gene silencing (VIGS), whose success is highly dependent on designing effective
vectors that will produce complementary siRNA species, efficient uptake of siRNAs by the
fungus and amplification of the silencing effect within the target organism [43]. Silencing of
target genes has recently been proved to be effective against plant pathogenic fungi [49] and
has been demonstrated on Puccinia in wheat among other crop species and their respective
fungal pathogens. Machado et al. [50] reviewed the recent advances in RNAi-mediated
FHB control and suppression of mycotoxin contamination in a number of cereals. This
involves the use of the barley stripe mosaic virus (BSMV) vector. P. striiformis genes were
also observed to be silenced using the host-induced RNA interference mechanism [51]. In a
more recent study, Cheng et al. [52] reported that wheat resistance against pathogenic fungi
can be improved through RNAi sequences originating from chitin synthase (Chs) 3b gene
originating from F. graminearum. These sequences are used for host-induced silencing of
the chitin synthase gene in plant pathogenic fungi. This is one of the techniques that holds
future promise for the incorporation of resistance against F. graminearum in wheat.

5.2. Gene Transfer in General and Specifically against Fusarium Head Blight

Gene transfer technologies that insert foreign genes in plants are another molecular
breeding strategy with potential to enhance wheat resistance to FHB [53]. These technolo-
gies include particle bombardment or biolistic transformation and Agrobacterium-mediated
genetic transformation [54]. The former bombards deoxyribonucleic acid (DNA)-coated
gold or tungsten micro-projectiles into the target crop’s genome using a particle gun,
thereby inserting foreign genes. The later technique uses A. tumefaciens as a vector that
copies and transfers the transfer DNA (T-DNA) molecules on a tumour-inducing (Ti)
plasmid into the nucleus of target plant cells, thereby incorporating foreign DNA that is
eventually inserted and becomes part of the plant genome. Agrobacterium transformation,
however, works effectively with selected plant species, and inserts mostly three genes,
including two T-DNA molecules and a selectable marker per transformation construct [55].
Biolistic transformation non-randomly targets AT-rich regions with matrix attachment
region (MAR) motifs that are nuclear matrix prone eukaryotic DNA elements [56,57]. The
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MAREs create open chromatin, allowing the host plant genome to be accessible to transgenes.
An advantage shared by both Agrobacterium transformation and biolistic transformation is
that they can integrate two trans-genes into the target host genome [58].

The Agrobacterium-mediated transformation stages involve initiation, which includes
identification, isolation and insertion of the gene of interest into a suitable functional
construct consisting of the gene expression promoter, gene of interest, selectable marker
and codon modification. This is followed by Agrobacterium-mediated transformation or
bacterium-to-plant transfer and finally nucleus targeting [59-61]. During gene transfer
within the plant cell, the transformed Agrobacterium facilitates the transfer of T-DNA
molecules into the plant genome, then the transgene is randomly incorporated into the
plant chromosome. Integration of T-DNA into the plant DNA sequence is then facilitated
by non-homologous end-joinings.

Transfer of foreign genes that enhance FHB resistance into wheat is a viable alternative
which has, in recent years, been used extensively to increase not only the crops” genomic
variability, but also the fitness of wheat against F. graminearum. Among first genes to be
transferred since 1992 was the Bar gene used as a selective marker and various others
including the TaPIMP1 gene [62], the Y710 gene [63] and the TcLr19PR1 gene [64]. Various
genes that encode pathogenicity related proteins (PR proteins) could be the new sources of
wheat resistance against FHB. These PR proteins are defensins, which have a broad range of
antifungal properties [65]. Defensin RsAFP; with growth inhibitory characteristics against
F. graminearum was incorporated into variety Yangmai 12 using biolistic particle bombard-
ment [66]. The success of the transformation was confirmed using PCR and Southern blot
analysis. Expression of the RsAFP, genes in transformed wheat lines was confirmed using
RT-PCR and Western blotting. Disease resistance was assessed, and the transformed lines
showed resistance against F. graminearum compared to the untransformed control lines [66].
The low transformation efficiency using the biolistic particle bombardment, however, war-
rants the need for other gene transformation techniques alongside. Agrobacterium-mediated
transformation is one such technique that has been used successfully to introduce foreign
genes into the wheat plant with improved transformation efficiency.

In one effort, chitinase and #beta#-1,3-glucosanase genes were transformed into
wheat to improve resistance against FHB. The transformation of chitinase and #beta#-
1,3-glucosanase genes (constructed into binary vector pPCAMBIA3301) was mediated by
Agrobacterium and the resultant transgenic lines showed resistance against FHB in the
field [67]. Transformation of plant cells with exotic genes mediated with Agrobacterium is
the initial step in introducing genes into plant cells that generate into adult plants capable
of producing normal seeds. However, this process is difficult with wheat because of its
complex hexaploid genome. Therefore, a more efficient protocol for wheat transformation
called, ‘Pure Wheat’, was introduced [68]. This technique has renewed hope in accelerating
transgenic wheat plants with superior traits such as FHB resistance and its associated ability
to limit mycotoxin production.

5.3. Genome Editing for FHB Resistance

Major improvements in wheat will likely be brought about by genome editing, which
promises to supersede the traditional random mutagenesis and conventional breeding.
Genome editing technologies include the clustered regularly interspaced short palindromic
repeat-associated endonucleases (CRISPR/Cas) technique, which is gaining much popular-
ity, and other sequence-specific nucleases (SSNs) such as the transcription activator-like
effector nucleases (TALENSs) and zinc-finger nucleases (ZFNs). These technologies offer
the benefits of gene knock-out, knock-in, replacement, activation and DNA repair [69-72].
Among these genome editing technologies, the CRISPR/Cas technology seems to hold
more promise with regards to FHB resistance. The Cas nuclease system has been used
with success in understanding fungal biology, with various reports in Neurospora crassa [73],
Aspergillus spp. [74,75], Penicillium chrysogenum [76], Alternaria alternata [77], Pyricularia
oryzae [78] and Ustilago maydis [79]. Following on these milestones, a Cas9-based genome
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editing system was established in F. graminearum [80] and hopefully this study will generate
leads to a breakthrough in F. graminearum control.

Several research groups have made concerted efforts to develop transgenic and muta-
genic lines that confer resistance to FHB. Table 1 summarizes some of the genes that have
been manipulated in wheat, barley, Brachypodium and Arabidopsis that were manipulated
through advanced technologies and proved to confer reduced F. graminearum infection and
DON accumulation. However, much effort is still needed to link the various research insti-
tutions with public and private seed companies to ensure that research and development
are aimed at variety release to benefit farming communities in FHB prone areas. This effort
should involve pre-commercial field-testing activities including multi-environmental trials
and end-use quality analysis.

Table 1. Genetic transformation to enhance resistance against Fusarium graminearum causing Fusarium
head blight in wheat and other cereals.

Crop

Technology Gene Involved Effect on Transformed Line Reference

Wheat

Enhanced combined type I and II
Gene silencing Chitin synthase ChS3B resistance against FHB by [52]
targeting chitin biosynthesis

Barley

FgCYP51A and Reduced fungal growth by

FqCYP51B targeting Sterol biosynthesis [81]

Gene silencing

Brachypodium
distachyon

Improved FHB resistance by

silencing the genes through

inhibiting CYP51A, CYP51B, [82]
and CYP51C genes and essential

protein kinase biosynthesis

Fg00677,

Gene silencing Fg08731 and CYP51

Wheat

Enhanced FHB resistance by
silencing the gene that encodes a
nuclear protein conferring FHB
susceptibility

Deletion mutation TaHRC [83]

Wheat

Decreased DON content in flour

Overexpression Barley HoUGT13248 by increasing detoxification

(84]

Arabidopsis

Restricted fungal infection and
Gene silencing CYP51 reduced virulence by targeting [85]
Ergosterol biosynthesis

Barley

Restricted fungal infection and
Gene silencing CYP51 reduced virulence by targeting [85]
Ergosterol biosynthesis

Wheat

Supressed DON induced reactive
Overexpression AtLTP4.4 oxygen species and plant stress [86]
from infection

Wheat

Reduced infection and DON
accumulation by targeting
Gene silencing F¢SGE1, F§STE12 and FgPP1 DON biosynthesis, fungal [87]
penetration structure formation
and essential phosphatase

Wheat

Epigenetic regulation Several Reduced FHB severity and DON

of gene expression accumulation through methylation [88]

Wheat

Conferred resistance both to initial
Bradi5g03300 UGT infection and to spike colonization [89]
and reduce mycotoxin content

Trans-gene
expression
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Table 1. Cont.

Crop Technology Gene Involved Effect on Transformed Line Reference

Wheat .Mutat}on/ Dele,atlon . hl.Shqme_nCh . Resistance to FHB spread [90]
involving the 3" exon  calcium-binding-protein gene

Wheat Trans-gene expresion HolUGT13248 Increased resistance against [91]

Fusarium graminearum

5.4. Association Mapping to Find FHB Molecular Markers

Molecular breeding and selection for FHB resistance in wheat have largely benefited
from association mapping of putative QTL through associating phenotypic reactions to
genotypes. Currently, high-density wheat 90K single nucleotide polymorphism (SNP)
assays are being used in genome-wide association (GWAS) studies aimed to dissect the
genetic basis of resistance to Fusarium head blight in wheat breeding populations [92].
Association mapping studies have enabled the discovery of several loci associated to the
resistance to FHB spread and DON accumulation. Alternative to the GWAS approach,
candidate-gene association mapping can be used by targeting associations of pre-specified
FHB resistance genes and the observed phenotypic reaction [93]. A recent GWAS study
identified 16 significant SNPs associated with Fusarium-damaged kernels and DON levels
on wheat chromosomes and suggested that FHB severity can even be reduced by small-
effect QTL [94]. Such studies form the basis of maker-assisted selection and marker-based
gene and/or QTL introgression by identifying putative markers linked to genetic regions
controlling particular traits. Quality phenotypic data, often with high heritability from
multi-environmental trials, is required for effective association studies.

All these advanced technologies that can be employed to enhance FHB resistance have
their own advantages and disadvantages when compared to traditional breeding methods.
Table 2 highlights some of these pros and cons to guide future research. Generally, this
indicates that the recent technologies can not completely be divorced from all aspects of
traditional breeding, particularly phenotyping or field testing to account for the expression
of introduced genes under real production conditions and assessing the ultimate impact on
final yield.

Table 2. Pros and cons of using traditional breeding methods against using recent technologies.

Aspect

Traditional Methods

Recent Technologies

Pros

Cons

Field expression of genes

Reliably confirmed each season

Gene may be present but not expressed
as desired in the field [41]

Variety release

Often targeted towards FHB resistant
variety release and commercialization
across multiple environments

Mostly limited
to research and laboratory experiments
under controlled environments

Skills and reaserch facilities

Readily available

Still limited with most institutions
outsourcing and licencing the
technologies

Selection methods

Well established breeding and selection

Procedures mostly still being developed

procedures and improved
Some technologies like gene
Acceptability Widely accepted transformation are not widely accepted

by policy makers and consumers
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Table 2.

Cont.

Aspect

Traditional Methods

Recent Technologies

Cons

Pros

Time utilization

Takes long—up to 12 years to release a
variety

Significantly reduced time depending on
technology

Cost

Costly in terms of time and resources
allocated to release a variety

Relatively cheap since the costs are
concentrated over short space of time and
less resources required

Environmental influence

FHB expression can be influenced by the
environment during phenotyping [23]

Tracking of genes and transgenes at
molecular level is more reliable

Space required

Conversion and transformation often
need lab and greenhouse space

Several hectors of land are often required
to handle breeding nurseries

Foreign genes

FHB resistant genes can be transferred
from different plant or micro species
without fertilization barriers [53]

Restricted to the use of plants of the same
genius or species (cross compatible)

QTL conferring FHB resistance

Difficult to detect and transfer Easy to detect and transfer [92-94]

Pyramiding and stacking multiple genes

Difficult Easier with genetic engineering [87]

6. Tools to Assist Breeding for Resistance against FHB and Mycotoxin Contamination

Laboratory analytical tools are useful to assess toxin accumulation in wheat infected
with F. graminearum. These tools can be used in breeding programmes to assess if resistance
to mycotoxin accumulation by F. graminearum is incorporated and in monitoring the safety
of food products made from wheat grain. To incorporate Fusarium head blight resistance in
wheat, various assessment methods are employed for each breeding objective. Resistance
against pathogen penetration and resistance against disease spread after initial infection
can be monitored visually. Monitoring resistance against mycotoxin accumulation requires
specialized equipment that is able to detect even trace amounts of the mycotoxins. For the
purposes of the current review, real-time PCR, chromatography and mass spectrometry-
based approaches are discussed as tools to assist selection.

6.1. Real-Time PCR

Inoculation with F. graminearum and then determining the quantity of the inoculum is
done by real-time PCR. Real-time PCR is important for diagnoses using species-specific
primers to detect a suspect pathogen and for quantifying pathogen titre in infected ker-
nels [95-98]. The technique has the potential to unpack the gene expression in response
to FHB infection through monitoring transcriptome expression patterns within specific
plant tissue after inoculation. Newer genomic technologies, such as genome-wide single
polymorphism mapping, genome sequencing, microarrays and RNA sequencing, have
been instrumental in identifying genotypes with FHB resistance. These techniques have
also been useful in identifying QTL, linking resistance with other phenotypic traits as well
as detecting and validating diagnostic markers.

6.2. Chromatography and Mass Spectrometry-Based Approaches to Assist Selection

Regulatory standards with threshold prescriptions for wheat products such as the
Codex Alimentarius Commission 2015 require that there are monitoring procedures to
quantify the DON toxin in harvested wheat grain and grain products. Chromatography
and mass spectrometry-based techniques become handy in such circumstances to ensure
safety of wheat products in the market. Notably, high performance liquid chromatography
(HPLC) is commonly used for separation, identification, and quantification of mycotoxin
levels in flour, food and feed mixtures. Other techniques include gas chromatography—
mass spectrometry (GC-MS) and thin-layer chromatography (TLC), which are also effective
for early detection and quantification of DON in wheat. Equally important is the use of
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these quantitative techniques in screening breeding material and donor lines to be used
in breeding against FHB, especially for type II resistance. Chromatography and mass
spectrometry have been useful in identifying mycotoxin contaminants of wheat [96] and
mycotoxin accumulation [99]. Because of their ability to detect and quantify contaminants
and trace elements, chromatography and mass spectrometry-based techniques are useful in
routine monitoring of grain safety to ensure compliance to prescribed standards. This could
be the extension of the use of these techniques beyond research. With these state-of-the-art
tools, breeding and selection of FHB resistant genotypes are becoming more efficient and
reliable data are being produced on resistance to infection and mycotoxin contamination in
the wheat grain.

7. Conclusions

The safety of wheat products is essential to ensure that human and animal lives are not
endangered. Mycotoxins produced by the wheat-infecting Fusarium graminearum pathogen
pose serious health risks to animals and human beings. It is therefore of the utmost im-
portance to breed wheat varieties that are able to limit the accumulation of mycotoxins in
wheat kernel that have been infected with F. graminearum. Traditional breeding techniques
have been utilized to incorporate resistance against F. graminearum from resistance sources
such as Sumai#3. However, the limitations of traditional plant breeding require integration
of new and more sophisticated methods for cultivar improvement to fast-track F. gramin-
earum resistance breeding. These techniques will also bolster resistance against mycotoxin
accumulation. Clustered regularly interspaced short palindromic repeat-associated en-
donucleases (CRISPR/Cas) as well as RNA interference are some of the advanced tools that
have revolutionized crop improvement efforts. Various molecular techniques like real-time
PCR and biochemical analytical tools such as chromatography and mass spectrometry
are also useful for detecting levels of infection by F. graminearum, and their use remains
relevant for the future.
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Abstract: Olive leaf spot (Venturia oleaginea) is a very important disease in olive trees worldwide. The
introduction of predictive models for forecasting the appearance of a disease can lead to improved
disease management. One of the aims of this study was to investigate the effect of temperature
and leaf wetness on conidial germination of local isolates of V. oleaginea. The results showed that
a temperature range of 5 to 25 °C was appropriate for conidial germination, with 20 °C being the
optimum. It was also found that at least 12 h of leaf wetness was required to start the germination of
V. oleaginea conidia at the optimum temperature. The second aim of this study was to validate the
above generic model and a polynomial model for forecasting olive leaf spot disease under the field
conditions of Potidea Chalkidiki, Northern Greece. The results showed that both models correctly
predicted infection periods. However, there were differences in the severity of the infection, as
demonstrated by the goodness-of-fit for the data collected on leaves of olive trees in 2016, 2017 and
2018. Specifically, the generic model predicted lower severity, which fits well with the incidence of
the disease symptoms on unsprayed trees. In contrast, the polynomial model predicted high severity
levels of infection, but these did not fit well with the incidence of disease symptoms.

Keywords: leaf wetness; temperatures; validation; Venturia oleaginea

1. Introduction

Olive leaf spot (Venturia oleaginea (Castagne) Rossman & Crous, comb. nov.) is the
cause of a very important disease in olive trees worldwide. According to Trapero and
Blanco [1] and Viruega et al. [2], V. oleaginea over summers as mycelium in infected leaves
that remain in the tree canopy or fallen to the soil surface, while in autumn, mycelia resume
growth from the latent infections caused during the last spring or from old lesions, and new
conidia are produced, which are dispersed by rain splash and run-off. The main symptoms
of the disease are dark sooty spots (commonly known as peacock spots) which appear on
the upper surface of leaves, mainly in the low canopy. Rarely, similar spots may also appear
on the stem and fruit [3]. Heavy premature defoliation, which sometimes leads to twig
death of olive (Olea europaea L.), can been caused by this pathogen [4] when no preventive or
curative sprays are applied. According to Prota [5], in the Mediterranean region, fungicides
are usually applied in the main shoot-growth seasons (spring and/or autumn).

Meteorological factors play a key role in infection by the olive leaf spot fungus.
Temperature and moisture are the main climate factors influencing the development of
V. oleaginea in olive trees. Relatively mild to low temperatures and free moisture on the
leaves favor infections during the rainy periods in fall, winter, and spring [6-8]. Previous
works have shown that the minimum temperature for conidia germination of the fungus is
5 °C, the optimum 20 °C, and the maximum 30 °C [6,9,10]; this pathogen is able to sporulate
at temperatures from 5 to 25 °C [11]. In Greece, these temperatures occur mainly in the
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period of September to May [12]. Saad and Masri [13] also demonstrated the relationship
between conidial germination and leaf wetness duration. They found that a minimum of
42 h leaf wetness was required for V. oleaginea conidia to germinate at 12 °C, while at 20 °C,
18 h was required. Infection occurred from 5 to 25 °C, and disease severity was the greatest
at ~20 °C for wetness durations of 12 to 24 h and at ~15 °C for longer durations, while the
optimum temperature and minimum wetness durations for infection were 15.5 °C and
11.9 h [6,12,14]. Obanor et al. [15] found that temperature affected olive leaf spot severity,
with the lesion numbers increasing gradually from 5 °C to a maximum at 15 °C, and then
declining to a minimum at 25 °C, while the numbers of lesions increased with increasing
leaf wetness period at all temperatures tested. The minimum leaf wetness periods for
infection at 5, 10, 15, 20 and 25 °C were 18, 12, 12, 12 and 24 h, respectively.

Several forecasting models to predict the infection for specific plant diseases have been
developed. Each of the developed models has their strengths and weakness, so choosing
the right one is based on many factors. A widely used generic infection model is that
developed by Magarey et al. [16], which described pathosystems in which the parameters
of temperature and wetness duration were supplied for each of the studied pathogens. In
addition to the generic model, an infection model using regression equations, such as those
based on polynomials, logistic equations can be developed by conducting combinations of
multiple temperature and wetness. A forecasting model to predict olive leaf spot infection
was developed by Obanor et al. [15] based on a polynomial equation with linear and
quadratic terms of temperature, wetness and leaf age. However, this model has not been
validated under field conditions.

The successful development of a plant disease forecasting system also requires the
proper validation of a developed model. There are a large number of predictive mod-
els for the many important plant diseases in the international [17] literature. However,
the accuracy of the predictions of each model must be tested under field conditions in
order to reduce: (a) erroneous indications of high risk in cases where, in fact, no disease
was observed, and (b) erroneous indications of no risk where, in fact, the disease was
observed [18]. Although the effect of temperature and leaf wetness on the conidial germi-
nation of V. oleaginea has been previous studied [15], repetition to validate previous results
with local isolates of the pathogen is essential to fit these parameters in the generic model
developed by Magarey et al. [16] for local uses. Thus, one of the main aims of this study
was to investigate the minimum, maximum and optimum temperatures and leaf wetness
durations for conidia germination of local isolates of V. oleaginea. Because validation of
prediction models for forecasting plant disease under field conditions is important prior
to commercial use, a second aim of this study was to validate the above generic model
and the polynomial model developed by Obanor et al. [15] under the field conditions in
Potidea Chalkidiki, Northern Greece.

2. Results
2.1. Effect of Temperature and Leaf Wetness on Conidial Germination

There was no significant difference between repeated trials (p = 0.201), so the data from
the two trials were pooled. Temperature significantly influenced (p < 0.001, SE = 0.687)
conidial germination. Under continuous wetness, the optimum temperature for conidial
germination was 20 °C, whereas conidial germination was inhibited at 30 and 0 °C. Conidial
germination was significantly less at 15 and 25 °C than at 20 °C. The percentage of conidial
germination was significant higher at 15 and 25 °C than at 10 °C. Conidial germination
was significantly less at 5 than 10 °C. The estimates of the parameters from the quadratic
function of temperature (R = 0.739; Y = 7.46 + 5.22 x X — 0.16 x X?) and leaf wetness
(R?=0.946; Y = 23.88 + 4.43 x X — 0.06 x X?) are presented in Figure 1.
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Figure 1. Effect of temperature on conidial germination of Venturia oleaginea. The parameters of
minimum, maximum and optimum temperatures were fit to the generic model.

There was no significant difference between repeated trials (p = 0.186), so the data from
the two trials were pooled. Leaf wetness also significantly influenced (p < 0.001, SE = 0.073)
conidial germination. Under constant temperature at 20 °C, the conidial germination
started after 12 h of continues wetness. In contrast, no conidial germination was observed
after 6 h of wetness. The percentage of conidial germination after 18 h of wetness was
significantly higher than 12 h, but significantly less than 24 h. No significant difference was
observed in the percentage of conidial germination after 24, 36 and 48 h of leaf wetness.
The estimates of the parameters from the quadratic function are presented in Figure 2.
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Figure 2. Effect of leaf wetness on the conidia germination of Venturia oleaginea. The parameters of
minimum and maximum leaf wetness were fit to the generic model.
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2.2. Evaluation of Model Accuracy

The average temperature, rainfall, and leaf wetness for the period May to December
for each of these three years is presented in Figure 3. Figure 4 presents the predictions of the
generic and polynomial models for the period of May to December for three consecutive
years (2016, 2017, 2018).
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2018

Figure 3. Average temperature, rainfall, and leaf wetness for the period May to December in 2016, 2017 and 2018.

In 2016, the polynomial model predicted risk >29 on the 15th, 20th and 31st of May,
23th September, 10th and 15 October, 8th November and 1st December (Table 1). In contrast,
no prediction of risk >29 was given from the generic model in the period April-December
2016. Very low incidence symptoms (percentage of diseased leaves < 5%) of the disease
were observed in the unsprayed control trees at the same period. The mean temperature
was 18.6 °C in May, which increased to 24.8 °C, 26.6 °C and 26.2 °C in June, July and
August, and decreased to 22.7 °C, 17.8 °C, 13.8 °C in September, October and November
respectively. The above temperatures were not a limiting factor for infections of the olive
trees by the fungus V. oleaginea. In contrast, the total degree of hourly leaf wetness was
very low in the period of May to December and not favorable for the development of
the disease.

Table 1. Dates of the first seasonal infection of Venturia oleaginea predicted by the Generic and Polynomial models in 2016,
2017 and 2018; corresponding values of the risk index calculated by the model; times of actual disease onset; and percentage

of diseased leaves.

Year Date of First Seasonal Infection Risk Time (Days) of Actual Percentage of
Predicted by Model (>29) ? Value P Disease Onset ¢ Diseased Leaves
Generic Model
2016 - - - <5%
2017 15th May 59 14 18%
2018 3rd October 66 23 36%
Polynomial Model
2016 15th May 4 56 - <5%
2017 5th May ¢ 86 24 18%
2018 2rd October 4 64 25 36%

2 Date when model prediction value is higher to 29. b Risk was calculated on a scale from 0 (no risk) to 100 (maximum risk) based on
weather data and tree growth stage. ¢ Days after predicted infection-incubation period. 4 Model predicted risk >29 was also observed on
other dates of the year without correlated with actual disease onset (see Figure 4).
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Figure 4. Predictions (as presented on the screen of the computer) of the generic model (orange line) and polynomial models
(black line) to forecast infections from the fungus Venturia oleaginea on olive trees for the period May to December of three
consecutive years (2016, 2017, 2018) (FO = First Observation; PDL = Percentage of the Diseased Leaves).

In 2017, the polynomial model predicted nearly continuously risk >29 between the
5th and 31st of May. The generic model predicted risk >29 at 15th and 31st May (Table 1).
The first symptoms were observed at 28th May, and the final incidence of the symptoms
was moderate when recorded 15 days later (percentage of diseased leaves in unsprayed
trees was 18%). The mean temperature was 19.8 °C in May, while the total degree of hourly
leaf wetness per day was about 20 in the same period. Those climate conditions were
favorable for infections of olive trees by the fungus V. oleaginea. The optimum temperature
and leaf wetness for growth of V. oleaginea occurred from 15th to 28th May;, justifying the
short incubating period of 14 days.

In 2018, the polynomial model predicted risk >29 at 2-5th, 10th, 20th, 25th and
30th May, 8th and 30th June, 25 July, 28th September (Table 1), while the predicted
risk >29 was nearly always the period October-December. In contrast, no prediction of
risk >29 was given from the generic model in the period April-September 2018. The generic
model predicted risk >29 at the 3rd, 6th, and 20th October, 26th October, 16th November,
22th and 28th November, 3rd, 8th and 15th December. The first symptoms of the disease
were observed at the 26th October, while the incidence of the symptoms was relatively
high at the 10th November (percentage of diseased leaves <36%). No other results were
collected after 10 November. The mean temperature was 21.7 °C in May, which increased
to 24.6 °C, 26.6 °C and 27.4 °C in June, July and August, and decreased to 23.4 °C, 18.8 °C,
14.3 °C, 9.2 °C in September, October, November, December, respectively. The above
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temperatures were not a limiting factor for infections of the olive trees by the fungus
V. oleaginea. The total degree of hourly leaf wetness was very low in the period of May to
September, and not favorable for the development of the disease. In contrast, there was a
high number of hourly leaf wetness in October, making the climate conditions favorable
for the development of the disease.

The estimates of the parameters from the linear regression analysis to find the rela-
tionship between model predictions and level of the disease (Generic Model: R? = 0.917,
Y =4.74 + 0.47 x X, Beta Value = 0.958; Polynomial Model: R%2=0578,Y=7.86+0.34 x X,
Beta Value = 0.76) are presented in Figure 5.
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Figure 5. Relationship between model (generic and polynomial) predictions and percentage of
diseased leaves.
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3. Discussion

So far, control of olive leaf spot has been based on prognosis. This method is adequate,
but possesses disadvantages including inopportune and unnecessary spray applications. It
increases the cost of production, and also the risk of environmental pollution. The intro-
duction of predictive models to forecast the appearance of a disease could improve crop
management by reducing the number of spray applications and improving the effectiveness
of spray applications conducted.

Magarey et al. [16] developed a generic model appropriate for predicting the appear-
ance of a high number of plant diseases. This model requires some climate parameters
such as the minimum, maximum and optimum temperatures, as wells as the minimum
and maximum numbers of hours of leaf wetness. The results of this study showed that a
temperature range of 5 to 25 °C was appropriate for the conidial germination on detached
olive leaves with 20 °C being the optimum. Previous works showed that conidial germina-
tion of S. oleagina (synonym of V. oleaginea) on agar was at its minimum at 5 °C, with an
optimum at 20 °C, and a maximum at 30 °C [9,19,20], while Saad and Masri [13] found that
conidial germination of S. oleagina could be observed in temperatures ranging from 5 to
25 °C. The above range of temperatures at which V. oleaginea conidia germinate suggests
that infection may occur mainly throughout the period of September—June in olive growing
regions of Northern Greece. This study also showed that at least 12 h of leaf wetness
was required to start the conidial germination of V. oleaginea at optimum temperatures.
According to Obanor et al. [15], the minimum leaf wetness periods for infection of olive
trees from S. oleagina were 18, 12, 12, 12 and 24 h at 5, 10, 15, 20 and 25 °C, respectively,
while the minimum leaf wetness periods required for conidial germination at 5, 10, 15,
20 and 25 °C were 24, 12,9, 9 and 12 h, respectively [6].

Specific factors, such as pathogen biology, host phenology, and host variety in a
specific area may significantly affect the input variables for a predictive model. As the
predictive model could contain assumptions about site specific conditions, each model must
be validated for a specific location by testing for one or more seasons under local conditions
to verify that it works with precision in this location. Obanor et al. [15] developed a
regression model to predict the infections of olive trees by the fungus S. oleagina. However,
this model was not evaluated and validated under field conditions. In this study, the
generic model developed by Magarey et al. [16] and the polynomial model developed by
Obanor et al. [15] were evaluated to predict infection of olive trees by the fungus V. oleaginea
under the climate conditions of Potidea Chalkidiki, Northern Greece. Because the purpose
of the model was to be part of a warning system for olive leaf spot management, the
ability to correctly predict infection periods is crucial. The results showed that both models
correctly predicted infection periods. However, there was difference in the severity of the
infection, as demonstrated by the goodness-of-fit for the data collected on leaves of olive
trees in 2016, 2017 and 2018. Specifically, the generic model predicted lower severity of
the infection which fits very well with the incidence of the symptoms of the disease. In
contrast, the model developed by Obanor et al. [15] predicted high severity of the infection,
but these did not fit as well with the incidence of the symptoms. Based on the above results,
the polynomial model gave false positive predictions and did not generate proper spray
recommendations increasing the fungicide applications with indirect results the increase
of cost production and possible environmental pollution. It is recommended that the
polynomial model be calibrated and re-validated under field conditions before commercial
use. In contrast, the generic model gave a correct prediction for the appearance of the
disease, and it seems to fit better in computer-assisted Decision Support Systems (DSSs).

Considering that this study did not include olive cultivars with different levels of
susceptibility, it was not possible to evaluate whether each of the above predictive model
can be fitted better to specific olive cultivars as the same climate conditions could favor
different incidence of the symptoms depending on the level of cultivar susceptibility.
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4. Materials and Methods
4.1. Effect of Temperature and Leaf Wetness on Conidial Germination
4.1.1. Effect of Temperature

The effect of temperature on conidial germination of V. oleaginea was investigated by
using the methodology described by Obanor et al. [6]. Leaves (cv. Chondrolia Chalkidikis)
with symptoms of olive leaf spot were collected from a commercial field established in
Potidea Chalkidiki (40.1939° N, 23.3301° E) in November 2015. The leaves were agitated in
distilled water and the conidial suspension filtered through a double layer of cheesecloth
to remove leaf debris. Inoculum suspensions were adjusted to 6 x 10* conidia mL~! by
using a hemocytometer. Seven temperatures (0, 5, 10, 15, 20, 25, and 30 °C) were tested
to find the upper and lower limits of spore germination. Fully expanded leaves (4 weeks
old) without symptoms of the disease were excised from olive trees grown in a commercial
field by cutting at the stem end of the petiole. The leaves, before being inoculated, were
disinfested by dipping them in 10% vol/vol domestic bleach solution (4.85% NaOCl) for
5 min, washed three times with sterile distilled water and left to dry at room temperature.
The leaves were inoculated with two drops (10 pL) of the conidial suspension deposited
on the upper leaf surface. After inoculation, the leaves were placed in 9-cm petri dishes
(wet paper towel was placed onto bottom and leaves was placed on plastic sticks so that to
avoid any contact) arranged randomly in the growth chamber (97-100% RH) described
below. Results were collected by recording the germination of 30 conidia/leaf (10 leaves
for each treatment) 24h later. A conidium was considered germinated when the germ tube
was equal to the greatest diameter of the swollen conidia (1 to 1.5x) [21,22].

4.1.2. Effect of Leaf Wetness

Similarly, fully expanded leaves of olive trees (cv. Chondrolia Chlakidiki) without
symptoms of disease were inoculated with two drops (10 pL) of the conidia suspension
as described above. After inoculation, the leaves were placed in 9-cm petri dishes (wet
paper towel was placed onto the bottom, and leaves were placed on plastic sticks so as to
avoid any contact) arranged randomly in the growth chamber (Emmanuel E. Chryssagis,
Growth Plant Chambers—GRW 500/ CMP2) (97% = 3 Relative Humidity) under continu-
ous wetness at the 20 °C (optimal temperature identified above) and incubated for 6, 12,
18, 24, 36 and 48 h. Results were collected by recording the germination of 30 conidia as
described above.

Both experiments were repeated once. General linear regression analysis was per-
formed (SPSS Grad Pack 23, SPSS Inc., Chicago, IL, USA) in order to determine the
relationship between leaf wetness, temperatures and conidia germination.

4.2. Model Development and Validation
4.2.1. The Models

The generic model developed by Magarey et al. [16] was used. The parameters
were used to run the model based on the results produced in the above experiments:
Minimum Temperature (Tmin) = 5 °C, Maximum Temperature (Tmax) = 25 °C, Opti-
mum Temperature (Topt) = 20 °C, Minimum Leaf Wetness (Wmin) = 12 h, Maximum
Leaf Wetness (Wmax) = 24 h. In addition to the above, the predictive model (polynomial
model; Y = 0 + B1A + B2T + B3W +B4(Ax W) + B5T2 + B6W2), where Y is /(disease
severity), A is the leaf age (weeks), T is temperature (°C), W is wetness period (h), and
0....6 are determined parameters)to forecast the appearance of olive leaf spot devel-
oped by Obanor et al. [15] was simultaneously evaluated under the field conditions of
Potidea Chalkidiki.

The leaf wetness was estimated from the hourly data: if an (i) hour is wet, it is counted
as 1, or when it is dry it is designated as 0 (so the dry hours are not counted and are
not taken into account). Continuous wet hours are summed to determine leaf wetness.
However, if there is an interruption of fewer than or equal to 20 dry hours and low relative
humidity (<70%) (based on the result published by Villalta et al. [23] for the fungus Venturia
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pirina), the summation of hours is continued. In contrast, if the interruption of dry hours is
longer than 20 dry hours, a new summation of hours is started. Temperature is the event
average temperature during each wet period. Cultivar susceptibility and inoculum level
were not considered because insufficient information was available about their effects on
the occurrence of infection.

4.2.2. Evaluation of Model Accuracy under Field Conditions

Model accuracy in predicting the day of infection was evaluated by comparing actual
and predicted times of symptom appearance. In the Potidea Chalkidiki, which is one of
the most important olive production areas in Greece, a telemetric meteorological station
(NEUROPUBLIC S. A., Information Technologies & Smart Farming Services, Piraeus,
18545, Attica, Greece) was established to record weather data, which were used to run
the models. The model was operated hourly, starting from the 1st of May (aiming to
include both periods favorable for the development of the disease (May to June) and
unfavorable periods for the development of the disease (July to August)), 00.01, and ending
at 31st December using hourly leaf wetness and hourly temperatures as driving variables
for calculation. The date of the first observation of the symptoms (in young leaves) was
used to verify the prediction of the models, while the final incidence of the symptoms was
recorded 15-20 days later by calculating the percentage of diseased leaves to a sample
of 100 leaves randomly selected from each of 10 trees in total. The period of possible
appearance of the disease was calculated on each day when Risk (LW, T) > 30, which was
considered to be the incubation period. According to Bakari¢ [24], an incubation period
depends on the environmental conditions, and it lasts 15 days, but can be extended from
three to eight or more months. The model predictions were ranged from 0 (when Risk = 0)
to 100 (when Risk = the highest possible value).It was calculated with 0 being the minimum
value that could be given by the model, and 100 the maximum value. All the other values
were distributed between 0 and 100. Previous preliminary work under field conditions
to find the threshold for the model predictions showed that no symptoms or very light-
sporadic symptoms (percentage of diseased leaves < 5%) of the disease could be observed
when the model predictions were in the range 0-29 (indicating that a spray application
against olive leaf spot disease would not be financially justifiable; the spray program
usually includes copper-based fungicides applied before the onset of the main infection
periods, which often coincide with the main shoot-growth seasons (spring and autumn)).

A commercial olive field (cv. Chondrolia Chalkidiki, 7- to 10-year-old trees), located
in Potidea, Chalkidiki, was chosen to record the appearance of olive leaf spot symptoms.
Trees were pruned to a vase shape by hand pruning. Five to six irrigations were provided
yearly. Nitrogen was applied yearly as (NH4),SO, at 100 N units per hectare. Selected
trees did not show any symptom of the disease before starting the trial. The trees (kept
unsprayed) were inspected twice per week to determine the time of symptom onset. The
trees were carefully inspected for the appearance of the first symptoms, which are dark
sooty spots (commonly known as peacock spots) appear on the upper surface of leaves,
mainly in the low canopy. When the symptoms were unclear, the leaves were marked and
observed during the following surveys. To assess the severity of the disease, 100 random
leaves were observed for the symptoms of the disease per tree (results were collected from
10 trees), and the disease incidence was calculated as the percentage of leaves with leaf
spot symptoms. The predicted period of disease onset was then compared with the actual
one. The model was judged to have provided an accurate prediction when the observed
symptom onset coincided with the time interval predicted by the model [25].

This experiment was conducted for three consecutive years (2016, 2017, and 2018).
General linear regression analysis was performed (SPSSGradPack23, SPSS Inc., Chicago,
IL, USA) in order to determine the relationship between model predictions and level of the
disease (observations).
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5. Conclusions

The effects of the air temperature and leaf wetness on V. oleaginea infection of olive
leaves were clarified. Based on those results, disease forecasting systems were developed
to find the proper timing of foliar fungicidal sprays. The generic model predicted lower
severity, which fits well with the incidence of the symptoms of the disease in unsprayed
trees, and this model could be used to schedule the spray applications against olive spot
disease. In contrast, the polynomial model predicted high severity levels of infection,
but this did not fit well with the incidence of the symptoms. This study could help pest
managers and researchers predict the risk of olive leaf spot in different regions or under
different crop management practices.
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Abstract: Grapevine white rot, caused by Coniella diplodiella, can severely damage berries during
ripening. The effects of temperature and wetness duration on the infection severity of C. diplodiella
were investigated by artificially inoculating grape berries through via infection pathways (uninjured
and injured berries, and through pedicels). The effect of temperature on incubation was also studied,
as was that of inoculum dose. Injured berries were affected sooner than uninjured berries, even
though 100% of the berries inoculated with C. diplodiella conidia became rotted whether injured
or not; infection through pedicels was less severe. On injured berries, the disease increased as the
inoculum dose increased. Irrespective of the infection pathway, 1 h of wetness was sufficient to
cause infection at any temperature tested (10-35 °C); with the optimal temperature being 23.8 °C.
The length of incubation was shorter for injured berries than for uninjured ones, and was shorter at
25-35 °C than at lower temperatures; the shortest incubation period was 14 h for injured berries at
30 °C. Mathematical equations were developed that fit the data, with R? = 0.93 for infection through
any infection pathway, and R? = 0.98 for incubation on injured berries, which could be used to predict
infection period and, therefore, to schedule fungicide applications.

Keywords: Coniella diplodiella; environmental factors; infection pathway; inoculum dose; incubation

1. Introduction

White rot of grapevines is also known as “hail disease” because it frequently develops
following hailstorms [1]; the disease, however, can develop even in the absence of hail-
storms [2]. White rot, which is caused by the fungus Coniella diplodiella (Speg.) Petrak and
Sydow (syn. Coniothyrium diplodiella [Speg.] Sacc. and Pilidiella diplodiella [Speg.] Crous and
van Niekerk; [3]), was first described in 1878 in Italy [4], and is currently distributed world-
wide [5-7]. In addition to C. diplodiella, other species of Coniella—including C. vitis [6] and
Pilidiella castaneicola [8]—can naturally infect vines in the vineyard, or can infect grapevines
in inoculation studies in the case of C. petrakii and C. fragariae [9].

Grapevine white rot affects all green tissues of the vine, but mainly damages ripening
clusters. Yellowish and water-soaked lesions appear on the edges or tips of the leaves,
which gradually expand inward, forming concentric, wheel-shaped lesions that eventually
dry; grayish-white pycnidia can appear on the diseased tissue in moist weather [10,11].
Long, depressed, brownish necrotic areas may also occur around the nodes of green shoots
that can evolve in cankers [2]. As previously noted, however, the typical symptoms appear
on clusters. The pathogen forms yellowish-brown and water-soaked areas that rapidly
enlarge to cover the whole berry, which finally becomes soft and rotten. In a later stage, the
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berry’s surface is densely covered with small, brown-violet pustules consisting of immature
pycnidia that rise from the epidermal layers of the cuticle without rupturing it; the layer
of air between the cuticle and the epidermis plus the grayish-white color of the mature
pycnidia make the infected berries appear white, which explains why the disease is named
white rot [2,12].

C. diplodiella overwinters as mycelia or pycnidia in infected canes, rachises, and
mummified berries that fall into the soil [13], where pycnidia can remain viable for more
than 15 years, and can repeatedly discharge conidia under moist conditions [2,14]. Conidia
(and soil particles containing conidia) are transported to plant surfaces by splashing rain
or farm equipment. Conidia then germinate and cause infection through stomata [5,10],
microcracks, or mechanical wounds [4,10], or via direct penetration [4].

White rot is often closely associated with hailstorms that occur during berry ripening,
because hail causes wounds that facilitate the infection of berries. In areas where hailstorms
are sufficiently frequent to cause a buildup of C. diplodiella inoculum in the vineyard, a
single-spray application of a fungicide is recommended as soon as possible after the storm;
the recommended fungicides include folpet, dichlofluanid, or thiram [15]; captan and
dicarboximides [2]; chlorothalonil [13]; and tebuconazole, pyraclostrobin, carbendazol,
and mancozeb [16]. In affected vineyards, however, summer rain followed by persistent
moisture and temperatures of 24-27 °C can occasionally lead to disease outbreaks [2]. In
some viticultural areas, the disease occurs almost every season. For instance, grape white
rot has been reported as one of the main fungal diseases affecting grapes in China [11,17,18],
where it causes an annual production loss of 16% [17]. In these cases, repeated fungicide
applications are required to control the disease [19].

Knowledge of weather conditions leading to infection may be important for timing
both single hail-related fungicide applications and repeated fungicide applications. Re-
searchers have found that infection occurs over a wide temperature range, from <12 °C
and >33 °C, with the optimum between 24 and 27 °C [2,13,20,21]. Infection also requires a
minimum of 2 h of wetness [10].

Knowledge about the pathways and environmental conditions for infection by C.
diplodiella is crucial for disease control, but the available information is fragmented, in-
consistent, and based on only a few early studies. We therefore conducted a study with
detached grapevine berries under controlled environmental conditions to determine (1) the
temperature and moisture conditions required for different infection pathways, and their
interactive effects on disease severity; (2) the effect of inoculum dose on berry infection;
and (3) the effect of temperature on incubation length.

2. Results
2.1. Effect of Temperature and Wetness Duration on Berry Infection (Experiment 1)

The disease progressed very rapidly when berries were injured before they were
inoculated with C. diplodiella conidia; 90% of the berries had initial water-soaked areas
at 1 d after inoculation, and all of the injured berries were completely rotten after 7 d
(Figure 1b). Disease progress was slower for uninjured berries, with approximately 80%
of berries showing symptoms on the majority of the berry surface after 10 d (Figure 1a).
Disease progress was slowest for pedicel inoculation, with less than 50% of the berries
affected after 13 d (Figure 1c). The AUDPC values were then calculated at 4 d for injured
berries, 10 d for uninjured berries, and 13 d for pedicel-inoculated berries, and then
standardized as previously described (Figure 2).

The ANOVA carried out on standardized AUDPC data showed that all of the main
sources of variation affected disease progress with p < 0.001. Infection pathway accounted
for >50% of the variance, with the AUDPC highest for injured berries (overall average
0.476 £ 0.011), intermediate for uninjured berries (0.395 & 0.014), and lowest for pedicel
inoculation (0.249 + 0.007). Duration of the wet period (WD) accounted for 27.9% of
the variance, and the pathway x WD interaction accounted for 5.8% of the variance.
For any infection pathway, the AUDPC for berries that were kept wet for only 1 h after
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inoculation was approximately 50% of the AUDPC for berries that were kept wet for 24 h
after inoculation (Figure 2). The AUDPC then increased with increasing WD up to 24 h,
except that the AUDPC for pedicel inoculation did not increase further after a 3 h WD
(Figure 2). Temperature during the wet period accounted for 7.9% of the variance, and
the infection pathway x T interaction was not significant (p = 0.086). For all infection
pathways, the optimal temperatures for infection were therefore between 20 and 30 °C; at
10 and 35 °C, the AUDPC values were significantly lower than at the optimal temperature
range (p < 0.001). The infection pathway x WD X T interaction was significant at p = 0.044,
but accounted for only 4.1% of the variance.
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Figure 1. Progress of disease incidence (as the proportion of berries showing symptoms, on a
0-1 scale, where 1 means all of the berries are affected; black squares) and severity (as the proportion
of the berry surface showing symptoms, on a 0-1 scale, where 1 means all of the berry surface is
affected; white circles) on grapevine berries inoculated with conidia of Coniella diplodiella (experiment
1). After uninjured berries (a), injured berries (b), or pedicels of uninjured berries (c) were inoculated,
the berries were kept at 30 combinations of 6 temperatures (T: 10, 15, 20, 25, 30, and 35 °C) and
5 wetness duration periods (WD; 1, 3, 7, 12, and 24 h); each combination was represented by
3 replicates, with 15 berries per replicate. In each panel, values are means (£SE, n = 90) of disease
incidence or severity with the 6 temperatures and 5 wetness duration periods.
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Figure 2. Values of the area under the disease progress curve (AUDPC, dimensionless) for grapevine
berries inoculated with conidia of Coniella diplodiella (experiment 1). After uninjured berries (a),
injured berries (b), or pedicels attached to uninjured berries (c) were inoculated, the berries were
kept at 30 combinations of 6 temperatures and 5 wetness duration periods. Values are means (+ SE,
n = 45) of AUDPC data. AUDPC data were standardized by dividing the original AUDPC values by
the time considered for their calculation, i.e., 10, 4, and 13 d for A, B, and C, respectively.

The estimated parameters for Equation (2) were Tmin = 5 °C, Tmax = 40 °C,
a=>5.067 £1.777,b=1.162 £ 0.088, c = 0.350 £ 0.054, m = 0.468 + 0.286, and 1 = 0.363 £ 0.092,
which provided a three-dimensional representation of the changes in the relative infection
severity based on the combined effect of temperature and wetness duration (Figure 3),
with R? = 0.93, CCC = 0.96, RMSE = 0.10, and CRM < 0.0001. The plot of predicted versus
observed values did not show systematic deviations (not shown). For the whole dataset,
the intercept of the regression line of predicted versus observed data was o < 0.0001 (not
significantly different from « =0, at p = 0.998) and slope 3 > 0.999 (not significantly different
from 3 =1, at p = 0.982).

Based on Equation (3), the optimal temperature was Topt = 23.8 °C, with a 95%
confidence interval from 22.4 to 25.0 °C.

2.2. Effect of Inoculum Dose on Berry Infection (Experiment 2)

The progress of disease severity on the berries that were injured and then drop-
inoculated with conidia of C. diplodiella differed depending on the inoculum dose and
the temperature at which the berries were incubated following inoculation (Figure 4).
Specifically, disease severity increased very rapidly in the first 7 d following inoculation
when the inoculum dose was high (104 and 10° conidia/ mL), and with temperatures
of 25 and 35 °C; in these treatments, the disease did not substantially increase in the
next 7 d (Figure 4). No or very light disease was observed at low inoculum doses (10 or
102 conidia/mL, respectively), regardless of temperature (Figure 4).
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Figure 3. Effects of temperature and wetness duration on the rescaled infection severity in grapevine berries inoculated with
conidia of Coniella diplodiella, as estimated by Equation (2) and with data from experiment 1. After uninjured berries, injured
berries, or pedicels attached to uninjured berries were inoculated, the berries were kept at 5 wetness duration periods
(1-24 h) and at 6 temperatures (10-35 °C). For fitting purposes, AUDPC data were rescaled on a 0-1 scale by dividing the
original AUDPC values by the maximal value for each infection pathway (uninjured, injured, and pedicels).
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Figure 4. Progress of disease severity (as the proportion of berry surface showing symptoms,
on a 0-1 scale, where 1 means that all of the berry surface is affected) on grapevine berries that
were injured and then drop-inoculated with a suspension of Coniella diplodiella that contained 10
(black diamond), 10% (white squares), 10% (black squares), 10% (white circles), or 10° (black circles)
conidia/mL (experiment 2). After inoculation, berries were incubated for a 24 h wet period at 15 (a),
25 (b), or 35 °C (c). Values are the means (4 SE, n = 45).
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The ANOVA of the normalized AUDPC data showed that the disease was significantly
(p < 0.001) influenced by inoculum dose—which accounted for approximately 97% of the
variance—and by temperature, but not by their interaction. Based on the ANOVA, the
AUDPC decreased as the inoculum dose decreased (Figure 5), and the disease was more
severe at 25 or 35 °C (average of normalized AUDPC = 0.38 £ 0.11 and 0.37 £ 0.09,
respectively) than at 15 °C (0.30 £ 0.08).
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Figure 5. Values of the area under the disease progress curve (AUDPC, dimensionless) for grapevine
berries that were injured and then drop-inoculated with conidia of Coniella diplodiella at 5 inoculum
doses (10, 102, 103, 104, or 10° conidia/mL), and then incubated at 3 temperatures (T: 15, 25, or 35 °C)
for 24 h (experiment 2). AUDPC data were standardized by dividing the original AUDPC values by
the time considered for their calculation, i.e., 9 d. Bars indicate means (& SE) of 3 replicates, with
15 berries per replicate. White dots are the means (+ SE, n = 45) of the 3 incubation temperatures for
each inoculum dose; letters show comparisons of the latter means as determined by Tukey’s HSD
test, with p = 0.05.

2.3. Effect of Temperature on Incubation Length (Experiment 3)

Lesions on injured berries were first observed at 24 h after inoculation with C. diplodiella
when the injured berries were kept at 20-35 °C (Figure 6a). The water-soaked lesions first
appeared near the wound, and gradually extended to cover the entire berry surface, and
the berries subsequently became soft and rotten (yellow to pink) in the next 1-2 weeks.
On uninjured berries, symptoms first appeared after 48 h at 30 °C (Figure 6b). Disease
symptoms developed more rapidly on injured than on uninjured berries (Figure 6a,b).
For both injured and uninjured berries, the disease developed faster at 25-35 °C than at
10-20 °C.

The incubation period was longest at 10 °C, with IP5y = 236 h for injured berries and
416 h for uninjured berries. The length of the incubation period decreased as tempera-
ture increased; at 30 °C, IP5p = 14 h for injured berries and 101 h for uninjured berries
(Figure 7). The following parameter estimates of Equation (5) fit the incubation data for
injured clusters with R? = 0.98 and CCC= 0.98: IP5ymin = 16 h, Tmin = 5.5 °C, Topt =30 °C,
and Tmax =41.5 °C (Figure 7a). Estimates for uninjured clusters (with R? = 0.80 and
CCC =0.85) were IP5omin = 101 h, Tmin = 1 °C, Topt = 30 °C, and Tmax = 43.5 °C
(Figure 7b).
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Figure 6. Percentage of injured (a) and uninjured (b) grape berries showing white rot symptoms fol-
lowing artificial infection with Coniella diplodiella conidia (experiment 3). After they were inoculated,
berries were initially kept at 30 °C and with 100% relative humidity for 12 h to facilitate infection,
and were then kept at one of the six indicated temperatures.
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Figure 7. Effect of temperature on the length of the incubation period in grape berries that were
injured (a) or uninjured (b) and artificially inoculated with Coniella diplodiella conidia (experiment 3).
After they were inoculated, the berries were kept at 30 °C and with 100% relative humidity for 12 h
to facilitate infection, and were subsequently kept at one of the six indicated temperatures. Period
lengths were expressed as the number of hours required to reach 50% disease incidence (IPsp). The
lines show the fit of the data with Equation (5).
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3. Discussion

In this study, we inoculated injured grape berries, uninjured grape berries, or berry
pedicels with C. diplodiella conidia. To our knowledge, this is the first time different methods
of C. diplodiella inoculation have been compared and the subsequent disease progress
observed. In previous studies, inoculations were performed with mechanically wounded
and chemically dewaxed berries [4], or with damaged berries only [5]. The information
obtained by comparing different inoculation methods that represent the possible infection
pathways in the vineyard increases our understanding of white rot’s epidemiology.

Berries that were injured before artificial inoculation with conidia of C. diplodiella
were rapidly and severely affected, with some hyphae being visible on the inoculation site
as early as 1 d after inoculation. The germination of C. diplodiella conidia, for example,
was previously found to require external nutrients [14,22]. An early study found that
germination was much more rapid in grape juice than in water, and that the minimal sugar
concentration required for germination was 0.01% [5]. In another study, the germination
rate increased linearly with sugar concentration [10]. Therefore, the presence of wounds on
our mature berries likely provided nutrients that supported rapid germination of conidia,
hyphal growth, and berry rotting. Our results are consistent with previous field reports that
linked white rot outbreaks to hailstorms that occurred during berry ripening [1,2,5,11,23].

Uninjured berries were also severely affected in our experiments, but the disease
developed more slowly on uninjured berries than on injured berries. Infection of uninjured
berries may have occurred through microscopic cracks (“microcracks”) [10] that were
not visible at the time of berry sampling in the vineyard. Microcracks in the cuticular
membrane of berries increase susceptibility to pathogens [24]. Microcracks occur naturally
on ripening berries, but their causes are not well understood [25,26]. Because C. diplodiella
requires a high sugar concentration for conidial germination [10], and does not grow on the
berry surface [4], penetration through microcracks may occur for those conidia that deposit
near microcracks. Under natural conditions, the probability that conidia are deposited
near microcracks may be much lower than in the current study, because we sprayed the
entire berry surface with C. diplodiella conidia, and this may have resulted in a higher
probability that some conidia were located near microcracks. Under natural conditions,
the probability that conidia deposit near to microcracks may depend on both the number
of conidia depositing on the berry surface and the frequency of microcracks. Becker and
Knoche [25] found that the number of microcracks per mm? on “Riesling” grape berries
ranged from 0.02 to 1.35, and that the value depended on the orientation of the berry in
the cluster and berry region (stylar scar, cheek, or pedicel end). The hypothesis that the
probability of conidia landing near microcracks and infecting uninjured berries is low
under natural conditions is supported by the steep decline in infection as the concentration
of C. diplodiella conidia declined (Figures 4 and 5).

Berries inoculated via the pedicel were also infected, but much less rapidly and less
severely than injured or uninjured berries that were directly sprayed with conidia. The
pedicel is a site where nutrients accumulate, because the retention of water on the pedicels
may lead to the leakage of nutrients from the inner tissue, which may favor conidial
germination and infection [10]. The development of water-soaked lesions in our berries, in
fact, began at the base of the pedicels and gradually extended into the entire berry. That
the fungus can infect through the pedicel and also through rachises was also observed by
Locci and Quaroni [4].

In addition to infection pathways, our research provided quantitative data on the
effects of temperature and moisture on berry infection. Irrespective of the infection pathway,
C. diplodiella was able to cause infection under a wide range of temperatures, from 10 to
35 °C, with an estimated optimum of 23.8 °C, with a 95% confidence interval from 22.4 to
25.0 °C. The time required for the first visible symptoms to appear on artificially inoculated
berries was dependent on temperature after infection, and was 1-7 d for injured berries
and 2-14 d for uninjured berries; the overall time required was shorter at 20-35 °C and
longer at 15 and 10 °C; this result clarifies the effect of temperature on infection, and also
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helps explain inconsistencies in previously published books and compendia [2,20,21]. For
instance, Bisiach [2] indicated that the optimal temperature ranged from 24 to 27 °C, that
the disease was slight above 34 °C, and that when the temperature fell below 15 °C for
24-48 h following a hailstorm, infection was negligible. In the field, the incubation period
was reported to be 3-12 d, with the shortest durations at 25-27 °C [1,2,20,22]. We also found
that a 1 h wet period was sufficient for infection via any of the three infection pathways
and at any of the temperatures tested, and that the disease progression slightly increased
with a longer wet period. To our knowledge, these are the first experimental data on the
moisture requirements for C. diplodiella infection. The only previous data we found were
from Chen et al. [10], who observed that 2 h of wetness following wounding was sufficient
for a 59% disease incidence under field conditions.

Our overall results demonstrated that the infection of ripe grape berries can occur
over a wide range of temperatures, and requires only a very short wet period. Considering
that both hyphal growth and sporulation also occur between 10 and 35 °C [27-30]—i.e.,
at temperatures that are typical during berry ripening in the areas where grapes are
grown [31,32]—and considering that short wet periods are likely to occur when splashes
from rain disperse the conidia from the soil to clusters, we infer that the C. diplodiella
infection cycle is not substantially limited by environmental conditions.

This provides insight into disease control. In locations where white rot outbreaks
commonly follow hailstorms, growers usually apply fungicides after hail, but with incon-
sistent results. For instance, the efficacy was approximately 75% when folpet or captan was
applied within 12-18 h after hail, but was only 0-50% when the treatments were applied
21-24 h after hail [33]. Dicarboximides were also effective when applied within 12-18 h
after a hailstorm if temperatures were below 20 °C [2]. In early studies, interventions
within 2-20 h after hailstorm [23,33-36] were often effective, those applied as late as 21 h
after a hailstorm provided adequate protection, and those applied 24 h after a hailstorm
were ineffective [37]. In other studies, however, treatments after 18 h were ineffective [33].
Our results indicate that fungicides should be applied as early as possible to control white
rot following a hailstorm.

For the infections that are not related to hailstorms, and occur through pedicels and
through microcracks on berry surfaces, disease control should be preventative, and should
be based on one or more of the following: (1) reduction of inoculum; (2) prevention of
microcracks on berry surfaces; and (3) fungicide application. The sources of primary
inoculum of C. diplodiella are diseased rachises and mummified berries that have remained
in the soil from previous seasons [2,22,38,39]; such inocula can remain viable for many
years [13]. Inoculum can be reduced by the timely removal of affected clusters from the
vineyard [22], or by soil disinfestation [38]. Microcracks on berry surfaces can be prevented
by the careful management of water and fertilizer, the monitoring of soil moisture, and the
proper spraying of growth hormones and micronutrients [10,26].

The equations we developed in this work provide an estimation of the combined
effect of temperature and wetness duration on infection severity, and of temperature on
the length of incubation. To our knowledge, this is the first time such equations have
been developed. These equations could be used as risk algorithms [40] to predict infection
period and to schedule fungicides accordingly. Further studies in vineyards are needed,
however, in order to verify the utility of the equations.

4. Materials and Method
4.1. Fungal Isolates and Grapevine Cultivars

Three strains of Coniella diplodiella were used in this study: strain CBS5166.84 was
provided by Westerdijk Fungal Biodiversity Institute, and had been isolated from Vitis
vinifera L. in Germany; strains COD2D and COD5A were isolated for the purpose of this
study from grapevine cv. Merlot (Vitis vinifera L.), in Castell’ Arquato in northern Italy. The
identification of these strains was confirmed at the molecular level (see Supplementary
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Materials). Fungal colonies were maintained on water agar in tubes that were kept at 4 °C
until used.

For the preparation of inoculum for the artificial inoculation of grape berries, 36-day-
old cultures of the three fungal strains that had been grown on PDA at 20 °C were washed
three times with 5 mL of sterile water and gently shaken. The resulting suspensions were
passed through a double layer of sterile cheesecloth with sterile water. The suspensions of
conidia were then adjusted to equal concentrations and were used in infection studies by
mixing equal amounts of the three strains.

Two grapevine cultivars—Chardonnay and Ortrugo (V. vinifera L.)—were used; the
vines had been planted in 2018 in a vineyard at Castell’Arquato, northern Italy (latitude
40°51'29” N; longitude 9°51’17" E, 258 m ASL). The vines were trained using a Guyot
system (2.4 m between rows, 0.8 m between vines in rows) and were managed following
the local practices, with soil management under the rows and natural grass growing in
the inter-row space; no fungicides were applied starting from 45 d before the beginning of
the study period. Thirty random clusters were sampled at ripening. For “Chardonnay”,
sugars were 18.1° Brix, pH was 3.2, and total acidity (as tartaric acid) was 6.4 g/L; for
”Ortrugo”, which is a local variety, sugars were 18.4° Brix, pH was 3.0, and total acidity was
6.0 g/L. The berries used for artificial inoculations were cut from clusters at their pedicels
using scissors; all of the berries were turgid and visually disease-free with intact skins. In
preliminary tests, the two cultivars showed high and similar susceptibility to C. diplodiella.

4.2. Effects of Temperature and Wetness Duration on Berry Infection (Experiment 1)

The first experiment assessed the effects of temperature (10, 15, 20, 25, 30, or 35 °C)
and wetness duration (1, 3, 7, 12, or 24 h) on the infection of berries by C. diplodiella. Each
of the 30 combinations of temperature x wetness duration was represented by 3 replicates,
with 15 berries per replicate.

Berries with no visible damage and with their pedicels attached were washed in
running tap water for 10 min, immersed in 75% ethanol for 1 min and then in 10% sodium
hypochlorite for 1 min, and finally washed three times with distilled water. Berries were
arranged over a metal mesh so that they did not touch one another, and the metal mesh was
placed in an aluminum foil box with a wet paper towel on the bottom; a box was considered
a replicate, and there were 15 berries per box. Berries were then inoculated as described
in the next paragraph. After inoculation, boxes were sealed in a plastic bag to create a
saturated atmosphere, and were kept in growth chambers at each of the 6 temperatures,
under fluorescent light (12 h photoperiod).

At the end of each of the 5 wetness duration periods, berries were taken from the
box and deposited on filter paper under a laminar air flow for 10 min to dry the berry
surface; for injured berries (see below), the drop that exuded from the wound was dried by
touching it with a piece of filter paper. The dried berries were then returned to the boxes,
which were sealed and incubated at room temperature (25 + 2 °C) with a 12 h photoperiod.

Berries were individually observed at 1-3-day intervals for 2 weeks to assess disease
incidence and disease severity. Disease incidence was calculated as the percentage of
berries showing yellowish-brown and water-soaked areas, and/or tissue softening and rot.
Disease severity was assessed on individual berries as the percentage of the berry’s surface
area showing disease symptoms by using a standard diagram that included the following
classes: 0 (disease-free), 5, 10, 20, 30, 50, 75, and 100% (totally rotten). Disease incidence
and severity were averaged for each replicate box.

We conducted experiment 1 three times, and we used three methods to inoculate
the berries; these methods corresponded to the main infection pathways of C. diplodiella:
(1) infection of uninjured berries; (2) infection of pedicels still attached to berries; and (3)
infection of injured berries. For inoculation of uninjured berries (cv. Ortrugo), a conidial
suspension (3 x 10° conidia/mL) was uniformly distributed on berry surfaces with a hand
sprayer (500 pL of suspension per box). For pedicel inoculation (cv. Ortrugo), a 20 puL drop
of conidial suspension (3 x 10° conidia/mL) was placed on the pedicel of each berry. For
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inoculation of injured berries (cv. Chardonnay), a sterilized needle was inserted through
the skin and into the pulp of the berry, resulting in one wound per berry; a sterile pipette
was then used to deposit a 20 pL drop of a conidial suspension (3 x 10° conidia/mL) on
the wound.

4.3. Effect of Inoculum Dose on Berry Infection (Experiment 2)

The second experiment assessed the effects of 5 inoculum concentrations (10, 102,
103, 10%, and 10° conidia/mL) on injured berries. Injured berries (cv. Chardonnay) were
inoculated as described previously (experiment 1), and were kept at 15, 25, or 35 °C for
24 h; afterwards, the drop that exuded from the wound was dried by touching it with a
piece of filter paper. The dried berries were then returned to the boxes, which were sealed
and incubated at room temperature (25 & 2 °C) under fluorescent light (12 h photoperiod).
The berries were then assessed each day for 15 days for disease incidence and severity, as
described in the previous section. There were 15 combinations of inoculum concentration
x temperature, and each combination was represented by 3 replicate boxes, with 15 berries
per box. The experiment was repeated once.

4.4. Effect of Temperature on Incubation Period (Experiment 3)

Experiment 3 assessed the effect of temperature on the incubation period for injured or
uninjured berries that were artificially inoculated with C. diplodiella. Berries were inoculated
as described for experiment 1.

Experiment 3 was conducted twice, and we used two methods to inoculate the berries:
In the first method, the conidial suspension was uniformly distributed on the surfaces
of uninjured berries (cv. Chardonnay) using a hand sprayer (500 uL of suspension per
box). In the second method, a sterilized needle was inserted into the pulp of the berry
(one wound per berry) (cv. Ortrugo), and a 20 uL drop of the conidial suspension was
deposited on the wound using a sterile pipette. After uninjured and injured berries were
inoculated, boxes were sealed in a plastic bag to create a saturated atmosphere, and were
incubated in growth chambers at 30 °C for 12 h to facilitate infection. The berries were
then removed from the box and placed on filter paper under a laminar air flow for 10 min
to dry the berries” surfaces. The berries were then returned to the boxes, which were
sealed and incubated in growth chambers at 6 temperatures (10, 15, 20, 25, 30, and 35 °C)
under fluorescent light (12 h photoperiod); there were 3 replicate boxes (with 15 berries
per box, and with uninjured and injured berries in separate boxes) for each combination of
inoculation method and temperature treatment.

To assess the effects of inoculation method and temperature on the length of incubation,
both injured and uninjured berries were individually observed daily for 24 d to assess
disease incidence as the percentage of berries showing symptoms (as yellowish-brown and
water-soaked areas, tissue softening, and rot).

4.5. Data Analysis

Disease severity data assessed at different times following inoculation of uninjured
berries, injured berries, and pedicels under different conditions of wetness duration (WD)
and temperature (T) were used to calculate the area under the disease progress curve
(AUDPC) [41] by using the trapezoidal integration as follows:

AUDPC =) (yi +¥i11)/2 X (tis1 — t) @

where y; and yj,; are the disease severity data (on a 0-1 scale) at two consecutive assessment
times—i and i + 1, respectively [42]. Based on a preliminary data analysis of the disease
curves (see Figures 1 and 4), the AUDPC in the first experiment was calculated based on
data collected at 10, 4, and 13 d after inoculation of uninjured berries, injured berries, and
pedicels, respectively, and was calculated based on data collected at 9 d after inoculation in
the second experiment. The AUDPC data were then normalized by dividing them by the
time considered for their calculation [43].
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Normalized AUDPC data were subjected to a factorial analysis of variance (ANOVA)
to test the effect of infection pathway, WD, T, and their interactions in the first experiment,
and the effect of inoculum dose, T, and their interaction in the second experiment. The
ANOVAs were carried out using the SPSS package v. 19 (SPSS Inc., Chicago, IL, USA).

To study the relationship between temperature, wetness duration, and infection
severity, we calculated a rescaled infection severity (0-1) by dividing the original AUDPC
values by the maximal value in each replicated experiment (experiment 1). These data
were then fitted by using following equation:

Y = (a Teq’ (1 — Teq))* (1 — exp(—((m WD)"))) ¢)

where Y is the rescaled infection severity; Teq is an equivalent of temperature, calculated
as Teq = (T — Tmin)/(Tmax — Tmin), in which T is the mean temperature during the wet
period (°C), and Tmin and Tmax are the minimum and maximum temperature, respectively;
WD is the duration of the wet period (hours); and 4, b, c, m, and n are the equation
parameters. The parameter 4 is a proportionality factor, such that infection at the optimal
temperature = 1; b is the parameter that regulates the infection severity increase between
the minimal and the optimal temperature; c is the parameter that regulates the decrease
from the optimal to the maximal temperature; m refers to the intrinsic rate of increase of
the infection severity with respect to WD; and # is the growth rate. Tmin and Tmax were
also estimated as model parameters.

The optimal temperature (Topt) was estimated as described by Analytis [44], based on
the estimated values of b, Tmin, and Tmax in Equation (2), as follows:

Topt=b/(b + 1) (Tmax — Tmin) + Tmin 3)

The parameters of Equation (2) were estimated using the non-linear regression proce-
dure of Origin 8 Pro (OriginLab Corporation, MicroCal). Goodness-of-fit of equations (e.g.,
Equation (2)) were determined based on the adjusted R?, the magnitude of the standard er-
rors of the parameters, the root-mean-square error (RMSE), the coefficient of residual mass
(CRM), and the concordance correlation coefficient (CCC) [45,46]. RMSE is the measure
of the average distance between the real data and the fitted line [46]. CRM represents the
tendency of the model toward over- or underestimation; more specifically, a negative CRM
indicates that the model overestimates, while a positive CRM indicates that the model
underestimates [46]. CCC estimates the difference between the fitted line and the perfect
agreement line; a CCC value of 1 indicates that the fitted line is identical to the perfect
agreement line [40,45]. The predicted values were then regressed against the observed
values, and the null hypotheses that the intercept of the regression line was « = 0 and that
the slope was 3 = 1 were tested using a t-test; when this test was not significant, both null
hypotheses were accepted, and the model was considered a statistically accurate predictor
of the real data [47].

The length of the incubation was expressed as the number of hours needed to attain
50% disease incidence by day 24 (hereafter referred to as the IPsg). IP59 was calculated as
follows:

P50 = (d(x) x 24) + ((Yq4)/2) — Yaw)/ (Yaxs1) — Ydp))/24) 4)

where Y(p4) is the final disease incidence (at day 24); Yq(y) is the disease incidence at
d x, i.e., the last d in which Y < Yq(24)/2; and Yqx1) is disease incidence at d x + 1,
i.e., the first d in which Yqx,1) > Yq(24)/2. For instance, if Y4(04) = 100%, Y4(9) = 0%, and
Yq(10) = 60%, then IP5y = (9 x 24) + ((100/2) — 0)/((60 — 0)/24) = 236 h.

The relationship between temperature and incubation length was fitted by using the
equation of Magarey et al. [48] in the following form:

IPso = f(T)/IP5omin @)

F(T) = ((Tmax — T)/(Tmax — Topt))((T — Tmin)/(Topt — Tmin)){Tept-Tmin)/(Tmax-Topt) ()
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where IP5omin is the shortest duration of incubation; and Tmin, Topt, and Tmax are the
minimal, optimal, and maximal temperatures, respectively. When T < Tmin or T > Tmax,
f(T) =0. IP5pmin and cardinal temperatures were estimated by evaluating the goodness-
of-fit of a set of equations calculated by using an iterative procedure in which IPsomin
changed in 1 h steps and the cardinal temperatures changed in 0.5 °C steps.
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Abstract: Several outbreaks of pospiviroids have been reported in pepper and tomato crops world-
wide. Tracing back the origin of the infections has led to different sources. In some cases, the infections
were considered to result from seed transmission. Other outbreaks were related to transmission from
ornamental crops and weeds. Pospiviroids, in particular potato spindle tuber viroid, are regulated
by many countries because they can be harmful to potatoes and tomatoes. Seed transmission has
been considered an important pathway of introduction and spread. However, the importance of this
pathway can be questioned. This paper presents data on seed transmission from large-scale grow-out
trials of infested pepper and tomato seed lots produced under standard seed-industry conditions.
In addition, it presents the results of a systematic review of published data on seed transmission
and outbreaks in commercial pepper and tomato crops. Based on the results of the grow-out trials
and review of the literature, it was concluded that the role of seed transmission in the spread of
pospiviroids in practice is possibly overestimated.

Keywords: commercial seed lots; Capsicum annuum; epidemiology; source of infection; outbreak;
pathway; plant disease management; Solanum lycopersicum

1. Introduction

Over the last few decades, several outbreaks of pospiviroids in pepper (Capsicum annuum) and
tomato (Solanum lycopersicum) have been reported worldwide (reviewed by Candresse et al. [1] and
Hammond [2]). Pospiviroids, and in particular potato spindle tuber viroid (PSTVd), are regulated
in many countries because of their harmful effects on potato (Solanum tuberosum) and tomato
crops [2—4]. Phytosanitary measures are taken to prevent and eradicate outbreaks, and efforts are
made to trace the sources of infection. With regard to the outbreaks in pepper and tomato crops,
both the introduction of pospiviroids, via infested seed lots, and transfer from infected ornamental
crops and weeds, have been reported [2]. However, the relative importance of each of these sources
as a pathway for introduction in pepper and tomato crops worldwide is unclear.

Pospiviroids are single-stranded circular RNA molecules of ca. 360 nucleotides able to
infect plants. The genus Pospiviroid, one of the five genera within the family Pospiviroidae,
includes nine species, of which Potato spindle tuber viroid is the type member [5,6]. All
pospiviroid species, except iresine viroid 1, are able to infect at least one of the main
solanaceous crops, i.e., pepper, potato, and tomato. In addition, pospiviroid infections have
been reported from several ornamental crops and weeds, including many solanaceous
species. However, pospiviroid infections in ornamentals often remain symptomless, which
implies that these plants may serve as unnoticed sources of infection [7].
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Pospiviroids can be spread by vegetative propagation and transmission via mechanical
transfer (contact), insects, pollen, and seeds [1,4]. The role of vegetative propagation
for spreading in potato and ornamental crops such as Solanum jasminoides is evident.
Under experimental conditions, pospiviroids have been shown to be easily transferred
mechanically [8,9]. In addition, in practice, the occurrence of spread by mechanical transfer
is clear. Infections in tomato crops were found to spread rapidly within a row [10-12]
and evidence was obtained that outbreaks in pepper and tomato crops were the result
of mechanical transfer from symptomless-infected ornamentals and weeds, e.g., [13,14].
Regarding the role of insects in the spread of pospiviroids, aphids have been found to
transmit PSTVd in mixed infections with potato leaf roll virus (PLRV) in potatoes [15,16],
and tomato chlorotic dwarf viroid (TCDVd) with PLRV in tomatoes [17]. In addition,
pollination by bumblebees has been associated with the spread of tomato apical stunt
viroid (TASVd) [18,19] but was not observed for PSTVd [20]. The latter results [20] also
indicated that the role of pollen in the spreading of pospiviroids is limited. Finally, seeds
have been reported as a source of infection for seed-propagated crops such as pepper
and tomato. However, reports on seed transmission in these crops are contradictory.
Under experimental conditions, substantial transmission rates, as well as the complete
absence of seed transmission, have been reported, e.g., [21,22]. For outbreaks in commercial
crops, some were considered to result from infested seeds [23,24], whereas for others, no
evidence was found for seed as a source of infection [12]. The rationale behind these
different observations is not understood, and possible explanations include viroid load,
‘age’ and/or treatment of seeds, and climatic conditions (temperature) during germination
and cultivation.

Several countries consider seeds as an important pathway for the introduction of
pospiviroids in commercial pepper and tomato crops. Because production and processing
occur at a global scale, this has led to installing strenuous seed-testing requirements for seed
lots to be traded. However, the importance of seeds as a pathway for the introduction of
pospiviroids in commercial crops has never been evaluated. Which part of the outbreaks can
be attributed to the introduction via seed versus mechanical transfer from (symptomless)
infected ornamentals and weeds, and what is the evidence?

To determine the role of seeds as a pathway for the introduction of pospiviroid
infections in pepper and tomato crops, grow-out trials under standard conditions were
performed using seed lots naturally infested by columnea latent viroid (CLVd), pepper
chat fruit viroid (PCFVd), and PSTVd. In addition, published data were reviewed on the
evidence of seed transmission under experimental conditions and in practice. The results
of the grow-out trials, as well as the reviews of published data, will be discussed in view of
the role of seeds as a pathway for the introduction of pospiviroids in commercial pepper
and tomato crops.

2. Materials and Methods
2.1. Grow-Out Trials
2.1.1. Selection of Seed Lots

For the grow-out trials, commercially produced seed lots were selected that tested
positive for pospiviroids during routine screening by real-time RT-PCR according to the
EPPO standard PM7/138 [25], Appendix 4. To identify the seed lots with the highest viroid
loads for each of these lots, three subsamples of 1000 seeds and eight subsamples of 100,
10, and 1 seed(s) were tested. The data was used to estimate the infestation rate using
the software package SeedCalc8 (version 8.1.0; Geves, France). The lots with the highest
viroid loads and the most consistent test results were selected for the grow-out trials. The
selected seed lots concerned seeds from different cultivars and seed companies. They had
been produced and initially processed in either Africa or Asia and were further processed
in Europe, according to standard procedures. Except for a 1%-HCI treatment during the
extraction of the tomato seeds, which is compulsory in the European Union, no additional
treatments were applied for disinfection.
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2.1.2. Confirmation of the Identity and Viability of the Viroids in the Selected Seed Lots

To confirm the presence and identity of the viroids detected during routine screening,
conventional RT-PCRs were performed on RNA extracts using the following primers:
pCLV4/pCLVR4 for CLVd [26]; PospilFW/RE and AP-FW1/RE2 for PCFVd [12,27],
PospilFW/RE and Pospi2FW/RE for PSTVd lot 3, and PospilFW/RE for PSTVd lot
5[12,28]. Amplicons were bi-directionally sequenced and analysed [29].

To determine the viability of the viroids, for each seed lot RNA extracts were me-
chanically inoculated onto four plants of C. annuum cv. Westlandse Grote Zoete and four
plants of S. Iycopersicum cv. Moneymaker according to Verhoeven et al. [28]. After six
weeks, the inoculated pepper and tomato plants were tested in groups of four by real-time
RT-PCR [30].

2.1.3. Conditions Grow-Out Trials

The grow-out trials of both the infested pepper and tomato seed lots were performed
at seven different locations in the Netherlands. Three seed lots were grown in dedi-
cated greenhouses of six seed companies and two seed lots in the quarantine greenhouse
of the National Plant Protection Organization (NPPO) of the Netherlands. To prevent
viroid transmission to and from external hosts, all treatments were performed under
containment conditions.

Between 12 and 17 days after germination, when the first fully developed leaf had
appeared in most seedlings, plants were manually transplanted in rock-wool blocks or
potting soil. Plants were grown for 56-59 days at a minimum temperature of 25 °C and
a day length of at least 14 h. Common cultivation practices such as irrigation and insect
control were applied, but pruning was limited and aberrant plants were not removed.

2.1.4. Detection of Pospiviroids in Leaf Samples from Seedlings

At the end of the grow-out trials, the top leaflet of a young (50-90% full-grown) leaf
of each seedling was collected. Equal parts of leaves were pooled up to 25 and tested for
pospiviroids at the laboratories of the participating seed companies or Naktuinbouw, using
routine procedures adapted from Botermans et al. [30].

2.2. Review of Published Data on Seed Transmission and Outbreaks

Data on seed transmission and outbreaks of pospiviroids in pepper and tomato crops
were extracted from publications in scientific journals and the EPPO Reporting Service, the
latter only when data on outbreaks were not published elsewhere. In addition, data of the
grow-out trials reported in this paper was included for seed transmission. For reviewing,
publications were grouped per crop and considered per viroid species. Regarding seed
transmission, the following data were considered: type of seed (produced experimentally
or commercially), number of infected /raised seedlings, and specific conditions if applicable.
For reviewing the data on outbreaks, the term outbreak had been defined as the report
of a single viroid per crop and country. For each outbreak, the evidence for the indicated
source of infection was considered in relation to the stage of the crop at the time of viroid
detection, the genome sequence of the isolate, information on other crops grown from the
same seed lot, environmental conditions, etc. Based on an ‘unbiased’ review of these data,
conclusions were drawn on the most probable source(s) of infection. These conclusions
were compared with those given by the authors.

3. Results

3.1. Grow-Out Trials

3.1.1. Confirmation of the Identity and Viability of the Viroids in the Selected Seed Lots
For the selected seed lots, the presence and identity of the pospiviroids were confirmed

by sequencing and analysis of the amplicons produced by RT-PCR. Table 1 shows the

identified viroids and accession numbers in NCBI GenBank. For seed lots 1 to 4, complete
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genome sequences of the viroid isolates were obtained, except for the primer positions. For
lot 5, only a partial sequence of 112 nt of PSTVd was obtained.

Table 1. Seed lots used for grow-out trials to determine the transmission from seeds to seedlings.

Lot Crop! Origin Viroid(s) fenbainl; Estimated l\il;,l?l;ir
Number P 8 Jdentified ccessio Infestation Rate 2 o -ans
Number Raised
1 pepper  Asia PCFVd MW422288 13% (CLg5 0-52%) 27,735
2 pepper  Asia CLvd MW422289 9% (CLog5 3-22%) 27,703
PCFVd MW422290 13% (CLg5 4-29%)
3 pepper  Africa PSTVd MW422291 nd 2500
4 tomato  Asia PCFVd MW422292 63% (CLgs 25-91%) 47,528
5 tomato  Asia PSTVd MW422293 nd 2500

1 Seed lots concerned distinct pepper and tomato cultivars from different seed companies. 2 Based on SeedCalc8
(version 8.1.0; Geves, France); CLg5: confidence level 95%; nd: not determined.

For the viroid isolates from the three pepper seed lots, the viability was shown
by successful infection of C. annuum cv. Westlandse Grote Zoete and S. lycopersicum cv.
Moneymaker after mechanical inoculation (results not shown). For the viroid isolates from
the two tomato seed lots, the viability could not be confirmed. These results show that
at least for pepper, the viability of the viroids was maintained during the processing and
storage of the seeds, whereas for tomatoes such a conclusion could not be drawn.

3.1.2. Detection of Pospiviroids in Leaf Samples from Seedlings

Table 2 shows the number of pepper and tomato seedlings included in the grow-out
trials and their distribution over the seven locations. Up to 56-59 days after sowing, no
viroid symptoms were observed and testing of all plants at the end of the growing period
did not reveal any viroid infection. This means that in both crops, CLVd, PCFVd, and
PSTVd were not transmitted from seeds to seedlings/plants even though the environmental
conditions were favourable for viroid transmission and replication.

Table 2. The number of pepper and tomato plants raised from infested seed lots and distributed over
the different locations.

Pepper Tomato
Location 1 Lot1 Lot 2 Lot 3 Lot 4 Lot 5
CLVd and
PCFvd PCFVd PSTVd PCFvd PSTVd

1 5575 5500 8256

2 5805 6045 9985

3 6000 6000 10,000

4 5605 5358

5 4750 4800 10,215

6 9072

7 2500 2500

Total 27,735 27,703 2500 47,528 2500

! Locations 1-6: dedicated greenhouses at seed companies; location 7: quarantine greenhouse at the NPPO in the
Netherlands.

3.2. Review of Published Data on Seed Transmission and Data from This Study

A total of 27 publications on seed transmission of pospiviroids were considered and
reviewed per crop and type of seed production. The results are summarised in Tables 3-6
and further detailed in Supplementary Materials Table S1 (A-D).
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3.2.1. Pepper

For experimentally produced pepper seeds, seed transmission has been reported for
PCFVd and PSTVd (Table 3). Verhoeven et al. [27] reported transmission of PCFVd for 11
out of 59 seedlings. However, Verhoeven et al. [31] were not able to confirm the previously
reported seed transmission for PCFVd in 179 seedlings of the same pepper variety and 158
seedlings of another variety. In addition, no seed transmission of PCFVd was reported in
46 seedlings by Yanagisawa and Matsushita [32]. For PSTVd, Matsushita and Tsuda [33]
reported transmission for seven out of 2230 seedlings. In contrast, no seed transmission was
reported by Lebas et al. [34] and by Verhoeven et al. [31] for 25 and 222 pepper seedlings.
With regard to the other pospiviroids, no seed transmission was reported for columnea
latent viroid (CLVd) [31], TASVd [31], TCDVd [33], and tomato planta macho viroid
(TPMVd) [32], based on examination of 179, 217, 1105, and 46 seedlings, respectively.

Table 3. The number of infected /raised pepper seedlings in ten separate grow-out trials of experi-
mentally produced seeds reported in the literature.

CLvd PCFVd PSTVd TASVd TCDVd TPMVd
0 1792 11 59 b 0 254d 0 2172 0 1105 © 0 46 ¢
0 337 1a 7 22302
0 46 ¢ 0 2224

1 Total of two varieties; 2 total of three varieties; @ [31]; ? [27]; € [32]; 9 [34]; ¢ [33].
For commercially produced pepper seeds, the grow-out trials reported in this paper
did not show seed transmission for CLVd, PCFVd, and PSTVd in 27,703, 55,438, and

2500 seedlings, respectively. Furthermore, Verhoeven et al. [28] did not observe seed
transmission for TASVd in 1200 seedlings (Table 4).

Table 4. The number of infected /raised pepper seedlings in four separate grow-out trials of commer-
cially produced seeds reported in the literature and in this paper.

CLvVd PCFVd PSTVd TASVd
0 27,7032 0 55,438 12 0 2500 2 0 1200 b

1 Total of two varieties; ? this study; b 128].

3.2.2. Tomato

Regarding experimentally produced tomato seeds, seed transmission has been re-
ported for all seven pospiviroids found in commercial tomato crops (Table 5). However,
for most pospiviroids results were contradictory. For citrus exocortis viroid (CEVd),
Semancik [35] reported seed transmission in tomato without further details, whereas
Faggioli et al. [21] did not find transmission for 1849 seedlings. For CLVd, Matsushita and
Tsuda [33] reported transmission for 46 out of 793 seedlings, whereas no seed transmission
was found by Fox and Monger [36] and Faggioli et al. [21] for 200 and 1599 seedlings. For
PCFVd, Yanagisawa and Matsushita [32] reported three infected seedlings out of 941. For
PSTVd, again, contradictory results have been reported. Successful seed transmission was
reported by Khoury et al. [37], Singh and Dilworth [38], Simmons et al. [22] and Matsushita
and Tsuda [33] for 459 out of 1933 seedlings in total. In addition, seed transmission without
further details was reported by Benson and Singh [39], Kryczynski et al. [40], Menzel and
Winter [41], and Batuman et al. [42]. In contrast, Lebas et al. [34] and Faggioli et al. [21] did
not find seed transmission of PSTVd for a total of 47 seedlings, neither did McClean [43] for
tomato bunchy top virus (synonym PSTVd) in 92 seedlings. For TASVd seed transmission
was reported for 24 out of 30 seedlings by Antignus et al. [18] and without further details
by Batuman et al. [42], but no transmission was found by Faggioli et al. [21] and Matsushita
and Tsuda [33] for 2575 seedlings. For TCDVd, Singh and Dilworth [38] reported seed
transmission for 209 out of 280 seedlings, whereas no transmission was found in over
4251 seedlings by Singh et al. [44], Koenraadt et al. [45] and Matsushita and Tsuda [33].
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Finally, for TPMVd, seed transmission was reported by Yanagisawa and Matsushita [32] for
13 out of 1039 seedlings, but not by Belalcazar and Galindo-Alonso [46] for 425 seedlings.
Overall, 724 seedlings were found infected among a total of 16,054 raised plants, the
efficiency of the seed transmission varying from 0 to 80%.

Table 5. The number of infected /raised tomato seedlings in 22 separate grow-out trials of experimen-
tally produced seeds reported in the literature.

CcLvd CEVd PCFVd PSTVd TASVd TCDVd TPMVd
0 159912 0 184912 3 941d (o 222 24 30k 0 4000! 0 425n
0 200P 3 60¢ 0 123212 0 251¢ 13 10399
46 7932 0 25f 0 13433¢ 0 ?m

111 285 4¢ 209 280

0 9258

178 350h

107 11921

30 467

1 Total of two varieties; 2 total of four varieties; 3 total of three varieties; * total of five varieties; ° results for tomato
bunchy top virus (synonym PSTVd [43]); 2 [21]; b 136]; € [33]; 9 [32]; ¢ [37]; f [34]; 8 [43]; M [22];  [47]; [38];  [18];
1[45]; ™ [44]; ™ [46]. Seed transmission without further details was reported by Benson and Singh [39] (PSTVd),
Semancik [35] (CEVd), Kryczynski et al. [40] (PSTVd), Menzel and Winter [41] (PSTVd), and Batuman et al. [42]
(PSTVd and TASVd).

For commercially produced tomato seeds, also successful and unsuccessful seed trans-
mission have been reported (Table 6). In comparison to experimentally produced seeds,
both frequency and the rate of seed transmission were low, i.e., one out of 370 seedlings
for PSTVd by Van Brunschot et al. [24] and 2-20 out of 2500 seedlings for TCDVd by
Candresse et al. [23]. In the latter case, the viroid was detected in two out of 250 samples
by testing bulked samples of 10 seedlings, explaining the range of 2-20 seedlings. In
the grow-out trials reported in this paper, no seed transmission of PSTVd was found for
2500 seedlings. Similarly, no transmission was found for 1000 seedlings in a previous trial,
where the seed was harvested from an infected crop according to commercial practices [48].
For CLVd and PCFVd, no seed transmission was found for 25,500 [36] and 47,477 tomato
seedlings (this study). Overall, for a total of 79,398 tomato seedlings only in two cases was
seed transmission reported.

Table 6. The number of infected /raised tomato seedlings in six separate grow-out trials of commer-
cially produced seeds reported in the literature and in this paper.

CLvd PCFVd PSTVd TCDVd

0 25,500 @ 0 47,5528 b 1 370 ¢ 2201 2500 ©
0 1000 d
0 2500 b

1 Two out of 250 bulked samples of 10 seedlings tested positive; @ [36]; b this study; © [24]; d148]; ¢ [23].

3.3. Review of Published Data on Outbreaks
3.3.1. Pepper

For pepper, six publications on at least 14 outbreaks of pospiviroids were reviewed
with regard to the source of infection (Table 7). In five cases, the current review resulted in
the same conclusion as drawn by the authors, i.e., the most probable origin being other host
plants or unknown (Table 7; Supplementary Materials Table S2A). Only in one case in New
Zealand, where the authors assumed seeds as the source of the PSTVd infection [34], the
conclusion could be questioned. Firstly, none of the 25 seedlings grown from seeds of the
infected pepper plants was found to be infected. Secondly, highly similar PSTVd sequences
were found in four pepper varieties in five different glasshouses, as well as in tomato and
cape gooseberry crops grown in this country [34,49,50]. Together, these observations are
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reasons to consider locally infected host plants as a more probable source of infection. For
similar reasons, Mackie et al. [51] considered local wild plants as the source of infection of
repeated PSTVd outbreaks in pepper crops in Western Australia.

Table 7. Conclusions on the most probable source of pospiviroid infections in pepper crops as
reported and drawn upon in the current review of the provided data.

Source of Infection Reported in Publication Based on Review
Seeds 12 0
Plants ! 4b 5
Unknown 1€ 1

1 Plants include: plants for planting of the same crop and other hosts; @ [34]; b [27,51-53]; © [54].

3.3.2. Tomato

For tomato, 43 publications on outbreaks of pospiviroids were reviewed (Table 8;
Supplementary Materials Table 52B). Thirty-nine publications concerned one viroid, three
reported on two viroids [42,55,56], and one publication reported on four pospiviroids, of
which one was reported from two countries without obvious connection to each other [12].
This makes a total of 50 outbreaks. For 11 out of these 50 pospiviroid outbreaks in tomatoes,
the authors indicated seeds as the most likely source of infection. Upon review, in nine
cases the provided data were insufficient to substantiate this conclusion [18,49,57-60], [42]
(two outbreaks), [55] (one outbreak), and seeds seemed to be indicated as a source of
infection by default. For seven outbreaks too little information was provided to conclude
on the source of infection and, therefore, upon review it was considered unknown. In
two cases plants were considered as the most probable source of infection, instead of
seeds. Firstly, in 2002 Antignus et al. [61] reported on the spread of TASVd from a few
infected plants in a tomato crop and indicated that the origin of the infections in these
plants was unknown. In 2007, the same authors reporting on the same outbreak suggested
seeds as the most probable source of infection [18]. The latter conclusion was based on the
demonstration of seed transmission under experimental conditions for seed batches not
related to the outbreak. Secondly, Elliott et al. [49] indicated seeds as the most probable
source of the PSTVd outbreak in a tomato crop in New Zealand in 2000, without providing
data to support this suggestion. Since the first symptomatic plants were found near the
entrance of the glasshouse, and the viroid sequence was almost similar to that of other
PSTVd isolates reported in tomato, pepper and Physalis peruviana in New Zealand [34,50],
infected host plants in the environment seem a more probable source of infection. In
only two publications, data were provided indicating that seeds could have been the
source of infection of the PSTVd and TCDVd infections in tomatoes [23,24]. For ten
outbreaks, infected plants were considered as the most probable source of infection [12]
(three outbreaks) [13,51,62-66]. Reviewing the data lead to the same conclusion in nine
cases. For the outbreak in Germany [63], however, it was concluded that the data provided
did not allow to conclude on the source of infection. In the remaining 29 outbreaks in
tomato (27 publications), no conclusion was drawn on the source of infection. For three
of these publications, reviewing the data led to the conclusion that infected host plants
were the most probable source of infection. Firstly, Ling and Sfetcu [67] reported the source
of the PSTVd outbreak in tomatoes in California (USA) in 2009 to be unknown, although
tomato plants in the affected glasshouse and its surroundings were already known to be
infected by PSTVd for several years. Therefore, these infected plants were considered the
most probable source of the infections in 2010 (Verhoeven, unpublished data). Secondly, for
the outbreak reported by Mackie et al. [10], the genome sequence of the PSTVd isolate was
found to show the highest identities with PSTVd sequences from the P. peruviana cluster,
which also includes other isolates from wild plants in Australia [51,68]. The publication
of Mackie et al. [51] provided further evidence that local plants most likely served as the
source of infection. Thirdly, in Japan, infected petunia plants appeared to be the most
probable source of infection of the TCDVd outbreak in tomatoes in 2008, since the genome

71



Plants 2021, 10, 1707

sequence of the isolate identified in tomato (AB329668) [11] was reported from many
petunia selections originating in Japan [69,70]. The latter conclusion was further supported
by the observation that most TCDVd sequences from tomato crops outside Japan do not
group in the cluster of petunia sequences [69]. For the remaining 26 outbreaks, no source
of infection could be indicated, based on the data provided.

Table 8. Conclusions on the most probable source of pospiviroid infections in tomato crops as
reported and drawn upon in the current review of the provided data.

Source of Infection Reported in Publication Based on Review
Seeds 112 2
Plants ! 10° 14
Unknown 29¢ 34

! Plants include: plants for planting of the same crop and other hosts. ? Single outbreaks [18,23,24,49,55,57-60], two
outbreaks [42]; P Single outbreaks [13,51,62-66], three outbreaks [12]; ¢ Single outbreaks [10,11,44,46,55,61,67,71-88],
two outbreaks [12,56].

4. Discussion

The results of the grow-out trials of commercially produced pepper and tomato seeds,
combined with the results of the reviews of data from publications on seed transmission
and outbreaks, indicate that the role of seed transmission in the spread of pospiviroids in
these crops may have been overestimated.

The results presented here show that none of the 57,938 pepper and 50,028 tomato
seedlings raised from commercially produced infested seed lots was found infected, neither
by symptom observation nor by testing. For pepper, the lack of seed transmission could
not be ascribed to the absence of viable viroid, given the successful infection of healthy
pepper and tomato plants after mechanical inoculation. For tomatoes, the viability of the
viroids could not be established. The lack of successful infection of the inoculated plants
does not seem to relate to the amount of viroid, since the estimated viroid load of one of
the tomato seed lots was substantially higher than that of the pepper seed lots. An effect of
the seed processing procedure on the viability of the viroid cannot be excluded, such as the
HCl treatment, neither an effect of the matrix on the success of mechanical transmission. A
matrix effect has been observed, e.g., for the transmission of PSTVd from leaf material of
Brugmansia sp. in comparison to Solanum jasminoides [9,14,64]. In conclusion, these results
indicate that for commercially produced seeds the chance is low that pospiviroids are
transmitted from seed to seedling, even in the case that viable viroids are present as shown
for pepper.

The lack of seed transmission in grow-out trials of commercially produced seed lots
was further supported by a review of publications on seed transmission of pospiviroids in
pepper (Table 4) and tomato (Table 6). Although the rate of seed transmission may be af-
fected by the viroid variant, (a cultivar of) the host plant and environmental conditions, the
substantially higher seed-transmission rates reported for experimentally produced seeds
(Tables 3 and 5) raised the question of whether the industrial seed processing also may affect
the transmission from seed to seedling. For pepper seeds, Verhoeven et al. [31] did not find
such an effect, when simulating industrial processing by postponing the date of sowing.
Neither does industrial processing seem to abolish the viability of the viroids of infested
seeds. For tomato seeds, the effect of seed processing on transmission cannot be excluded,
since the viability of the viroid on infested tomato seeds could not be established. Never-
theless, the question remains why the figures of seed transmission of pospiviroids are so
different for experimentally and commercially produced seeds. Could cross-contamination
have occurred under experimental conditions where research with these highly contagious
viroids is performed by staff working on various aspects of these pathogens while using
the same facilities? For example, Verhoeven et al. [31] could not confirm the earlier seed
transmission of PCFVd in pepper [27], despite using the same isolate and cultivar under the
same growing conditions. Therefore, they questioned whether these different results could
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be attributed to the occurrence of cross-contamination in the previous experiments. More
generally, it raises the question of whether cross-contamination could also have accounted
for the establishment of infections in seedlings in other experiments? In relation to the
TCDVd outbreak reported by Candresse et al. [23], in 4000 seedlings grown from seeds
harvested from the affected crops, no infections were found by Koenraadt et al. [45]. In
addition, for the single positive seedling reported by van Brunschot et al. [24], the identi-
fied genome sequence of PSTVd was highly similar to the majority of PSTVd genotypes
reported in the region [10,51,68] and, therefore, does not exclude local plants as a source of
infection. Nevertheless, the results of Candresse et al. [23] and Van Brunschot et al. [24],
indicate that exceptional seed transmission of pospiviroids in tomatoes cannot be excluded.

Overall, the review of published data on pospiviroid outbreaks in pepper and tomato
crops indicate that designating seed as a source of infection is often by default rather than
evidence-based. Reviewing the publications in which seeds were suggested as a source
of infection resulted in different conclusions in the only case for pepper and nine from
eleven cases for tomatoes (Tables 7 and 8). Regarding the two remaining publications
suggesting seeds as the source of infection in tomato crops, at least some questions can be
raised from this conclusion, as discussed before. In the majority of the publications, the
source of infection was not specified or unknown, which did not change after review.

Finally, the conclusion that the role of seed transmission in the global spread of
pospiviroids may be overestimated, is supported by the fact that the number of outbreaks
in tomato and pepper crops has been limited even before the testing of seed lots was
implemented. Constable et al. [89] reported the detection of pospiviroids in 36 out of
553 (6.5%) imported pepper seed lots and in 91 out of 1562 (5.8%) tomato seed lots in
Australia since 2008. These seed lots were reported to originate from Africa, Asia (eastern
and southern regions), Europe, the Middle East, as well as North and South America. In
addition, in the Netherlands, pospiviroids were detected in 70 out of 2997 (2.3%) pepper
and 140 out of 5874 (2.4%) tomato seed lots from various origins between 2015 and 2018
(Koenraadt, unpublished data). The recent detection of TASVd in a pepper seed lot
produced in 1992, however, indicated that pospiviroids already occurred in these crops
before testing started [28]. Therefore, far more reports of outbreaks would have been
expected when seeds are a substantial source of infection. Nevertheless, in Australia, the
number of reported pospiviroid outbreaks was limited, also before testing of imported
seed lots started in 2008. For none of the reported cases from this period [10,59,68] were
seeds considered the most probable source of infection in the current review (Table S2).
For the two outbreaks in Australia since then, Mackie et al. [51] reported plants and Van
Brunschot et al. [24] reported seeds as the most likely sources of infection. Moreover, in
other countries, the number of reported pospiviroid outbreaks in tomato and pepper crops
was low, and outbreaks were only occasionally assumed to be related to infested seed lots
(Tables 7 and 8, Table S2). Taken together, both the substantial number of infested seed lots
found by Constable et al. [89] and Koenraadt (unpublished data) and the low number of
pospiviroid outbreaks reported, support the conclusion that the role of seed transmission
in the spread of pospiviroids in pepper and tomato crops has been overestimated.

5. Conclusions

In conclusion, this systematic review of published data on seed transmission and
outbreaks in pepper and tomato, including the results of the grow-out trials described in this
paper, sheds new light on the contradictory views on the contribution of seeds to the spread
of posiviroids. These new insights can be used to reassess the role of seeds as a pathway
for the spread of pospiviroids in these crops, and to develop and substantiate alternative
disease management strategies at lower costs by avoiding unnecessary destruction of
‘infested” seed lots.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10

.3390/plants10081707 /s1, Table S1: Pospiviroid seed transmission experiments in pepper and tomato,
Table S2: Pospiviroid outbreaks in pepper and tomato crops.
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Abstract: A real-time loop-mediated isothermal amplification (LAMP) assay was developed for
simple, rapid and efficient detection of the Olea europaea geminivirus (OEGV), a virus recently
reported in different olive cultivation areas worldwide. A preliminary screening by end-point PCR
for OEGV detection was conducted to ascertain the presence of OEGV in Sicily. A set of six real-time
LAMP primers, targeting a 209-nucleotide sequence elapsing the region encoding the coat protein
(AV1) gene of OEGV, was designed for specific OEGV detection. The specificity, sensitivity, and
accuracy of the diagnostic assay were determined. The LAMP assay showed no cross-reactivity
with other geminiviruses and was allowed to detect OEGV with a 10-fold higher sensitivity than
conventional end-point PCR. To enhance the potential of the LAMP assay for field diagnosis, a
simplified sample preparation procedure was set up and used to monitor OEGV spread in different
olive cultivars in Sicily. As a result of this survey, we observed that 30 out of 70 cultivars analyzed
were positive to OEGV, demonstrating a relatively high OEGV incidence. The real-time LAMP assay
developed in this study is suitable for phytopathological laboratories with limited facilities and
resources, as well as for direct OEGV detection in the field, representing a reliable method for rapid

screening of olive plant material.

Keywords: LAMP; OEGV; Geminiviridae; olive viruses

1. Introduction

The olive tree (Olea europaea L.) belonging to the Oleaceae family is the most widely
cultivated species of the Olea genus. Olive, providing edible fruits and storable oil, has been
cultivated in the Mediterranean area since prehistoric times [1], and is regarded as the most
economically important fruit tree in the Mediterranean basin [2]. Olive cultivation has,
over the centuries, played an important role in the economic development of rural areas
in the Mediterranean region, providing noteworthy sources of income and employment
opportunities for the population in rainfed agricultural territories [3]. Even today, after
thousands of years, the countries in this area produce about 90% of the olive fruits [4],
while the olive cultivated area covers about 10 million hectares worldwide. According to
the latest data available on FAOSTAT, among Mediterranean countries, Spain ranked the
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major olive producer in 2020 (2,623,720 ha; 8.137.810 tons), followed by Italy (1,145,520 ha;
2,207,150 tons), Morocco (1,068,895 ha; 1,409,266 tons), Greece (906,020 ha; 2,790,442 tons),
and Turkey (887,077 ha; 1,316,626 tons). According to ISTAT data [5], among the South-
ern Italian regions, Sicily (161,661 ha; 255,798 tons) played a significant role in olive and
olive oil production, industry and export in 2021, being the third largest producer after
Apulia (379,960 ha; 708,400 tons) and Calabria (184,410 ha; 680,275 tons). In Sicily, the
olive crop has been cultivated since ancient times, and it is characterized by many ancient
landraces/cultivars of high organoleptic quality [6]; its germplasm is distinguished by a
wide genetic diversity, possibly related to its past domestication and spread and to some re-
productive biological peculiarities such as self-incompatibility [7]. The production of olive
oil in Sicily is based mainly on the autochthonous cultivars (cvs) ‘Biancolilla’, ‘Cerasuola’,
‘Moresca’, ‘Nocellara del Belice’, ‘Nocellara Etnea’, ‘Ogliarola Messinese’, ‘Santagatese” and
‘Tonda Iblea’ [8]. The table olive industry is also appreciable, accounting to 10% of the
total production of this region [5], mainly relying on the cv. “Nocellara del Belice” and, to a
minor extent, ‘Nocellara Etnea’, ‘Ogliarola Messinese’, and ‘Moresca’, produce large-sized
fruits of high commercial value [8]. The current tendency in olive tree cultivation is mov-
ing towards the use of local cvs for high quality oil production (such as DOP—protected
designation of origin), which is typical of specific geographic areas. For this reason, the
local administration currently supports studies and activities aimed at the characterization
and recovery of local and ancient cvs, in order to establish germplasm collections that limit
genetic erosion [9]. However, a large number of diseases and disorders affect this crop,
mostly caused by fungi, such as Arthrinium phaeospermum, Phoma cladoniicola and Ulocladium
consortiale, recently discovered as new olive pathogens in Italy [10], but also by systemic
pathogens including bacteria and viruses, which provoke significant yield losses. Indeed,
in the last decade, olive production has suffered an enormous decline due to the emergence
of biotic agents that have significantly undermined the Mediterranean economy related to
olive and the olive o0il industry; a dramatic example being the Xylella fastidiosa epidemic in
2013, which decimated olive trees in Apulia [11] and created huge losses for the local olive
economy and oil production outputs, posing critical challenges for its management, as well
as dramatic changes in the landscape [12,13]. Furthermore, the vegetative propagation
of olive trees using cuttings of semi-wood has contributed over the years to the spread
of systemic-pathogens, particularly viruses [14]. Nevertheless, despite the difficulty of
associating specific symptoms to a particular virus, many viruses are easily transmitted
through infected propagation material [15], and many olive infecting viruses are symptom-
less. Therefore, it is essential to better elucidate the evolutionary aspects of latent viruses
in olive crops. In the last year, thanks also to the application of new technologies such as
high-throughput sequencing (HTS), a new geminivirus called Olea europaea geminivirus
(OEGV) has been identified in the olive tree [16], but its spread and pathogenicity remain
puzzling. Since its first identification in Apulia [16] in the “Ogliarola” and “Leccino” cvs,
OEGYV was reported in California and Texas [17], Portugal [15], and Spain [18]. OEGV is
classified as a putative member within the Geminiviridae family [16], currently including
14 genera [19] and few other still unassigned geminiviruses [20]. The evolutionary rela-
tionship of OEGV with other geminiviruses indicated that OEGV has distinctive genome
features, possibly representing a new genus [15-17]. OEGYV is characterized by a bipartite
genome containing DNA-A and DNA-B. DNA-A (2775 nucleotides, nts) includes four
OREFs, three in the complementary-sense encoding the replication-associated protein Rep
(AC1), the transcriptional activator protein TrAP (AC2), the replication enhancer protein
Ren (AC3) and one in the virion-sense, (AV1), encoding the coat protein (CP). DNA-B
(2763 nts) includes two ORFs, BC1 in the complementary sense, with an unknown function
and lacking known conserved domains typical of geminiviral proteins, and BV1 on the
virion sense, possibly encoding the movement protein (MP). In bipartite geminiviruses,
AC4/C4 protein is a symptom determinant involved in cell-cycle control, and interacts with
CP and/or MP in the replicated genome transport from nucleus to cytoplasm and from
cell-to-cell [15]. Curiously, no genes encoding AC4/C4 were found on the OEGV genome.
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In addition, the two DNA molecules present a common region (CR) of 403 nt that contains
the TATA box and four replication-associated iterons with a unique arrangement compared
to other geminiviruses [15-17]. In a recent survey, Alabi and co-workers [17] detected
OEGV-positive olive trees originating from different locations, advancing the concept of
a possible worldwide spread of this virus, likely due to the inadvertent movement of
germplasms from clonally propagated infected but asymptomatic olive trees. As a matter
of fact, OEGV does not appear to be clearly associated to any symptom in olive; moreover,
a high degree of sequence conservation has been identified [18].

In this study, we aimed to investigate the presence of OEGYV in Sicily and to develop a
rapid detection protocol based on the LAMP methodology. In addition, an on-site olive
sample homogenization procedure was developed replacing canonical DNA extraction
methods, which is useful in evaluating the suitability of the LAMP assay for on-site
OEGV testing.

2. Materials and Methods
2.1. Plant Material Collection

To investigate the presence of OEGV in Sicily, different surveys were carried out
during spring 2021, focusing in particular on two olive producing sites in the Agrigento
province (Sicily, Italy). The olive tree samples were randomly collected according to the
hierarchical sampling scheme [21], with minor adaptations to olive plants. All samples
were geo-referenced with the Planthology mobile application [22], collected from a total of
80 olive trees of 10 different cvs (40 trees randomly sampled for each site). Each sample
consisted of 8 branches per plant (two for each plant cardinal point); samples were stored
at 4 °C and processed within the next 24 h for subsequent molecular analyses.

2.2. DNA Extraction and Sample Preparation

Total DNA was extracted using the DNA extraction GenUP™ Plant DNA kit (Biotechrab-
bit GmbH, Berlin, Germany), following manufacturer’s instructions with slight modifica-
tions. In brief, 3 g of tissue were homogenized in an extraction bag (BIOREBA, Reinach,
Switzerland) using the HOMEX 6 homogenizer (BIOREBA, Reinach, Switzerland), with
3 mL extraction buffer (1.3 g sodium sulphite anhydrous, 20 g polyvinylpyrrolidone MW
24-40,000, 2 g chicken egg chicken albumin Grade II, 20 g Tween-20 in one L of distilled
water, pH 7.4). Aliquots of 400 puL of the extract were added to the same volume of lysis
buffer. The eluted DNA was resuspended in 100 uL RNase-free water; following two
measurements with a UV-Vis NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA), samples were adjusted to approximately 50 ng/uL and stored at
—20°C.

2.3. Preliminary Screening of OEGV by End-Point PCR

The end-point PCR was conducted using the primer pair A2for/A4rev [16], amplifying
an 831 bp fragment within the AV1 gene. PCR was performed in a final volume of 25 uL,
containing 1 pL of total DNA extract, 20 mM Tris-HCI (pH 8.4), 50 mM KCl, 3 mM MgCl,,
0.4 mM dNTPs, 1 uM each primer, and 2 U Taq DNA polymerase (Thermo Fisher Scientific,
Waltham, MA, USA) and RNase-free water to reach the final volume. Healthy olive plant
DNA and water were used as control samples. The PCR was performed in a MultiGene
OptiMax thermal cycler (Labnet International Inc., Edison, NJ, USA) with the following
conditions: 95 °C for 5 min; 40 cycles of 95 °C for 30 s, 64 °C for 45 s, and 72 °C for
1 min; a final elongation at 72 °C for 10 min. PCR products were electrophoresed on 1.5%
agarose gel, stained with SYBR™ Safe (Thermo Fisher Scientific, Waltham, MA, USA) and
visualized by UV light.

2.4. LAMP Primers Design

The OEGV DNA-A complete sequence (GenBank Acc. No. MW316657) was used to
design LAMP primers by the PrimerExplorer version 5 software (http:/ /primerexplorer.
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jp/lampvbe/, accessed on 5 July 2021), choosing a 540-bp nucleotide sequence elapsing
region within the AV1 gene. A set of six primers were selected, including two outer primers
(forward and backward outer primer, F3 and B3, respectively), two inner primers (forward
and backward inner primer, FIP and BIP, respectively), and two loop primers (forward and
backward loop primer, LF and LB, respectively). The specificity of the primer set was tested
in silico using the Nucleotide-BLAST algorithm (https://www.ncbi.nlm.nih.gov, accessed
on 5 July 2021) available at the National Centre for Biotechnology Information (NCBI), in
order to evaluate possible cross reactions with other viruses. This set of primers was also
tested against the full genomic sequences of other geminiviruses reported in Italy using
the Vector NTI Advance 11.5 software (Invitrogen, Carlsbad, CA, USA), in order to verify
their affinity. The list included Tomato leaf curl New Delhi virus (ToOLCNDV) (DNA-A:
GenBank Acc. No. MK732932 and DNA-B: MK732933), Tomato yellow leaf curl Sardinia
virus (TYLCSV) (GenBank Acc. No. GU951759), Tomato yellow leaf curl virus (TYLCV)
(GenBank Acc. No. X15656), TYLCV-IL23 (GenBank Acc. No. MF405078), and TYLCV
isolate 8-4/2004 (GenBank Acc. No. DQ144621).

2.5. OEGV Real-Time LAMP Assay Optimization

The real-time LAMP assay was performed in a 12 pL reaction mixture containing
1.6 mM each of FIP-OEGYV and BIP-OEGYV, 0.2 mM each of F3-OEGV and B3-OEGYV, 0.4 mM
each of forward loop primer (LF-OEGV) and backward loop primer (LB-OEGV), 6.25 pL
WarmStart LAMP 2X Mastermix (New England Biolabs, Beverly, MA, USA), and 0.25 puL of
LAMP Fluorescent dye (New England Biolabs, Beverly, MA, USA), 1 uL of total DNA as
template and nuclease-free HyO was added to reach the final volume. DNA extracted from
ten samples previously analyzed by end-point PCR was used in the real-time LAMP assay,
including a positive control (PC) and a healthy olive plant DNA as negative control (NC).
Each sample was analyzed twice. The LAMP assay was conducted at 65 °C (according
to manufacturer’s instructions) for 60 min and fluorescence was acquired every 60 s,
using a Rotor-Gene Q2plex HRM Platform Thermal Cycler (Qiagen, Hilden, Germany).
A melting curve was calculated to record the fluorescence using the following protocol:
95 °C for 1 min, 40 °C for 1 min, 70 °C for 1 min and an increase of temperature at
0.5 °C/s up to 95 °C. During the amplification, the fluorescence data were obtained in the 6-
carboxyfluorescein (FAM) channel (excitation at 450-495 nm and detection at 510-527 nm).
The relative fluorescence units (RFU) threshold value was used, and the threshold time (Tt)
was calculated as the time at which fluorescence was equal to the threshold value.

2.6. Features of Real-Time LAMP Assay: Sensitivity and Comparison to Conventional PCR,
Reaction Time and Specificity

To set up the conditions of the LAMP assay, an amplicon obtained by subjecting
an OEGV-positive sample to end-point PCR (see above) was purified from agarose gel
using an UltraClean™ 15 DNA purification kit (MO-BIO Laboratories, Carlsbad, CA, USA),
following manufacturer’s instructions. The purified DNA (named pcr-DNA) was quantified
using a UV-Vis NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, USA). The number of copies was determined as follows: [Number of copies = (amount
of DNA in nanograms x 6.022 x 10?%)/(length of DNA template in bp x 1 x 10° x 650)].
To determine the OEGYV real-time LAMP optimal reaction time and sensitivity, ten-fold
serial dilutions of the sample (named pcr-DNA) were used as a template for both real-time
LAMP assay and end-point PCR. Moreover, to evaluate the specificity of the LAMP assay
and to assess potential non-specific cross reactions with other geminiviruses, a LAMP
assay was conducted with two OEGV-positive samples together with DNA extracts from
other geminiviruses unrelated to OEGV; specifically, TOLCNDV (Acc. No. MK732932) [23],
TYLCSV (Acc. No. GU951759) [24], TYLCV (Acc. No. DQ144621) [25], TYLCV-1S76 [26].
Each sample was analyzed in duplicate in two independent real-time LAMP assays. In each
run, total DNA from a healthy olive plant (NC) was included. The assay was conducted as
above described, including the melting curve steps.
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2.7. Set up of a Rapid Sample Preparation Method Suitable for the Real-Time LAMP Assay

To set up a simple and inexpensive sample preparation procedure, a method that
avoided DNA extraction named “membrane spot crude extract” was used. For this, 1.5 g of
vegetable tissue was placed in an extraction bag and homogenized with 3 mL of extraction
buffer (see above). Five uL of this extract was spotted on a 1 cm? Hybond®-N+ hybridiza-
tion membrane (GE Healthcare, Chicago, IL, USA), dried at room temperature for 5 min,
and placed in a 2 mL tube containing 0.5 mL of glycine buffer (0.1 M Glycine, 0.05 M NaCl,
1 mM EDTA). After 20-s vortexing, samples were heated at 95 °C for 10 min and 3 pL of the
extract were used for the LAMP assay. Ten samples previously analyzed by end-point PCR
were used in the real-time LAMP assay, including a positive control (PC) and a healthy
olive plant DNA as negative control (NC).

2.8. Spread of OEGV in Different Cultivars

During autumn 2021, in different Sicilian areas, a second sampling was carried out to
evaluate the OEGV spread in Sicily, this time sampling 10-15-year-old olive trees, belonging
to 70 different cvs. A total of 560 samples were collected. For each cv, eight different
trees were sampled and grouped, obtaining a total of 70 different batches. Sampling and
geo-referencing were as described above. In this case, samples were prepared with the
“membrane spot crude extract” method and subjected to real-time LAMP assays in a 12 pLL
final volume as described above. In the case of positive sample batches, they were re-
sampled and analyzed individually to determine the effective number of positive plants
for each cultivar.

3. Results
3.1. OEGV Detection by End-Point PCR

To ascertain the presence of OEGV in Sicily, a total of 80 samples representing
10 different cvs collected from two olive production sites in the Agrigento province were
analyzed by end-point PCR. Overall, 44 of them were found to be positive to OEGV, demon-
strating the presence of OEGV in Sicily also. However, OEGV was not equally distributed
among the cvs tested, and some cvs tested negative for this virus, at least using the primer
set mentioned in this manuscript (Table 1).

Table 1. Prevalence and cultivar distribution of OEGV analyzed by end-point PCR.

Percentage of Positive

Cultivar No. Positive/Tested Samples Samples (%)
Cavalieri Standard 8/8 100
Cerasuola Nilo Paceco 8/8 100
Cerasuola Standard 8/8 100
Giarraffa 0/8 0
Nocellara del Belice Giafalione 8/8 100
Pizzutella 8/8 100
Salicina Vassallo 3/8 37.5
Uovo di piccione 1/8 12.5
Vaddara 0/8 0
Zaituna Florida 0/8 0
Total 44/80 55

3.2. OEGV Real-Time LAMP Primer Design

A real-time LAMP assay for the rapid detection of OEGV was developed using a set
of six primers designed on the OEGV-AV1 coding region. The sequences and binding sites
of the primers are reported in Table 2 and Figure 1, respectively.
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Table 2. Primers used for OEGV detection by LAMP.

Primer Name Sequence (5'-3") Amplicon Size (bp)
F3-OEGV CGATACGAGACATACCCAG
B3-OEGV TCCATGTTGATCATCCAAGT 209
FIP-OEGV CAGCCACTGCTTCATATTATGAACACGAATTGTGCTTAACGGTT _
BIP-OEGV GATGTGGCTCGTGTATGATAGACGTCTGGATCCCGACTTTCC
LF-OEGV GGCTTCGCTAGTCAACTTAACTG _
LB-OEGV TCCCGGTAATTCTAATCCCAGAG

316

GAGATATAATCGAAGACTTGGTGTGTTCACACCTCCTATGCAGTACAAGACGGAGTTTIGTCAGAGTTAATAATATTGTGGACGTTIGGCAGTATCG

B> FIP (F2) &

TTTGTATAAATGATTGTCCTACTGGAACCTCGG TEGAINCGAGACRTAGEERGE A A AGTGAGATGGAATCGAATIGTGETTAACGG TN

€ FIP 19 BIP(B19> 1B

I TG TTCATAATATGAAGCAGTGGCTG |G GATGTGGCTCCTGTATGATAGACG I,

TGAGATATTCATCGG GG ONES | AT GG AT GATCARCATGGRTAATGTTGATAGGTTTAGTGTCGTTTGTGAAAAACGATACG

TTCTAGAAGGTCGTGGTTACGTTGATTCATCCATGGATGCGGACGACGACGTTAAGAACGCTTACTICTGTTATATGAGGTCTAGACCGATTICT

855

GTGAGGAAGAAACTTAGTGGACTCACAGTTTTTAAGGACACCACTGGTGGCAGTGTAGAGGACAT

Figure 1. Location of loop-mediated isothermal amplification (LAMP) primer sets designed on the
AV1 coding region of OEGV. F3 and B3 are shown in green, FIP (Flc-F2) in blue, BIP (Blc-B2) in pink,
and the two loop primers LF and LB in brown. FIP is a hybrid primer consisting of the Flc and the F2
sequences, while BIP is a hybrid primer consisting of the Blc and B2 sequences. The arrows indicate
the extension direction. The numbers at the beginning and end of the sequence represent the genomic
position of the first and last nucleotide in the selected sequence (GenBank Acc. No. MW316657).

Both the in silico analysis of LAMP primers using Nucleotide-BLAST algorithm and
the hybridisation analysis against other geminiviruses performed with the Vector NTI 11.5
program allowed for the exclusion of relevant matches with other organisms and, more
specifically, with geminiviruses known to be present in Sicily.

3.3. OEGV Real-Time LAMP Assay Optimization

To evaluate the performances of the primer set designed for the real time LAMP assay
in the identification of the presence of OEGV in olive DNA extracts, the LAMP assay was
conducted using a subset of the samples listed in Table 1, selecting them among those that
resulted positive in end point PCR. In the assay, a sample that tested negative was also
included (i.e., cv. Giarraffa), together with an appropriate negative control (NC). The assay
was conducted at 65 °C. As reported in Table 3 and Figure 2A, the positive samples showed
exponential trends between 3 to 13 min. The melting curves of the positive LAMP reactions
all had the same peak temperature of approximately 85 °C (Figure 2B). As expected, no
signal was obtained with the negative control and, according to the end point PCR results,
the samples from cv. Giarraffa could not be amplified by LAMP, even at late reaction times.
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Table 3. Performance of the real time LAMP assay for the detection of OEGV in olive samples
collected in Sicily.

No. of Different

Cultivar Samples Analyzed ID Sample  Reaction Time (min)
1 10
Cavalieri Standard 2
2 7
3 10
Cerasuola Standard 2 4 7
. 5 -
Giarraffa 2 6 B
. . . 7 10
Nocellara del Belice Giafalione 2 8 13
. 9 10
Pizzutella 2 10 9
Positive control 1 PC 3
Negative control 1 NC -
A 3
|
PC— /
€ / —8
0 5 ._ i
) : 7
45‘ ‘L_q
10 5 6
S | | NC
B g
s
10 J,D "" ‘:
\{ )
: i\
| i PC
; //" \
e e // \ \ 5 6
A N 11 ] \% ‘ [ NC

Figure 2. Results of the real time LAMP assay for the detection of OEGV. (A): Amplification curves of
real-time LAMP assay; (B): Melting curves of the amplification curves previously obtained, including
positive (PC) and negative control (NC).

3.4. Features of Real-Time LAMP Assay: Sensitivity and Comparison to Conventional PCR,
Reaction Time and Specificity

To determine the sensitivity of the real-time LAMP assay compared to the end-point
PCR and to evaluate the LAMP efficacy, a comparative experiment was conducted using
as a template ten-fold serial dilutions of an amplicon obtained by end point PCR from an
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OEGV-positive sample (pcr-DNA), starting from a concentration of 80.9 ng/uL. As can
be observed in Table 4 and Figure 3, DNA concentration up to ~80.9 x 10-8 ng/puL was
detected with the LAMP assay, while the end point PCR positive signals were obtained
with DNA concentration up to ~80.9 x 10~7 ng/uL, indicating that real time LAMP was
about ten times more sensitive than conventional PCR.

Table 4. Comparison of the sensitivity of the real time LAMP and end-point PCR.

Starting DNA Concentration (80.9 ng/uL)

Assay 10! 101 102 103 104 10-5 10-6 10-7 10-8 109 1010
End-point PCR + + + + + + + + — — —
Real-time LAMP + + + + + + + + + — —
Reaction Time 3 4 5 6 ” 8 9 10 10 B B

(min)

831 bp

107
£ - 106 108

7 i ¢ 10° 10 NC

2 3 4 5 6 7 ] ] o ow 2w w1 % v 9 2 2 2 2 M 2% % A B B
Cycle

Figure 3. Sensitivity of the end point PCR (panel A) and real-time LAMP (panel B) for OEGV
detection. The assay was conducted using 10-fold serial dilutions of pcr-DNA. Panel (A): Agarose gel
electrophoresis of PCR products; M: 1 Kb ladder marker, NC: negative control. Panel (B). Fluorescence
of the 10-fold serial dilutions analyzed. Fluorescence increased in positive sample curves (from 10~
to 10~8) after 3 to 10 min.

Moreover, even considering the lowest detectable concentration of the pcr-DNA sam-
ple in real time LAMP (~80.9 x 1078 ng/uL), the results clearly showed that the time
required to carry out the experiment was less than 30 min.

In addition, to evaluate the specificity of the LAMP assay and to assess potential non-
specific cross reactions with other geminiviruses present in the agricultural areas where
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olive crop samples were collected, we conducted a LAMP assay using the geminiviruses
reported in paragraph 2.6 as a template. Results showed that no signals were obtained
with any of the geminiviruses used as the outgroup, while the two OEGV-positive olive
DNA samples used as controls reacted in real time LAMP with a time value of 10 min and
a single peak at 85 °C in the melting curve. This allowed us to confirm the specificity of the
assay and to exclude the cross-reactivity with unrelated geminiviruses previously isolated
in Sicily.

3.5. Set up of a Rapid Sample Preparation Method Suitable for the Real-Time LAMP Assay

With the purpose of identify a method that allows a simple and inexpensive sample
preparation useful for real time LAMP, samples prepared with the two different procedures
were tested. For this, the ten samples previously analyzed by end-point PCR and by
real time LAMP assay (Table 3) were considered. As reported in Table 5, all samples
tested positive in the LAMP assay when extracted with either procedure. Specifically,
samples extracted with the commercial kit showed a fluorescence increase ranging between
3-14 min, while the same samples prepared with the “membrane spot crude extract”
method could be detected in 10-24 min. This is worthy of note, as it indicates that the
rapid method allows for the detection of the presence of OEGV with a delay of only a
few minutes compared to the corresponding extract obtained with the commercial kit. As
expected, even with this rapid procedure, no reaction was obtained with the samples from
cv. Giaraffa.

Table 5. Comparison of two different sample preparation methods for the identification of the
presence of OEGV in olive samples.

Time Value

Culti No. Samples Total ].)NA Membrane Spot
ultivar Extraction by
Analyzed ID Sample . . Crude Extract
Commercial Kit .
. (min)
(min)
Cavalieri 2 1 10 14
Standard 2 7 12
Cerasuola > 3 10 16
Standard 4 7 10
. 5 - -
Giarraffa 2 6 ) _
Nocellara del 2 7 10 15
Belice Giafalione 8 14 24
. 9 10 16
Pizzutella 2 10 9 14
Positive control 1 PC 3 12
Negative control 1 NC - -

3.6. Spread of OEGV in Sicily

To investigate the spread of OEGYV in different olive cultivars grown in Sicily, a new
survey was conducted testing 70 samples, each consisting of eight different trees of the
same cv. These samples were extracted with the rapid extraction protocol and tested in
real-time LAMP, thus representing a total of 560 olive trees analyzed overall. This analysis
showed that 30 out of the 70 cultivars (~43%) were positive for OEGYV, indicating a relatively
high incidence and prevalence of OEGYV in the sampling locations and across cultivars
(Table 6). When each of the eight plant samples present in the 30 positive batches were
tested individually, the majority (235 out of 240 plants) resulted as being positive for
OEGYV, except the batch of cv. ‘Calatina’, where only three plants out of eight were positive
(Table 6).
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Table 6. Incidence of OEGV evaluated using a real-time LAMP assay on samples prepared with the
“membrane spot crude extract” method.

Real-Time LAMP

Cultivar Analyzed - __
Cultivar Batch Positive Plants/Tested Plants
Abunara + 8/8
Aitana — NT
Arbequina + 8/8
Bariddara + 8/8
Biancolilla Caltabellotta — NT
Biancolilla Caltabellotta TA
+ 8/8
PC

Biancolilla Iacapa - NT
Biancolilla Napoletana — NT
Biancolilla Pantelleria — NT
Biancolilla Schimmenti — NT
Biancolilla Siracusana — NT
Biancuzza - NT
Bottone di Gallo Vassallo — NT
Brandofino — NT
Calamignara - NT

Calatina
Carasuola Cappuccia

3/8
8/8

+
+

Castricianella Rapparina + 8/8
Cavalieri Standard + 8/8
Cerasuola 1 Clone 2 + 8/8
Cerasuola Nilo Paceco + 8/8
Cerasuola Standard + 8/8
Conservolia — NT
Crastu Collesano — NT
Galatina — NT
Giarraffa — NT
Gordales — NT
Tacona + 8/8
Indemoniata — NT
Koroneiki + 8/8
Leucocarpa - NT
Lunga di Vassallo + 8/8
Manzanilla — NT
Minna di Vacca — NT
Minuta + 8/8
Monaca + 8/8
Moresca — NT
Murtiddara Vassallo + 8/8
Nasitana + 8/8
Nocellara del Belice Giafalione + 8/8
Nocellara del Belice Clone 1 — NT
Nocellara del Belice Clone 7 — NT
Nocellara del Belice Mazara B NT

del Vallo
Nocellara del Belice Standard — NT
Nocellara Etnea — NT
Nocellara Messinese Ricciardi — NT
Nocellara Messinese Romana — NT
Ogliara Maltese — NT
Oliva Longa — NT
Olivo di Mandanici + 8/8
Olivo di Monaci + 8/8
Opera Pia + 8/8
Passalunara di Lascari — NT
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Table 6. Cont.

Real-Time LAMP

Cultivar Analyzed : .
Cultivar Batch Positive Plants/Tested Plants

Picholine — NT
Piricuddara + 8/8
Pizzo di Corvo — NT
Pizzuta d’Olio + 8/8
Pizzutella + 8/8
Salicina Vassallo — NT
Tonda Iblea — NT
Tortella Motticiana — NT
Tunnilidda — NT
Uovo di Piccione — NT
Vaddara — NT
Vaddarica + 8/8
Verdella + 8/8
Verdella Frutto Grosso + 8/8
Verdello + 8/8
Vetrana + 8/8
Zaituna Floridia — NT

Note: +: positive sample; —: negative sample; NT: Not Tested.

4. Discussion

The olive tree is affected by many potential pathogens, including viruses. Some of
them are reported to be transmitted by different vectors [9,27-29], but the use of infected
propagating material might represent the major, though not the only, means of virus
spread [29-33]. The first report on a probable viral disease of olive goes back to 1938 [34]
and, since then, several virus-like diseases and viruses have been reported over the years
in different areas where olive cultivation plays a prominent role [14,35-40]. Some of these
are agents of recognized diseases, others cause latent infections with still undetermined
effects on the host [29]. The discovery of OEGV adds to the list of unclassified members
of the family Geminiviridae, whose genome sequences diverge significantly from those of
classified members [16]. The identification of this new virus was facilitated by HTS, a
technique that allows for the discovery of new plant viruses, especially when symptoms
are not evident, as is the case of OEGV. Besides Apulia, OEGV was recently reported in
different areas where the olive cultivation is widespread [15,17,18].

To our knowledge, this study represents the first report of OEGV in Sicily. Since
PCR-based methods can be affected by several inhibitors [41,42], such as phenols and
polysaccharides [43,44] and require nucleic acid extraction methods [45], we aimed to de-
velop a rapid detection method for OEGV based on LAMP. Indeed, this detection technique
showed optimal characteristics, providing rapid, sensitive, specific, and easy detection of
several pathogens even in the field, showing a reduced sensitivity to inhibitors [42,46]. The
AV1 (CP) gene of OEGV was selected as the target region for primer design and the set
of the six LAMP primers showed good specificity and stability for OEGV detection. The
specificity is crucial to obtain correct discrimination of OEGV from other viruses belonging
to the large Geminiviridae family, and a high sensitivity is relevant to minimize false nega-
tives. A LAMP assay optimization performed using DNA extracted from OEGV-infected
olive samples revealed that the time required to carry out the experiment was 30 min. The
LAMP assay could detect the virus presence from infected samples in as little as 3-14 min.
Interestingly, the real-time LAMP developed here has proven to have a 10-fold higher
sensitivity compared to the end-point PCR for detection of OEGV. Moreover, in this study,
the conventional extraction method using a commercial kit was compared with a “mem-
brane spot crude extract” method; the data obtained from this comparison suggests that
the LAMP-based detection method could be suitable for direct use in the field, confirming
that ease of sample preparation is a crucial requirement for future application for on-site
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detection. Specifically, we demonstrated that the rapid sample preparation method allowed
for the avoidance of DNA extraction and could be applied for future epidemiological
studies, drastically reducing the cost of the analysis. Furthermore, this real-time LAMP
technique, associated with other rapid extraction methods developed in other works [47],
could be fine-tuned for an efficient and rapid in-field diagnosis.

The rapid extraction method definitely simplified the surveys of the OEGV spread
in different cultivars in Sicily. The effectiveness of the techniques developed is essential
to understand its spread and to refine effective methods of crop protections, in order to
quickly diagnose the presence of a new pathogen in different areas [48-50].

Our survey revealed a considerable presence of the virus in the olive crops in Sicily,
probably due to the inadvertent movement of clonally propagated infected but asymp-
tomatic germplasms. Related to this, the development of diagnostic protocols for plant
virus detection [51,52] and the epidemiological studies [53] of viral diseases are among the
most important and useful steps towards the containment of new epidemics [54-56].

In conclusion, the real-time LAMP assay described in this work is a rapid, simple,
specific and sensitive technique for detecting the presence of the recently described OEGYV,
allowing for the processing of a great number of samples at the same time, especially if
associated with the “membrane spot crude extract” method. For this reason, we propose
to adopt this method for routine tests in the laboratory and field conditions for a timely
detection of OEGV. In particular, this method represents a potential tool for rapidly screen-
ing olive plant material useful for large surveys of the spread and pathogenicity of this
virus, which to date remain uncertain. Interestingly, as recently reported by Ruiz-Garcia
and co-workers [18], the high level of sequence conservation encountered among all OEGV
accession so far isolated requires a prompt investigation of the evolutionary and biological
significance of this geminivirus in olive, opening new scenarios about its mechanisms of
spread in the major olive-growing areas of the world.
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Abstract: Pectobacterium parmentieri is a plant-pathogenic bacterium, recently attributed as a separate
species, which infects potatoes, causing soft rot in tubers. The distribution of P. parmentieri seems
to be global, although the bacterium tends to be accommodated to moderate climates. Fast and
accurate detection systems for this pathogen are needed to study its biology and to identify latent
infection in potatoes and other plant hosts. The current paper reports on the development of a
specific and sensitive detection protocol based on a real-time PCR with a TagMan probe for P.
parmentieri, and its evaluation. In sensitivity assays, the detection threshold of this protocol was
102 cfu/mL on pure bacterial cultures and 10>~103 cfu/mL on plant material. The specificity of the
protocol was evaluated against P. parmentieri and more than 100 strains of potato-associated species
of Pectobacterium and Dickeya. No cross-reaction with the non-target bacterial species, or loss of
sensitivity, was observed. This specific and sensitive diagnostic tool may reveal a wider distribution
and host range for P. parmentieri and will expand knowledge of the life cycle and environmental
preferences of this pathogen.

Keywords: Pectobacterium parmentieri; qPCR; bacterial taxonomy; bacterial identification; sensitivity;
soft rot; pathogen detection

1. Introduction

The potato (Solanum tuberosum) is one of the most important crops in the world. The
world market for potato production exceeds 388 million tons per year (https://www.
potatopro.com/world/potato-statistics (accessed on 7 April 2021)) and per capita con-
sumption in Russia exceeds 110 kg (https://www.potatopro.com/russian-federation/
potato-statistics (accessed on 7 April 2021)). Therefore, research related to optimising
potato production, increasing yields and reducing losses associated with plant diseases
and other factors is essential and urgent. Among the challenges faced by potato growers
is potatoes’ spoilage as a result of bacterial infections. In particular, the development of
rot on tubers during storage and transportation can lead to severe losses—up to half of
the harvest [1]. The leading cause of blackleg and soft rot in potatoes is the bacteria of the
Pectobacteriaceae family, namely the group of Soft Rot Pectobacteriaceae (SRP), comprising
phytopathogens of the genera Pectobacterium and Dickeya [2]. One of the representatives of
this group is P. parmentieri.

P. parmentieri (Ppa) was first described by Khayi et al. in 2016. It is a species closely
related to the previously known pathogen of Japanese horseradish, P. wasabige (Pwa).
Several Pwa strains, isolated from potatoes and which cause soft rot, have been scrutinised
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and finally reclassified as new species [3]. Later on, Ppa was identified among potato
pathogens in circulation in Europe and Russia [4,5], Africa [6], Asia [7,8] and America [9,10].
Many strains isolated from potatoes earlier, and initially attributed as Pwa or Pectobacterium
carotovorum subsp. Carotovorum, were proved to represent Ppa.

Thus, P. parmentieri can be considered as a worldwide pathogen (https://www.cabi.
org/isc/datasheet/48069201 (accessed on 17 May 2021). Strains of Ppa studied are rather
diverse [11,12], and two other species related to Ppa/Pwa, P. polonicum [13] and P. pun-
jabense [14] have been established recently. A recent study of the distribution of P. punjabense
in Europe [15] demonstrated the need for an appropriate method for discriminatory quan-
titative diagnostics for newly established SRP species.

Many PCR-based methods have already been developed for generalised and species-
specific detection of SRP (reviewed in [16,17]). The accumulation of data on bacterial
genomics and taxonomic redistributions has encouraged the design of an updated method
for the specific diagnosis of newly established SRP species, particularly Ppa. Earlier, PCR
diagnostic methods were proposed for Pwa detection, based on the amplification of the
phytase/phosphatase (appA) gene [18] or tyrosine-aspartate (YD) repeat region [19]. Both
of these assays enabled scientists to discriminate Ppa/Pwa from P. carotovorum and other
SRP, but not between the former species. The analysis currently used in phytodiagnostics
enables an assumption of the approximate specificity of the pathogen, taking into account
the source of the isolation of the strain [4]. However, it still does not allow for species-
specific detection and is somewhat outdated, due to the changed understanding of the
taxonomy of the group. Recently, the authors developed a pipeline for searching unique
sequences for genomic groups and tested it in the context of P. atrosepticum, a genetically
distinct species of SRP [20]. This paper describes how this workflow can be used to design
a quantitative real-time PCR assay to discriminate closely related species. The aim of the
study was the development of a species-specific detection system for P. parmentieri.

2. Results
2.1. Phylogenetic Analysis

By early 2021, more than 200 bacterial genomes deposited in NCBI GenBank repre-
sented the family Pectobacteriaceae. P. parmentieri was represented by 30 complete and high
coverage draft genomes (strains CFIA102, IFB5408, IFB5427, IFB5432, IFB5441, IFB5485,
IFB5486, IFB5597, IFB5604, IFB5605, IFB5619, IFB5623, IFB5626, IPO1955, NY1532B, NY1533B,
NY1540A, NY1548A, NY1584A, NY1585A, NY1587A, NY1588A, NY1712A, NY1722A, PB20,
QK5, RNS-08-42-1A (type strain), S590, WC19161 and WPP163).

Whole-genome comparisons made with orthoANI (Figure 1) demonstrate that all the
strains assigned to P. parmentieri possess a close genome similarity, demonstrating high
overall average nucleotide similarity (ANI) of 98.9% and above when compared to the type
species, whereas the comparable ANI values of non-parmentieri Pectobacterium species lies
in the range of 87-94%. The concatenated core genes phylogeny also places Ppa strains in a
distinct clade (Figure 1).
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Figure 1. Phylogenetic tree based on the concatenated nucleotide sequences of 92 conservative genes, including the genes of
ribosomal proteins and the proteins essential for the transcription and translation processes. Bootstrap support values are
shown above their branch as a percentage of 1000 replicates. The scale bar shows 0.01 estimated substitutions per site, and
the tree was rooted to Samsonia erythrinae DSM 16730. Average nucleotide identity (ANI) values compared to P. parmentieri
RNA 08-42-1A type strain are shown to the right of the organism name and coloured according to a heat map scale, where a
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The search for species-specific sequences was carried out using the workflow described
in a previous study [20]. Briefly, this workflow splits the genome of the type Ppa strain
into short sections, then each section is compared with a negative database of “non-target
genomes and a positive database of “target genomes” and, as a result, regions are identified
that occur in all Ppa genomes and are not found in genomes of other species.

Using this search, a set of unique Ppa species-specific sites was obtained. Regions
belonging to the areas of the genome encoding no genes were manually rejected. Next,
several potentially suitable sites within the housekeeping genes were selected for further
preliminary testing in the conventional PCR mode (Section 2.3) and a further selection of
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1,460,000

1,462,000

DUF2169 domain-containing protein

pentapeptide repeat-containing protein
DUF3540 domain-conta

the most appropriate sequence for qPCR analysis development was made (Section 2.4).
Primers and probes were designed for these sites. Table 1 shows the sequences of primers,
probe and amplicon for detection based on the ankyrin repeat domain-containing protein
sequence that showed the best results and was therefore selected for further study.

Table 1. Primers for amplification of a species-specific region and P. parmentieri and the amplicon of
ankyrin repeat domain-containing protein.

Type Sequence
F primer TAT CGC TGG CTC AGG CAATT
R primer TAC GCT GCG CAT ACT TGG AA
Probe (6-FAM)-CGCCCGGG-(dT-BHQ-1)-GCCCAAGATATGACTT-(Pi)

TATCGCTGGCTCAGGCAATTGAA
AAAAACGATGAATCAGAAGTCAA
AAAACTTTCAGCTCATACGGACCTAAAT
CGCCCGGGTGCCCAAGATATGACTTTAC
TATTCTTCGCGATGCAAAATAGTTATGAC
AAACAAGCCAAACATTTGTCGATAGTCT
CATATTTGGTTAGTGCCGGAGCAAGTCC
ATTACAGAAAGTTCCAAGTATGCGCAGCGTA

Amplicon

The selected species-specific sequence belongs to an ankyrin repeat domain-containing
protein that is located adjacent to the components of a type VI secretion system. Inter-
estingly, an avirulence factor was located several genes upstream of the locus shown in
Figure 2. A type VI secretion system is important for plant-associated bacteria, including
the Pectobacterium species. It contributes to virulence and grants fitness and colonisation
advantages in planta [21]. It might be suggested that the gene containing the species-specific
sequence is important for the bacterium. The sequence search conducted with BLAST using
an nr/nt database confirmed that the chosen amplicon did not have close homologues in
other organisms.

1.464,000 1,466,000 1,468,000 1,470,000 1,472,000 1,474,000 1,476,000

" “ [ ‘ ‘ RHS domain-containing protein

|
DUF4150 protein PAAR domain-containing protein DUF2169 protein ankyrin repeat domain-containing protein

type VI SS tip protein VgrG DUF4150 domain-containing protein ankyrin repeat domain-containing protein
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- species-specific gene () amplicon hypothetical proteins - other proteins

Figure 2. Region in the P. parmentieri RNS 08-42-1AT genome containing a species-specific sequence. The scheme was

visualised using Geneious Prime 2021.2.2 (https:/ /www.geneious.com, accessed on 20 January 2021).

2.3. Primary Analysis by Conventional PCR

For the initial assessment of the applicability of the primers obtained for the purpose
of species-specific PCR detection, a conventional PCR test was carried out on a limited set
of strains. The strains marked F ... are a part of the local collection of bacterial pathogens
associated with potato soft rot. The collection includes comprehensively described type
strains, strains with appropriate genomic characterisation and loosely characterised local
isolates. The information on the strains used is provided in Supplementary Table S1. The
primary testing strain set included several representatives of different Pectobacteriaceae
species belonging to the genus Pectobacterium (FO02, F004, FO12, F016, FO28, F041, F043,
F048, F061, F109, F126, F131, F135, F152, F157, F160, F162, F164, F171, F182, F258), Dickeya
(F012, F077, F082, F085, F097, F101, F102, F117, F155, F261) and an unrelated pectolytic
isolate (F105). In the experiment described in this paper, amplification was expected only
for Ppa (F034, F035, F127, F148, F149, F174), and with none of the others.

Figure 3 shows the results of such an analysis for the amplification of ankyrin repeat
domain-containing protein, as a result of which significant amplification was demonstrated

96



Plants 2021, 10, 1880

only with the target strains (marked in the boxes) and in the absence of false-positive results
with all other strains. This enabled the assumption of this site’s suitability for amplification
in JPCR mode, and made it possible to proceed to the validation using an extended range
of strains.

[
5
c
9
o
+

Figure 3. The results of conventional PCR visualised in 1.5% agarose gel. The numbers of the strains
belonging to Ppa are marked with a frame. The remaining strains belonging to other species acted as
negative controls. The lane designated as “+ control” contained PCR results with test plasmid, which
served as a positive control. Evrogen 1 kb Ladder used for the evaluation of amplicons sizes.

2.4. gPCR Analysis on an Extended Set of Strains

This study involved seven strains previously attributed to being Ppa or Pwa on the ba-
sis of genomic sequencing or 165 rRNA gene sequencing. Two more strains were previously
identified as Pwa using the diagnostic primer set PhF 5'-GGTTCAGTGCGTCAGGAGAG
and PhR 5'-GCGGAGAGGAAGCGGTGAAG [18], which does not distinguish between
Pwa and closely related Ppa (Ne 1-9, Supplementary Table S1). A test was also conducted
for 67 (Ne 10-77) isolates of other Pectobacteriaceae species and 32 strains (Ne 78-109) related
to other species associated with crop rot. These strains were isolated from potato rots and
passed through McConkey’s medium to exclude Salmonella and Gram-positive isolates and
SVP medium to ensure the presence of pectolytic activity.

As shown in Supplementary Table S1, all Ppa strains demonstrated a positive PCR
signal. Among the strains with alternative Ppa/Pwa attribution (FO35 and F178), F035
showed amplification and therefore can be more accurately classified as Ppa, while F178,
revealing no positive signal, may be categorised as Pwa.

The historical strain Pwa F007 used in the study did not show any false positive
amplification. No positive results were shown for other isolates with pectolytic activity,
both Pectobacteriaceae and unrelated ones.

Additionally, in silico analysis using an nt-database did not presume any amplification
of plant genomic DNA using the designed primers. No amplification was observed in the
PCR reaction in vitro using potato DNA as a template. Thus, the authors are confident that
the possibility of cross-amplification with potato DNA was excluded.

2.5. Sensitivity

Serially diluted plasmid and genomic DNA were used in qPCR reactions for a sensi-
tivity test. Based on the threshold cycles (Cq) obtained for each concentration of copies
in the sample (Table 2), standard curves were plotted. The resulting curves were linear
(Figure 4). The correlation coefficient (R?) was 0.99 for both curves, with a slope of —3.34
and —3.33 for plasmid and genomic DNA, respectively, corresponding to a PCR efficiency
of 98.9% and 99.62%.
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Table 2. Mean Cq values for qPCR carried out on serial dilutions of genomic DNA of the P. parmentieri
F149 and corresponding plasmid. SD is standard deviation.

Plasmid DNA

e Copies P Copies P

pies Per opies Per

Reaction Cq SD Reaction Cq SD

1 1.4 x 1010 8.01 0.12 1.68 x 107 16.29 0.37
2 1.48 x 10° 11.83 0.21 1.68 x 100 20.48 0.36
3 1.48 x 108 15.27 0.15 1.68 x 10° 24.62 0.01
4 1.48 x 107 19.04 0.71 1.68 x 10% 27.20 2.90
5 1.48 x 10 22.90 0.57 1.68 x 10° 29.92 1.25
6 1.48 x 10° 25.67 1.72 168 34.60 1.80
7 1.48 x 10% 29.37 3.07 16.8 36.20 0.37
8 1.48 x 103 32.59 0.70 1.68 - -
9 148 33.95 1.72 0.16 - -

Plasmid

o
o
E 2
Q
2
10 y=-3.3478x+42.723
R?=0.9938
0
0 5 10
plasmid log10(copies)
.g DNA
40
30
o
o
E 2
Q
2

y=-3.3311x+41.12
R?=0.99

0 5 10
DNA log10(copies)

Figure 4. Standard curves showing the dependence of Cq on the concentration of pathogen DNA in
the reaction. The curves are plotted based on the threshold cycles obtained for a series of ten-fold
dilutions of the plasmid (A) and genomic DNA of the F149 strain (B). The standard deviation is
shown as error bars.

The limit of detection (LoD) was nearly 16 copies per reaction, corresponding to 4
x 10% copies/mL. Figure 5 shows the amplification curves for the sensitivity test and the
good flare-up of the probe during the reaction, even at high dilutions.
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Figure 5. Amplification curves for a sensitivity test using the example of a series of dilutions of
plasmid DNA. The numbers represent the dilution number.

2.6. Assays of Plant Samples

To conduct an experiment simulating a pathogen’s detection in infected plants, the
tubers of the “Gala” variety were used, one of the most widespread varieties in Russia,
and one which is moderately resistant to bacterial diseases. The potatoes were soaked in a
10° cfu/mL suspension of the pathogen for infection and then incubated at 28 °C until the
development of soft rot symptoms. On days 3, 4 and 5, a ~100 mg piece of peel was taken
from the tubers and total DNA was isolated. Then, qPCR was performed from the DNA
obtained, in the same way as in the previous experiments. Control tubers were soaked in a
sterile LB medium.

As shown in Table 3, the pathogen was successfully detected in all cases, confirming
the possibility of using the analysis to assess the contaminated material. With an increase
in the duration of incubation, the titre of bacteria increased proportionally. Amplification
was also recorded for the control tuber, indicating a trace presence of the pathogen, which
did not lead to noticeable symptoms of rotting.

Table 3. Results of qPCR carried out on material obtained from artificially infected potatoes. APC
permease gene of Ppa was detected using developed primers. SD is standard deviation.

Incubation, h Cq SD Copies/mL
Control (120 h) 38.32 0.00 6.92
72 31.03 0.67 1.06 x 103
9% 27.38 0.67 1.3 x 10%
120 20.76 1.05 1.3 x 100

3. Discussion

According to the species definition, Ppa differs from Pwa by its ability to produce acid
from melibiose, raffinose, lactose and D-galactose [3]. This feature was used to differentiate
Ppa strains isolated from potato in Southern Europe [4]. However, the biochemical tests
made the precise diagnostics more laborious and, thus, raised questions about the value of
such fine analysis. Besides the obvious purpose of monitoring the causal agents of plant
diseases, in order to develop adapted prevention actions in particular countries, regions or
climate areas, some fundamental arguments exist.

Information on the role of Ppa in the bacterial pathogenesis of potatoes worldwide
is contradictory [22]. According to national monitoring surveys, Ppa occurrence ranges
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from single, moderate cases [6] to severe breakouts [10]. While wet weather throughout
the year is preferred for the development of the pathogen (https://www.cabi.org/isc/
datasheet/48069201 (accessed on 17 May 2021)), a broad range of conditions is tolerated.
The aggressiveness of Ppa is also debatable. As for other SRP, their pathogenesis relies on
the production and secretion of plant cell wall-degrading enzymes, which cause the typical
symptoms of soft rot. Enzyme synthesis depends on suitable environmental conditions [23].
Generally, the virulence of Ppa is considered to be moderate. However, a number of
studies [24,25] have demonstrated that some strains of P. parmentieri can cause fast and
severe maceration of tubers and plants comparable with P. atrosepticum and P. brasiliense,
which are considered to be the most aggressive among Pectobacterium. It is worth noting
that the bacterial community in rotting potato tissues is very complex [26] and may include
several different pathogenic species. SRP pathogens may interact antagonistically [27] or
synergistically [28] with respect to one another. Therefore, the study of the impact of a
particular pathogen on the development of the disease requires quantitative differential
identification of the SRP species, particularly with Ppa.

Currently, no effective control agents have been developed to prevent or to treat SRP
infections [29,30]. A promising approach is the use of bacteriophages (phages), which are
bacterial viruses that infect pathogenic bacteria. A number of successful applications of
phage control of plant pathogens, including SRP, have been reported (reviewed in [31,32]).
Some phages infecting Ppa have been isolated and investigated [33,34]. An important
feature of phage therapy is to have a very selective host range of bacteriophages, usually
limited to a bacterial species or even a group of strains within a species. This may be
considered to be an advantage, because phage treatment does not affect commensal and
endosymbiotic microflora of the plant attacking pathogenic bacteria only. However, scien-
tifically sound use of therapeutic bacteriophages requires fine and precise diagnostics of
the causative agent of the disease. Existing assays are often too general for efficient phage
application, and more focused methods of discriminating SRP are needed.

Besides pectolytic enzymes, a number of other proteinaceous and carbohydrate factors
and signal pathways have been found to participate in bacterial adhesion, the colonising
of plant tissue and enhancement of the disease (reviewed in [23]). Essential intracellular
effectors have been secreted into the plant cell via secretion systems type III (T3SS), type
IV (T4SS) and type VI (T6SS) [35]. An important feature of Ppa/Pwa is the absence of a
number of essential genes encoding T35S in the genome [36,37]. This absence may explain
the limited host range of P. parmentieri. In such conditions, the role of T6SS and other
secretion systems becomes more important [38]. The genomic sequence unique to Ppa that
was identified was located adjacent to the T6SS apparatus, and its conservation within a
species may indicate a unique role in the functioning of the system. This sequence does not
belong to any known mobile elements and, thus, may serve as a hallmark of Ppa genomes.

Another important area where qPCR detection of SRP is needed is the establishment
of the threshold bacterial population necessary for the development of disease symptoms.
While the occurrence of SRP-related blackleg, wilting and aerial rot of vegetating potato
depends on numerous environmental factors (reviewed in [39]), the development of soft
rot in stored ware and seed potato is a consequence of a latent infection of the tuber
surface. The incidence of soft rot, as a minimum, correlates with the population of SRP as
revealed by laboratory testing. Most in vitro experiments described in the literature use an
application of 106~107 cfu/mL aliquots of SRP suspensions applied to unprotected potato
tissue (tuber slices) to establish the stable development of soft rot symptoms. This work
reports that, starting from almost negligible values, the population of Ppa grew fast at
room temperature and reached ~10° cfu/mL, resulting in tissue rotting in a few days. On
the other hand, undamaged potato tubers with a latent SRP population 10410 cfu/mL
on the skin revealed no signs of soft rot being stored in proper warehouse conditions
(4-7 °C) [40]. Therefore, the monitoring of the bacterial insemination of the tubers may
help to estimate the risk of soft rot development in the stored tubers and to reveal the
dangerous threshold for each particular SRP species. The designed assay has been shown to
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be sensitive enough to detect Ppa within the range of natural latent infection level (10>~10°
cfu). Thus, this analysis is suitable for assessing the quality of potatoes and diagnosing the
likely development of rot.

The reported protocol, based on the genomic analysis of an ample amount of recent
GenBank data, was successfully tested and demonstrated high sensitivity and suitability for
in vivo testing. The species-specific sequence revealed is not only unique to Pectobacterium
parmentieri, but is also a part of a functional gene which can be important for pathogenic
lifestyle of this economically important plant pathogen. The high specificity of the devel-
oped assay is particularly important for efficient phage application in the biocontrol of
plant diseases caused by SRP bacteria.

4. Materials and Methods
4.1. Phylogenetic Analysis

Bacterial genomes were downloaded from the NCBI GenBank bacterial database (
ftp:/ /ftp.ncbi.nlm.nih.gov/genbank (accessed on 27 March 2021)). A phylogenetic tree
was generated using an UBCG pipeline, based on 92 core genes including 43 ribosomal
proteins, nine genes of aminoacyl-tRNA synthetases, DNA processing and translation
proteins and other conservative genes. Bootstrap analysis phylogeny was conducted by
aligned concatenated sequences of 92 core genes made by UBCG with MAFFT (FFT-NS-
x1000, 200 PAM/k = 2). Then, bootstrap trees were constructed using the RAXML program
(maximum likelihood method) (GTR Gamma I DNA substitution model). The robustness
of the trees was assessed by fast bootstrapping (1000) [41].

Average nucleotide identity (ANI) was computed using orthoANI, with default set-
tings [42].

4.2. Search for Species-Specific Sequences and Primer Design

To search for species-specific sequences, custom databases were constructed using
BLAST (https:/ /blast.ncbi.nlm.nih.gov/Blast.cgi (accessed on 25 February 2021)). The
search for species-specific regions for amplification was carried out using the workflow
presented in the previous study [20].

Primers and probes were generated with Primer3Plus (https://primer3.ut.ee/ (ac-
cessed on 15 March 2021)) and manually checked for the consistency of melting tem-
peratures and for the absence of hairpins and dimers formation using the functions
of Geneious Prime and Primer Biosoft (http://www.premierbiosoft.com/NetPrimer/
AnalyzePrimerServlet (accessed on 20 March 2021)).

4.3. Bacterial Strains, Media and Culture Conditions

A complete list of bacterial strains engaged in this study, with an indication of their
species, year and location of isolation, is shown in Supplementary Table S1. Strains were
obtained from the Laboratory of Molecular Bioengineering, IBCh RAS. Pectolytic bacteria
were cultivated at 28 °C on 1.5% LB agar. CVP medium was used to assess pectinolytic
activity. E. coli NovaBlue strain was used for transformation during the preparation of a
plasmid. E. coli was cultivated at 37 °C on LB agar medium with the addition of ampicillin.

4.4. Genomic DNA Isolation

Genomic DNA was isolated using overnight bacterial cultures, using a Gene]ET
Genomic DNA Purification Kit (ThermoScientific, Waltham, MA, USA), according to the
manufacturer’s protocol.

Potato DNA was extracted using a CTAB-based protocol. For this purpose, a piece
of peel of 100 mg was mechanically homogenised with a 0.1% sodium pyrophosphate
solution. The resulting homogenate was transferred into 1.5 mL tubes and centrifuged.
40 pL of lysozyme solution (100 uL/mL) and 60 pL of 10% SDS solution were added to
the sediment, resuspended and incubated at 37 °C for 30 min. Then, 650 uL of 2% STAB
was added to the mixture and incubated for another 30 min at 65 °C. Then, the mixture
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was cooled and 700 pL of chloroform was added, vortexed and precipitated at 12,000 rpm.
The supernatant was mixed in a new tube with 600 pL of isopropanol. After subsequent
centrifugation, the precipitate was washed twice with 75% ethanol and dried until the
volatile solvents completely evaporated, and the resulting DNA was dissolved in water.

The concentration and quality of the extracted DNA was estimated using a NanoPro-
teometer N60 (NanoProteometer, Munich, Germany). After extraction, DNA concentrations
were diluted to a single value of 10 ng/uL.

4.5. PCR Conditions

The conventional PCR was carried out in a volume of 25 pL containing 5 puL of Evrogen
ScreenMix (Evrogen, Moscow, Russia,), 0.35 uM of forward and reverse primers and 60 ng
of template DNA. Amplification was performed using a T100 Thermal Cycler (Bio-Rad,
Hercules, CA, USA) and in the following conditions: 94 °C for 300 s, then 45 cycles of 94 °C
for 10's, 62 °C for 10 s and 72 °C for 10 s. The resulting PCR products were separated by
electrophoresis in 1.5% agarose/TA buffer gel and visualised by ethidium bromide staining.
The size of the bands was eluted using a 1 kb DNA Ladder marker (Evrogen).

4.6. Plasmid Construction for Sensitivity Assay

For a precise evaluation of PCR sensitivity, we constructed a plasmid containing an
insert of the target sequence amplified from the Ppa F149 strain. For this purpose, the
product of PCR amplification was purified using ISOLATE II PCR and Gel Kit (Bioline,
St. Petersburg, Russia) and cloned to pAL2-T vector using a QuickTA kit (Evrogen).
Plasmid DNA used as standard was purified with a QIAprep Spin Miniprep Kit (Qiagen,
Hilden, Germany), according to the manufacturer’s instructions. Sanger sequencing of the
corresponding region in the resulting plasmid confirmed the correctness of the insert.

4.7. gPCR

The qPCR was carried out in a LightCycler 96 (Roche, Basel, Switzerland). Each 35
uL reaction contained 200 uM of each dNTP, 0.2 uM of probe, 0.35 uM of forward and
reverse primers and 60 ng of template DNA. The optimised amplification conditions were
as listed in Section 4.5. Each reaction was carried out in four replicates. Water was used
as a negative control. Plasmid-based internal control was used to exclude false-negative
results, as described earlier [43].

The processing of the amplification curves obtained and the calculation of the thresh-
old cycles were carried out using software supplied by Roche. A sensitivity analysis was
carried out on serial three ten-fold dilutions of the test plasmid and genomic DNA of strain
F149. The resulting samples were analysed by qPCR. For each defined threshold cycle,
the mean and standard deviation were calculated using Roche software. To construct the
standard curve, the threshold cycles” mean values were plotted against the concentration
of copies of the target sequence in each reaction.

For all values, the standard deviation was calculated.

4.8. Testing the Detection System on Artificially Infected Tubers

For the experiment, potato tubers of the most widespread variety, “Gala”, were
obtained from a market. They were washed and soaked in a bacterial suspension to infect
the tubers, following the same protocol as in a previous study [20]. Then, the tubers were
incubated at 28 °C. On days three, four, five and six, DNA was extracted from 100 mg of
the infected tuber’s peel, as described in Section 4.4, and analysed by qPCR.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/plants10091880/5s1, Table S1 Selectivity of the designed qPCR method.
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Abstract: The production and quality of tomato seedlings needs many growth factors and production
requirements besides controlling the phytopathogens. Paclobutrazol (PBZ) has benefit applications
in improving crop productivity under biotic stress (Alternaria solani, the causal agent of early blight
disease in tomatoes). In the current study, the foliar application of PBZ, at rates of 25, 50, and
100 mg L~!, was evaluated against early blight disease in tomatoes under greenhouse conditions.
The roles of PBZ to extend tomato seedling lives and handling in nurseries were also investigated
by measuring different the biochemical (leaf enzymes, including catalase and peroxidase) and
histological attributes of tomato seedlings. Disease assessment confirmed that PBZ enhanced the
quality of tomato seedlings and induced resistance to early blight disease post inoculation, at 7, 14,
and 21 days. Higher values in chlorophyll content, enzyme activities, and anatomical features of
stem (cuticle thickness) and stomata (numbers and thickness) were recorded, due to applied PBZ.
This may support the delay of the transplanting of tomato seedlings without damage. The reason for
this extending tomato seedling life may be due to the role of PBZ treatment in producing seedlings to
be greener, more compact, and have a better root system. The most obvious finding to emerge from
this study is that PBZ has a distinguished impact in ameliorating biotic stress, especially of the early
blight disease under greenhouse conditions. Further studies, which consider molecular variables,
will be conducted to explore the role of PBZ in more detail.

Keywords: anatomy; biotic stress; catalase; early blight; paclobutrazol; peroxidase; phytopathogens;
disease index; antifungal; chlorophyll content
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1. Introduction

Tomato (Solanum lycopersicum L.) is one of the most valuable vegetable crops world-
wide. The Egyptian cultivated area of tomato was 375,276 ha, with a productivity of
38.96 Mg ha~! [1]. The highest Egyptian production of tomatoes during the last decade
was 8.6 million metric tons in 2012 [2]. Globally, in 2019, the main producers of tomato
included China, which produces alone about 63 million tons, ~235%, of the total (181 million
ton), followed by India, Turkey, the USA, and Egypt producing 19, 12.8, 10.9, and 6.9 million
tons, respectively [1]. High seedling quality and their transplantation are mutual practices
in the fruitful production of the tomato for fast, sustainable establishing, together with
enhancement of earliness, uniform maturity and total yield, as well as quality [3]. The lack
of a pre-contracting system for tomato seedlings between the nursery and farmers led the
nursery to produce seedlings in a large quantity, sometimes causing a wait for sales [4].
These seedlings may be exposed to damage if they are not transplanted into the field at the
appropriate time. Therefore, it is helpful to extend the seedlings life in the nursery, while
maintaining high quality without losses. Several compounds can inhibit height growth,
hence, extending the life of vegetable seedlings, such as chlormequat chloride (CCC) and
daminozide [5], as well as paclobutrazol [6-8].

Paclobutrazol (PBZ), a triazole-type plant growth regulator or retardant, is well-
known as anti-gibberellins. PBZ can block the conversion of ent-kaurene to ent-kaurenoic
acid during biosynthesis pathway of gibberellin by inhibition of kaurene oxidase [9,10].
Foliar application of Paclobutrazol usually reduces shoot and root length by increasing the
stiffness of the cell wall and decreasing cell wall expansion [11]. Several studies confirmed
that applied PBZ improved various kinds of compatible solutes and osmo-protectants, such
as proline, which increases the plant’s tolerance to water deficits [9,12]. Many benefits of
PBZ application have been intensively reported, including improving crop productivity,
plant stress tolerance, fruit/grain quality, plant water relation, and membrane stability
index [13,14]. In addition, PBZ prevents sucker re-growth in bananas [15], promoting
fruit sets in many crops (such as olives) [16], as well as inhibiting the biosynthesis of
gibberellin, early fruit set, and reduced stem growth [17]. Concerning the toxicity of PBZ,
for living organisms, showed low toxicity via the dermal route in animals, whereas it
caused moderate toxicity via human oral and inhalation routes. Based on the available
researches, PBZ is considered unlikely to be genotoxic or carcinogenic to humans [18,19].

Fungal diseases are considered one of the core problems facing and affecting tomato
seedlings in the nurseries. Among the pathogens that affect tomato seedlings are soil-borne
(causing root decay or damping-off) and foliar diseases, including Alternaria solani and
Phytophthora infestans, which reduce yield quality [20]. Among foliar pathogens, A. solani,
which caused an early blight disease in tomatoes, is a highly destructive pathogen on
both open field and greenhouse tomatoes [21,22]. A. solani causes infections on foliage,
basal stems of transplants, stems of mature plants (stem lesions), and fruits (fruit rot)
of tomato [23]. Early blight disease may cause crop losses of up to 78% to solanaceous
crops [24].

Regardless of the promising results of chemical treatments in controlling fungal
pathogens, phytotoxicity, and chemical residues are major problems that lead to envi-
ronmental pollution and human health hazards.

Keeping the roles of PBZ under stress in view, the main aim of the present study is
(1) to find out whether the foliar application of paclobutrazol has any growth regulatory
outcomes on tomato seedlings under both normal and early blight stress disease, (2) to
document the extending impact of the applied paclobutrazol handling of tomato seedlings
in nurseries, and (3) to observe the biochemical and histological responses of tomato
seedlings to paclobutrazol foliar application, under both control and biotic stress conditions.
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2. Results
2.1. Pathogenic Ability of the Four A. solani Isolates on Tomato Plants

An experiment was conducted to assess virulence of four A. solani isolates by using
a susceptible tomato hybrid (Alissa F;) under greenhouse conditions. While all of the
four obtained isolates were pathogenic to tomato seedlings, causing identical early blight
disease symptoms, isolate number 1 (I;) was the greatest virulence isolate in the experiment
(Table 1), compared with the other isolates. Isolate I; had the highest disease index percent
on tomato plants (23.07, 45.92, and 80.5% after 7, 14, and 21 dpi, respectively). However,
the other isolates were varied in their degrees of pathogenicity. Therefore, isolate I; of the
pathogen was chosen for the following studies. Differences in the pathogenicity of the
tested pathogenic isolates may be due to their physiological and biochemical components.
It may also relate to the genetic makeup of host variety and pathogen, as far as their
interactions are concerned [25].

Table 1. Pathogenic ability of the isolates of Alternaria solani on tomato seedlings in pots under
greenhouse conditions.

Disease Index (%)

Isolate No.
7 Days 14 Days 21 Days
Isolate no. I1 23.05£0.89 a 4592 £ 236 a 80.50 £2.39 a
Isolate no. 12 17.07 £1.63b 38.07 £ 1.62b 54.00 £3.26 b
Isolate no. I3 9.80 £0.73d 2944 +1.62d 4050 +1.24d
Isolate no. 14 15.60 £ 0.77 c 3250+ 1.63 ¢ 45.80 = 1.67 c

*

*%

E test x*

Where: I1, 12, I3m and I4 are the four isolates of Alternaria solani, which were used in the study, Mean values in
each column, followed by the same letter, are not significant (p < 0.05), * and ** indicating significant and highly
significant, respectively.

2.2. Impact of Paclobutrazol on the Linear Growth of A. solani

The in vitro antifungal activity of paclobutrazol showed that all evaluated concen-
trations of PBZ indicated antifungal activity and significantly inhibited mycelial growth
percentage of A. solani (Figure 1 and Table 2). All concentrations (25, 50, and 100 mg L~1)
showed the highest reduction of mycelial radial growth (2, 2.7, and 3 cm), without signif-
icant differences in between, suggesting similar potency, compared to control treatment
(without PBZ), which resulted no inhibition of mycelia growth (9 cm). The results showed
that PBZ had the highest antagonistic effect against of A. solani (Figure 1 and Table 2).
The reduction percentage of A. solani, due to PBZ applications, were the highest values,
especially when using the rate of 100 mg L~! (77.8%), without significant differences at 25
and 50 mg L~ rates, 66.7 and 70%, respectively.

Control 25 mg It PBZ 50 mg It PBZ 100 mg I'* PBZ

Figure 1. In vitro antifungal activity of paclobutrazol (PBZ) against Alternaria solani. The highest
applied dose of PBZ (100 mg L) recorded the highest control of this disease, compared to the control.
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Table 2. The inhibition of Alternaria solani mycelial growth by PBZ application in different concentra-
tions on PDA medium.

Treatments Mycelial Growth (cm) Reduction Rate (%)
Control 9.0+£00a 0.01 £ 0.004 b
PBZ25mgL~! 3.0£0.082b 66.7 £0.735a
PBZ 50 mg L~! 2.7 +0.082b 70.0 £2.450 a
PBZ 100 mg L~} 2.0+0.082b 77.8 £ 1.563 a
F. test o **

Mean values in each column, followed by the same letter, are not significant (p < 0.05). PDA: potato dextrose agar
medium. ** indicating highly significant.

2.3. Development of Early Blight Disease Due to PBZ Applications

In general, in vitro experiment exogenous application with PBZ obviously reduced the
of early blight intensity on tomato leaves, in comparison to the control seedlings, after 7, 14,
and 21 days post-inoculation (dpi) (Figure 2 and Table 3). Although, an advanced rise was
observed in both the disease incidence and disease severity on control tomato seedlings
during the experiment. All PBZ applications significantly decreased the disease incidence
(DI) and its severity (DS) percent, at 7, 14, and 21 dpt, until finishing the experiment.
Applied PBZ at 25 mg L~! was the most efficient treatment and had the lowermost DI and
DS (%) after the previously mentioned periods. It is worth mentioning that PBZ, at all
doses, significantly reduced both the DI and DS percent at the three studied stages, and
compared with the control treatment. In the same manner, all PBZ applications (25, 50, and
100 mg L~') showed the highest efficacy (87.6, 87.2, and 84.3%, respectively), compared to

the untreated plants (Table 3).
7 dpi i " 4 %
sl %

14 dpi é’}

g
Control 25 mg L1 PBZ 50 mg L1 PBZ 100 mg L' PBZ

N

V.
|

-

)
4
%

21 dpi 3
W‘

\

Figure 2. Effect of Paclobutrazol (PBZ) on progress symptoms of early blight disease on tomato
seedlings under greenhouse conditions at 7, 14, and 21 dpi (day post inoculation).
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Table 3. Effect of PBZ applications on both disease incidence (DI) and disease severity (DS); % of
tomato early blight pathogen (A. solani) under greenhouse conditions at 7, 14, and 21 dpi and an

efficacy % at 21 dpi.
After 7 Days After 14 Days After 21 Days
Treatments
DI (%) DS (%) DI (%) DS (%) DI (%) DS (%) Efficacy (%)
Control 502 +195a 354 +3.17a 60.7 +5.10 a 50.6 + 5.47 a 879+ 7.05a 792 +459 a 00.0 + 0.0
PBZ 25 mg L~} 94 +357c¢ 3.6+£09b 102 £1.65¢ 55+ 1.25b 184 +3.18b 9.8+ 1.58b 87.6 +5.19
PBZ50 mg Lt 10.3 £2.07 ¢ 3.6+089b 18.5+2.57b 8.1+198b 252+195b 10.1 £1.99b 87.2 + 4.66
PBZ 100 mg L~! 158 +1.85b 3.6+1.05b 251+ 3.07b 10.3 £2.05b 30.1 £3.07b 124 +£2.17b 84.3 +5.05
F. test 3% *3% *3% *3% *3% 3% -

Mean values in each column, followed by the same letter, are not significant (p < 0.05). ** indicating highly significant.

2.4. Response of Vegetative Growth and Chlorophyll Content to Applied PBZ

To evaluate the response of tomato seedlings to applied doses of PBZ, different veg-
etative growth parameters, besides chlorophyll content, were measured after 10, 20, and
30 days from PBZ applications (during 2021) (Table 4). The seedlings treated with PBZ,
after 10 days, represent the study of the role of applying different doses of PBZ, without
infected seedlings and with A solani as a control, whereas after 20 and 30 days, as infected
seedlings. The commonly known impact of PBZ as a plant growth retarder is clear, due to
its decreased seedling height. From Table 4, it can be seen that the seedling height was de-
ceased by increasing the applied doses of PBZ, whereas, in general, seedling height values
was increased from 10 to 30 days after foliar-applied PBZ. Although, the increasing rate of
seedling height was the highest in control seedlings, as compared with the PBZ application
in all stages (10, 20, and 30 days after applications). The applied dose of 50 mg L~! PBZ
recorded, in general, the highest values of chlorophyll content, as well as after 10 or 20 or
30 days after foliar applied PBZ; then, the differences were not significant with the control
treatment after only 10 days. Stem diameter values increased by an increasing period
after PBZ application from 10 to 30, recording the highest value at dose of 100 mg L~!
(0.336 mm), compared to control seedlings, which resulted the lowest diameter in all stages.
For seedling fresh weight, it was significantly influenced by treatments at all growth stages.
After 10 days, the highest values were shown from control seedlings, compared to all PBZ
applications. Nonetheless, all doses from PBZ produced the highest values of seedling
fresh weight at 20 and 30 days after application, especially at a dose of 100 mg L~!. The
most obvious observation to appear from the statistics comparison was the dry biomass per
seedling, which was significantly differed after 10, 20, and 30 days and the highest values
were recorded from applied PBZ at dose of 100 mg L~! (0.37 and 0.62 g, respectively), after
20 and 30 days from application. Root fresh and dry weights were significantly affected by
PBZ applications at the three growth stages. PBZ, at a rate of 100 mg L ™!, resulted highest
value of root fresh weight; however, a PBZ dose of 50 mg L~! resulted in the highest value
of root dry weight in most cases, compared to the other doses and control.

2.5. Response of Enzyme Activities to Applied PBZ

Two plant enzymes (catalase and peroxidase) were evaluated as bioindicators for
survival tomato seedlings under biotic stress (Table 5). There was a highly significant
relation between applied doses of PBZ and values of the studied enzymes, where the
highest applied dose of PBZ (100 mg L~?!) recorded the highest value of CAT (102.88) and
POD (0.057) as mM H,O, g~! FW min™!, which did not significantly differ with PBZ at a
dose of 50 mg L~! in enzyme activities. These results confirmed that the foliar application
of PBZ enhanced the cultivated tomato seedlings quality under biotic stress, through
promoting and producing higher plant enzymes, which support cultivated seedlings under
biotic and abiotic stresses.
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Table 4. Response of some vegetative growth parameters and chlorophyll content to PBZ doses

after 10, 20, and 30 days from PBZ foliar application (during April 2021) (with/without infection by

Alternaria solani).

Seedling Height Stem Diameter . . Chlorophyll
Treatments (cm) (mm) Seedling FW (g) Seedling DW (g) Root FW (g) Root DW (g) Content (SPAD)
After 10 days (Not infected seedlings by Alternaria solani)

Control 1324 +150a 0.207 £0.021 a 2.65 £ 0.501 a 0.30 £ 0.006 a 0.86 £ 0.14a 0.085 £ 0.005 a 284 +235a
PBZ25mgL! 8.83 £ 1.68 ab 0.215£0.015a 1.62 £0452b 0.25 £ 0.005 ab 0.47 £0.05b 0.071 £ 0.005 a 262 +£217b
PBZ 50 mg L} 6.83+1.29b 0.238 £0.011 a 148 £0.363b 0.18 £ 0.003 ¢ 0.44 £0.07b 0.054 £ 0.003 a 27.6 £+ 3.02 ab
PBZ 100 mg L~ 9.56 £ 1.55 ab 0.266 + 0.03 a 1.54+£0.295b 0.22 £ 0.005 be 0.36 £0.07b 0.063 £ 0.003 a 243 +195¢

F. test ** NS * > * NS **
After 20 days (Infected seedlings by Alternaria solani)

Control 14.75+2.17 a 0.275 £ 0.007 a 3.05 £ 0.524 ab 0.33 £ 0.005 b 094 +£0.18 ¢ 0.082 + 0.005 b 28.8 £3.05¢
PBZ 25 mg L1t 11.94 + 1.66 b 0.296 £ 0.025 a 3.12 £ 0.354 ab 0.34 + 0.007 b 1.02+0.25b 0.088 + 0.007 b 31.3+284b
PBZ 50 mgL! 9.94 +£1.59b 0.299 £ 0.034 a 2.88 +£0.441b 0.29 £ 0.006 ¢ 0.89 £0.18 ¢ 0.120 £ 0.008 a 38.6 £3.10a
PBZ 100 mg L! 1122 +2.09b 0.310 £ 0.033 a 323+ 0455a 0.37 £ 0.007 a 1.05+0.20a 0.089 + 0.007 b 339+£199b

*% * *3% *% *3% *%
F. test NS
After 30 days (Infected seedlings by Alternaria solani)

Control 2733 +3.17 a 0.254 + 0.028 b 3.15 £ 0.625 ab 0.42 + 0.008 b 093 +0.19b 0.091 + 0.009 ¢ 249 +225c¢
PBZ 25 mg L! 11.79 +1.29b 0.325 + 0.033 a 3.42 + 0.605 ab 0.57 + 0.009 ab 114 +£024a 0.098 + 0.009 b 321+219b
PBZ 50 mg Lt 9.86 £ 1.45b 0.318 £+ 0.029 a 296 +£0.385b 0.44 + 0.008 b 0.95+0.23b 0.137 £ 0.012 a 389 +355a
PBZ 100 mg Lt 11.48 +1.88b 0.336 £+ 0.017 a 3.55 +0.550 a 0.62 +0.009 a 1.22 £ 0.026a 0.132 £ 0.015a 32.7 +3.06 b

F. test *% *3% *% * % 3% *%

Mean values in each column, followed by the same letter, are not significant (p < 0.05). Root fresh or dry weights
were per one seedling, FW (fresh weight) and DW (dry weight), * and ** indicating significant and highly
significant, respectively.

Table 5. Impact of applied treatments on enzyme activities (catalase, CAT, peroxidase, and POD)
after 10 days form PBZ foliar application (after 10 days from PBZ application and without infection
by Alternaria solani).

Treatments POD CAT Activity
(mM H,0, g~1 FW min—1) (mM H,0; g~1 FW min—1)
Control 0.012 +0.011 ¢ 2.82 +0.429 €
PBZ25mgL~! 0.032 + 0.020® 64.87 £ 4.298°
PBZ 50 mg L' 0.049 £ 0.029 90.30 + 5.556

PBZ 100 mg L~} 0.057 +0.0252 102.88 4+ 5.939 2
F. test > **

Mean values in each column, followed by the same letter, are not significant (p < 0.05). ** indicating highly significant.

2.6. Response of Anatomical Features to Applied PBZ

The internal structure of the tomato seedling stem is similar to the other dicotyledonous
plants and built-up, essentially, of parenchyma ground tissue, including cortex tissue and
pith tissue, regular vascular bundles, and medullary rays, which connect between the
cortex and pith tissues. It is clear that, from the present data in Table 6 and Figure 3, the
application of paclobutrazol has a positive impact on stem anatomical features, which led
to enhancing most of investigated the anatomical measurements of tomato stem, especially
the second dose (50 mg L~!), which increased the thickness values of the cuticle layer and
tissues of epidermis, cortex, xylem, and phloem, as well as the diameter of stem cross-
sections and xylem vessels. These obtained results were compared with the control and
other concentrations of PBZ used.

Stomata measurements have included stomata density and stomata dimensions (length
and width). Data presented in Table 7 and Figure 4 showed that there was an increase
in density of stomata, due to the application of PBZ, with various concentrations. These
obtained results were compared to the control treatment. This increase of stomata density
is due to the negative effect of PBZ on the leaf area, as well as the inhibition of it [26].
The highest values of stomata density were recorded in the application of the second
concentration of PBZ, compared with other concentrations. Besides that, using PBZ with
investigated concentrations enhanced the values of the stomata dimension (length and

110



Plants 2022, 11, 425

width), compared to the control treatment, due to the PBZ application stacking of the

stomata, per area unit of leaves.

Table 6. Anatomical measurements of tomato stems, as affected by the application of various
concentrations of PBZ substance (after 10 days from PBZ application and without infection by

Alternaria solani).

Anatomical Measurements

Applied PBZ (mg L—1) Doses at the Second True Leaf Stage

Control 25 50 100 LSD 0.05
Cuticle 437 +0.69b 724 +£072a 755+ 081a 5.73 & 0.78 b 142
Thickn Epidermis 33.70 = 2.09 b 3784+ 1.19a 26.93 £ 0.82 ¢ 27.22 £ 048 ¢ 3.46
(C ;SS Cortex 444,65 + 1436 a 304.87 & 11.20 ¢ 435.64 + 8.66 a 396.43 4+ 34.04 b 37.25
m Xylem 387.53 & 8.58 ¢ 476.97 £ 3032 a 444.30 4 15.09 ab 415.46 + 10.36 be 34.31
Phloem 95.00 = 4.80 ¢ 88.76 = 2.50 ¢ 155.48 = 6.80 a 109.03 £ 6.11b 10.07
Diameter Xylem vessels 60.87 £2.00 a 46.47 146 a 5842 £2.01a 53.58 £2.25a 11.70
(1m) Stem 219472 £ 162.23b  2291.66 + 167.19b 2477.26 + 149.38 a 2581.89 + 138.94 a 70.40

Mean values in each column, followed by the same letter, are not significant (p < 0.05).

Hsopm

Figure 3. Transverse sections through the tomato stems, as affected by the application of various
concentrations of PBZ substance, 10 days after applications, where (A-D) represent the treatments
of the control, applied PBZ at 25, 50, and 100 mg L. The abbreviations: T (cuticle), E (epidermis),

Ct (cortex tissue), Pht (phloem tissue), Xt (xylem tissue), P (pith), and MR (medullary rays).
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Table 7. Stomata measurements of tomato leaves, as affected by PBZ treatments (after 10 days from

PBZ application and without infection by Alternaria solani).

Stomata Measurements

Treatments
Thickness (um) Width (um) Numbers
Control 42.09 £1.83b 83.66 + 2.07 ¢ 2333+ 1.15¢
PBZ 25 mg L1 38.16 £ 1.60 ¢ 88.89 + 1.80b 24.67 + 0.57 ¢
PBZ 50 mg L! 46.21 £ 0.65a 93.01 £147a 36.00 + 1.00 b
PBZ 100 mg L1 41.61 £1.68b 86.14 + 1.58 bc 38.33 £ 0.57a
LSD 0.05 2.86 3.29 1.63

Mean values in each column, followed by the same letter, are not significant (p < 0.05).
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Figure 4. Photographs of stomata on adaxial (upper) surfaces of the tomato leaves, as affected
by the application of various concentrations of PBZ substance, 10 days after applications, where
(A-D) represent the treatments of the control, applied PBZ at 25, 50, and 100 mg L~!. The abbreviation:
S, stomata.

3. Discussion

High-quality tomato seedling production needs to save the required growth factors,
including the environmental and practical issues. These issues may include controlling
the pests and diseases, as well as proper agricultural practices (e.g., fertilization, irrigation,
lighting, etc.). It is very important to produce vigorous tomato seedlings with a long shelf
life, especially under intensive work in greenhouses, which sometimes needs a delay in
transferring and transplanting seedlings into farming field [27]. This target will be more
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complicated under conditions of plant diseases, particularly the early blight. To extend
the life and juvenility of tomato seedlings, without losses, many substances have been
applied, such as chlormequat chloride (CCC), daminozide, and paclobutrazol. The role
of applying different doses of PBZ to control the early blight, resulting from Alternaria
solani, is investigated in the current study. After selecting the most aggressive, isolated
inoculant of Alternaria solani, which had the highest disease index after 7, 14, and 21 days
from the inoculation, different doses of applied PBZ were investigated on disease incidence
and its severity of early blight pathogen (A. solani) on tomato seedlings under greenhouse
conditions (Figures 1 and 2 and Tables 1-3).

Many studies published on the role of paclobutrazol in growing tomato seedlings,
including applied different doses of PBZ (i.e., 50 and 100 mg L) through seed treatment
or watering seedlings [28], production of tomato seedlings by applying PBZ (50, 100, and
150 mg L) using two tomato hybrids [29], and accelerating growth of tomato seedlings
by applying 25, 50, and 100 mg L~! PBZ [30]; however, to our knowledge, there are no
studies on the crucial role of PBZ against early blight (Alternaria solani). On the other hand,
many studies reported on the reduction of vegetative growth via applied PBZ on many
cultivated crops, such as potato [31], mango [32], Leonotis leonurus L. [33], and olive [16], as
well as its potential under stress, i.e., drought [13,14,34] and salinity [9,35].

In the current study, in response to the question: what is the impact of paclobutrazol
on the vegetative growth of tomato seedlings, a range of responses were elicited. The
overall response to this question was very positive. The vegetative growth parameters
were tested after 10, 20, and 30 days after the applied PBZ doses, where parameters after
10 days were without infected seedlings, but after 20 and 30 days, as infected seedlings.
The direct cause of the increase in leaf darkness and greenness of treated seedlings with
PBZ may be due to the increase in chlorophyll content. Surprisingly, PBZ was found to
decrease the dry weight and chlorophyll content of seedlings after 10 days, but increased
by increasing PBZ levels after 20 and 30 days. The increased chlorophyll content could
be due to an increase in the activity of oxidative enzymes, which changed in the levels
of carotenoids, ascorbate, and ascorbate peroxidase [31]. Plant enzymes, including CAT
and POD, were increased by increasing applied doses of PBZ up to 100 mg L~ !, recording
0.057 and 102.88, respectively (Table 5). This study produced results that corroborate the
findings of a great deal of previous work in promoting growth of plants under stress
by applying PBZ. PBZ improves plant tolerance against different stresses by increasing
proline content and enzymatic antioxidants [14], increases fruit yield (due to the relatively
stouter canopy of PBZ-treated plants), improving rooting system (which may increase
the uptake of water and nutrients) [36], regulating photosynthetic capacity and delaying
leaf senescence [37], improving the resistance against many plant pathogens [38], and
acting as a systemic fungicide against several economically fungal diseases [39]. The
mode of action of paclobutrazol may include the inhibition of gibberellic acid synthesis
in plants, which reduces gibberellins level, slows cell division and elongation (without
causing toxicity to cells), and increases cytokinin content, as well as the root activity and
C: Nratio. Therefore, PBZ can delay senescence and extend the juvenility of seedlings,
which increased the seedlings life without losses; additionally, it increased the resistance
against most of pathogens in the nursery. Interestingly, few studies have reported the
potential of paclobutrazol in improving the levels of chlorophyll, antioxidants, and proline
contents under various biotic and abiotic stresses, as well as extending the plant growth
cycle by delaying physiological maturity [40—43].

All anatomical features of the seedlings were influenced by the different doses of
PBZ applied, particularly the stomata measures, including thickness, width, and numbers,
which increased by increasing the applied doses of PBZ, up to 100 mg L~! (Table 7).
This increase in tomato stem diameter is achieved via the application of paclobutrazol
treatment, due to its role to induce an increase in the vascular bundles’ thickness, thicker
cortex tissue, and wider pith tissue diameter, which is associated with larger medullary
cells [44]. The highest value in the thickness of the stem cuticle (7.55 pm) was achieved by
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applying 50 mg L~! PBZ, which may support the resistance of tomato seedlings to early
blight (Table 6). The highest numbers or values of stomata of numbers (38.33), thickness
(46.21 pm), and width (93.01 pm) may lead to an increase in the efficiency of photosynthesis.
Similarly, Tekalign and Hammes [31] stated that applying PBZ on potato leaves increased
the anatomical parameters, i.e., thickness cortex, pith diameter, and size of the vascular
bundles, and resulted in the thickest stems. This might be due to the radial enlargement of
cells because of the decreased endogenous gibberellin activities in response to the treatment.
In addition, using PBZ with investigated concentrations led to enhanced values of stomata
dimension (length and width), compared to the control treatment, due to the fact that PBZ
application stacked the stomata per area unit of leaves. This increase of stomata density is
due to the negative effect of PBZ on the leaf area, as well as the inhibition of it [26].

4. Materials and Methods
4.1. Isolation, Purification, and Identification of Causal Organism

Four pathogenic fungi of A. solani were isolated from different tomato fields in Kafr El-
Sheikh governorate, Egypt. Briefly, tomato plants, showing typical symptoms of early blight
disease, were collected from different locations. Infected leaves and stems were washed
using tap water and cut into small parts (5 mm), sterilized using solution of 2% sodium hypo
chloride for 2-3 min, then washed three times by sterilized distilled water (SDW). They
were then dried between two layers of sterilized filter papers to remove excess water and
plated onto petri dishes, 9 cm (in diameter), containing 15 mL potato dextrose agar (PDA)
medium, amended with 100 mg L ™! streptomycin sulphate at 28 =+ 2 °C for 7 days [45].
The hyphal tip technique was used to purify the developed fungal cultures. Four isolates
were characterized as A. solani, based on the morphological characters counting conidia
size, number of longitudinal and transverse septa, and length of a beak [46]. Then, the
four isolates were assured as A. solani, based on their pathogenicity and typical early blight
disease symptoms on tomato plants.

4.2. Pathogenicity Test

Pathogenicity test of four A. solani isolates were confirmed on a highly susceptible
hybrid of tomato (Alisa F; hybrid) in pot trials under greenhouse conditions. Shortly,
mycelial mats were harvested from seven-day old cultures of A. solani, then milled in
100 mL sterilized distilled water using sterilized mortar; it was filtered and put in a test
tube, according to [47]. Thereafter, spore suspensions (100 spores mL~1) were prepared
for each of the four isolates in sterilized water. At 40 days old, tomato transplants were
sprayed with tested inoculum of A. solani isolates, as spore suspension (30 mL plant~!),
while control plants were treated with same amount of distilled water. Inoculated plants
were kept under polythene bags for 48 h to raise humidity and then incubated under
greenhouse conditions. Disease index (DI%) was assessed and results were recorded three
times frequently (7, 14, and 21 days post-inoculation (dpi)) to detect development of early
blight disease. In this trial, six replicates were used; each replicate contains five pots (20 cm
diameter) with two plants in each pot.

4.3. Antifungal Activity

In vitro antifungal activities of PBZ were evaluated by the agar diffusion technique [48].
Briefly, three concentrations of PBZ (25, 50, and 100 mg L~1), besides the control, were
mixed in proper volumes, individually concentrate with 100 mL of the PDA medium, in
sterilized Petri dishes to find required concentration. The negative control was sterilized
with PDA medium. Then, the pre-prepared Petri dishes were inoculated with 5 mm
diameter mycelial mass of freshly prepared culture of the pathogen (I; isolate), incubated
at 27 £ 1 °C, and fungal growth was recorded for 7 days post-inoculation (dpi). The
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whole experiment used six replications for all treatments. The inhibition percentage of the
myecelial growth has been determined using this equation:

Inhibition (%) — % % 100

where “C” shows the mycelial growth in negative control dish, and “T” show the mycelial
growth in different treatments.

4.4. Plant Materials and Growth Conditions

This study was carried out in a nursery of the Faculty of Agriculture, April 2021,
Kafrelsheikh University in Kafr El-Sheikh governorate, to examine the extending of tomato
seedlings life using different doses of PBZ. Paclobutrazol was obtained from Shoura Com-
pany for chemicals, Cairo, Egypt, as super coltar 25% PBZ. Paclobutrazol was dissolved in
water to make solutions of four concentrations that have been used in the present study
(i-e., 0, 25,50, and 100 mg L~'). Throughout the current study, tomato genotype (Solanum
Iycopericum L.—Alissa F; hybrid), which was more susceptible to early blight disease, was
used as an experiential plant. Tomato seeds were obtained from the Nunhems Netherlands
BV Company, Nunhem, Netherlands and sown in seedling trays in the nursery of a pro-
tected cultivation center, Faculty of Agriculture, Kafrelsheikh University, Egypt. Styrofoam
trays, with 209 compartments, were filled with a mixture of coco peat: vermiculite (1:1
as v/v). Treatments were arranged in six replicates; each replication was one tray per
treatment (209 cells). All trays were planted manually, with 209 seeds per tray, and covered
with the above-mentioned media. After sowing, the trays were put in a plastic house with
temperatures ranging from 20 to 30 °C. Trays were watered every 2-3 days using a sprinkler
system to maintain substrate at field capacity. During the growth of the seedlings, they
were fertilized one time in each trial, after over emergence by a soluble compound fertilizer.

At the second true leaf growth stage, seedlings were sprayed with four treatments of
paclobutrazol (0, 25, 50, and 100 mg L~! PBZ. After 10 days from PBZ applications, tomato
seedlings were sprayed with a spore suspension of A. solani. inoculum (10° spores mL™1),
as 250 mL seedling tray !, whereas the similar amount of distilled water was sprayed on
the control seedlings. The most aggressive isolate of A. solani (isolate number 1, I;) was
used in our study. Tomato seedlings were sprayed using a manual pump sprayer, with an
appropriate flow rate, until runoff.

Disease incidence (DI) of early blight was evaluated three times after inoculation, at 7,
14, and 21 days post inoculation (dpi). At the 7th, 14th, and 21st dpt, disease severity (DS)
of the typical symptoms of early blight disease was assessed [47]. For all treatments, six
replications were investigated.

4.5. Assessment of Vegetative Growth and Chlorophyll Content

Vegetative growth parameters of tomato seedlings were assessed for all treatments
after 10, 20, and 30 days from PBZ application. The growth parameters included seedling
height (cm), stem diameter (mm), and fresh and dry weights of seedling and roots (g) per
one seedling. Dry mass was measured after drying at 65 °C for 48 h. Total chlorophyll
content was recorded in the fully expanded seedling leaf, via the SPAD-501 chlorophyll
meter (SPAD-501, Konica Minolta, Tokoyo, Japan), according to [49].

4.6. Enzyme Activities

For enzyme analysis, after 10 days from foliar application of PBZ, samples from fresh
leaves tissues were used to measure the total soluble enzymes activity of Catalase (CAT)
activity, according to [50], and peroxidases (POD), according to [51].

4.7. Anatomical Measurements

For anatomical investigation, transverse sections were taken from the tomato seedlings
ten days after PBZ application. The selected treatments samples used the second internode
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of the stem from the apex. The chosen samples were killed and fixed for 48 h in (FAA)
solution (10 mL formalin, 5 mL glacial acetic acid, and 85 mL ethyl alcohol 70%), then
washed in ethyl alcohol 70% twice. The dehydration of the samples was performed by
passing it in a series of concentrations of ethyl alcohol, followed by embedding it in paraffin
wax of 54 °C melting point. Sectioning, at a thickness of 12 (um), was done with a rotary
microtome (model Leica RM 2125, Leica company, Wetzler, Germany)), followed by staining
with safranin and light green. The samples were cleared in xylene and mounted in Canada
balsam, prepared for microscopic examination [52]. Five reading from each slide were
examined with electric microscope (Leica DM LS, Wetzler, Germany) and digital camera
(Leica DC300, Wetzler, Germany), then photographed. The histological manifestations were
calculated using Leica IM 1000 image management software. Leica software was calibrated
utilizing a 1 cm stage micrometer, scaled at 100 pm increments (604364 Leitz Wetzler,
Germany) at 10x magnification. The chosen sections were examined microscopically
to detect histological features to follow the changes occurring in the stems of tomato
plants, as affected by the application of three different concentrations of PBZ, i.e., 25, 50,
and 100 mg L~!. The histological features in the stem sections are the vascular bundle
dimensions (thickness and width), xylem vessels diameter, and thickness of xylem and
phloem tissue. One developed mature leaf was randomly chosen after 10 days from PBZ
application. Upper epidermis imprints were formed from the middle of each leaflet blade
using Cyanoacrylate adhesive (Amir Alpha, www.amazon.eg, accessed on 21 January 2022).
A drop of the adhesive was placed on a microscopic slide and quickly pressed on the desired
spot of a leaflet, baked by hand. After hardening, the adhesive forms replica of the leaf
surface; it was gently peeled off, and the slides were kept for microscopic measurements [53].
Each imprint was examined and photographed with an electric microscope with a digital
camera; from each photograph, the number of contained stomata were counted in square
microns (um?) using the Leica IM 1000 image management software, Wetzler, Germany).

4.8. Statistical Analyses

All the obtained results of the experiments were tabularized and statistically analyzed
using analysis of variance method, by means of Co-STAT computer software package, IBM,
Armonk, NY, USA, and Duncan’s multiple range test was used to compare between means
of treatments [54].

5. Conclusions

Healthy and vigorous tomato seedlings are necessary for tomato production, where
strong seedlings can support plant productivity in the farming field. The extending of
seedling life is also considered an important agro-practice in several nurseries, especially
under intensive work to avoiding seedlings losses or damages. The current study was
carried out to evaluate whether applying different doses of PBZ can enhance the growth
and quality of tomato seedlings, as well as suppress the early blight under greenhouse
conditions. The results of this research support the idea that PBZ is not only a plant
retardant or plant growth regulator but also a stress ameliorant. Applying PBZ enhanced
tomato seedlings quality, as the vegetative growth, through the inhibition of stem cell
elongation, reduced the length of internodes of the stem, as well as the size and volume of
leaves, and increased chlorophyll production. This is the first study on PBZ that examines
the associations between applied doses of PBZ on tomato seedling resistance to the early
blight pathogen (A. solani). Taken together, these findings suggest the role of PBZ in
promoting the life of tomato seedlings, with high quality and without losses. The findings
of this investigation complement those of earlier studies in the field of tomato seedling
production, particularly under different stresses in particular biotic ones. These findings
raised important theoretical issues that have a bearing on the environmental dimension of
PBZ: are there any ecotoxicological impacts of applied PBZ on the agroecosystem?
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Abstract: Species of Paramyrothecium that are reported as plant pathogens and cause leaf spot or leaf
blight have been reported on many commercial crops worldwide. In 2019, during a survey of fungi
causing leaf spots on plants in Chiang Mai and Mae Hong Son provinces, northern Thailand, 16 iso-
lates from 14 host species across nine plant families were collected. A new species Paramyrothecium
vignicola sp. nov. was identified based on morphology and concatenated (ITS, cmdA, rpb2, and tub2)
phylogeny. Further, P. breviseta and P. foliicola represented novel geographic records to Thailand, while
P. eichhorniae represented a novel host record (Psophocarpus sp., Centrosema sp., Aristolochia sp.). These
species were confirmed to be the causal agents of the leaf spot disease through pathogenicity assay.
Furthermore, cross pathogenicity tests on Coffea arabica L., Commelina benghalensis L., Glycine max
(L.) Merr., and Dieffenbachia seguine (Jacq.) Schott revealed multiple host ranges for these pathogens.
Further research is required into the host-pathogen relationship of Paramyrothecium species that cause
leaf spot and their management. Biotic and abiotic stresses caused by climate change may affect plant
health and disease susceptibility. Hence, proper identification and monitoring of fungal communities
in the environment are important to understand emerging diseases and for implementation of disease
management strategies.

Keywords: climate change; diversity; food security; multi-gene phylogeny; new species; plant
pathology; taxonomy

1. Introduction

Plant diseases have a high impact on food security [1] and fungi play a major role in
plant diseases [2]. Foliar fungal pathogens severely affect the yield and health of commercial
crops [3]. Leaf spots are an early indicator of foliar diseases and may initially occur on the
adaxial leaf surfaces and then appear on the abaxial leaf surface.

Paramyrothecium species have been frequently identified to cause leaf spot and blight
disease on a wide range of vegetables, ornamental plants, and economic crops [4-7]. Disease
symptoms caused by Paramyrothecium may also include stem and crown canker and fruit
rot [8-10]. Lombard et al. [4] designated an epitype for the generic type Paramyrothecium
roridum (=M. roridum). Paramyrothecium species are distinguished from related Myrothecium
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sensu stricto and other myrothecium-like genera by the presence of 1-3 septate, thin-walled
setae surrounding the sporodochia. Currently, there are 19 species listed in Index Fungorum
(http:/ /www.indexfungorum.org/; accessed on 14 April 2022).

Paramyrothecium roridum and P. foliicola are well-known pathogens that cause leaf spot
or leaf blight and have been reported on many commercial crops and a wide range of
hosts, such as soybean, strawberry, and muskmelon [5,8,9]. Rennberger and Keinath [11]
isolated P. foliicola and P. humicola from watermelon and two other cucurbits and confirmed
their pathogenicity on watermelons, tomatoes, and southern peas. Aumentado and Bal-
endres [12] reported P. foliicola causing crater rot in eggplant and 45 plant species from
21 plant families and were tested for the pathogenicity on detached fruit or leaf assays.
Furthermore, P. foliicola is pathogenic to cucumber seedlings and watermelon, causing
stem canker [13]. Due to the lignicolous nature of the Paramyrothecium, they are being
used as bio-pesticides for the control of weeds and insects [14,15]. Interestingly, several
important secondary metabolites or toxins found in Paramyrothecium include trichothecenes
macrolides such as roridin, verrucarin, and mytoxin B, which are important for some
medicinal and biotechnological applications [16-18].

In Thailand, only P. eichhorniae has been reported and this was identified as the cause
of the leaf blight disease of water hyacinth [19]. The diversity of Paramyrothecium species
in Thailand is unknown. As a result, surveys and additional research on the distribution
of Paramyrothecium in Thailand is required. The objective of this study was to identify
and describe Paramyrothecium spp. from northern Thailand and assess their pathogenicity
across a broad range of potential host plant species.

2. Results
2.1. Symptoms

Leaf spots varying in size and shape, depending on the host, were most visible
on the upper surface. The leaf spots consisted of small brown spots or necrotic lesions
with a dark border, while in older lesions, small sporodochia were visible (Figure 1f,n,0).
Necrotic lesions appeared dark gray or black on Centrosema sp., Coccinia grandis, Oroxylum
indicum, Solanum virginianum, Tectona grandis, Vigna mungo, Vigna sp., and V. unguiculata
(Figure 1a,d,e,g h-k,m), and surrounded by a prominent yellow halo on Lablab purpureus,
Psophocarpus sp., and Spilanthes sp. (Figure 1b,cl). Lesions on Aristolochia sp., Coffea
arabica, and Commelina benghalensis consisted of light to dark brown concentric rings with a
target-like appearance, and small sporodochia that appeared on lower and upper surfaces
(Figure 1f,n,0).
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Figure 1. Symptoms on different hosts caused by Paramyrothecium (left) and sporodochia on the
host surface (right); (a) Solanum virginianum; (b) Lablab purpureus; (c) Psophocarpus sp.; (d,i) Vigna
sp.; (e) Coccinia grandis; (f) Commelina benghalensis; (g) Tectona grandis; (h) Vigna mungo; (j) Vigna
unguiculata; (k) Oroxylum indicum; (1) Spilanthes sp.; (m) Centrosema sp.; (n) Aristolochia sp.; (o) Coffea
arabica. Scale bars: (¢,g,j) = 1 mm; (b,d—£,1) = 2 mm; (a,ik) = 4 mm; (h,m) =5 mm; (0) = 6 mm;
(n)=1cm.

2.2. Culture Morphology

Diverse culture characters were observed on PDA at room temperature (25-30 °C)
(Figure 2). Eleven isolates of Paramyrothecium sp. (SDBR-CMU374, SDBR-CMU375, SDBR-
CMU376, SDBR-CMU377, SDBR-CMU378, SDBR-CMU379, SDBR-CMU380, SDBR-CMU382,
SDBR-CMU387, SDBR-CMU388, and SDBR-CMU389) (Figure 2a—j,1) formed whitish colonies
with entire to slightly undulated margins, radial or in concentric rings with sporodochia,
covered with slimy olivaceous green to black conidial masses, while the other four iso-
lates (SDBR-CMU383, SDBR-CMU384, SDBR-CMU385, and SDBR-CMU386) (Figure 2m-p)
formed abundant white aerial mycelium with sporodochia forming on the stroma and
surface of the medium, covered by slimy olivaceous green to black conidial masses. Isolate
SDBR-CMU381 (Figure 2k) produced exudates with brown pigment into the medium.
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Figure 2. Colonies of Paramyrothecium species on PDA after 15 days at 25-30 °C.

2.3. Phylogenetic Analysis

The phylogenetic tree topologies of the ML and BI analyses for concatenated ITS,
cmdA, rpb2, and tub2 were similar. Hence, a phylogenetic tree from ML analyses is used to
represent the results of both ML and BI analyses. The dataset comprised 53 taxa with 1760
characters (ITS: 1-542; cmd A: 543-824; rpb2: 825-1548; tub2: 1549-1760), including gaps.
The GTR+G+I model was the best-fit model for all loci. The best scoring likelihood tree
was selected on the basis of the ML analysis, with a final ML optimization likelihood value
of —8176.4871, as shown in Figure 3. Sixteen new isolates were clustered into four distinct
clades in Paramyrothecium (see the notes).

2.4. Taxonomy

Isolates from symptomatic living leaves of different hosts were recognized under
Paramyrothecium based on taxonomy (Table 1) and multi-gene phylogeny (Figure 3). The
morphologies of the Paramyrothecium species are described herein.
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Figure 3. Phylogram generated from maximum likelihood analysis based on combined ITS, cmdA,
rpb2, and tub2 sequenced data. Fifty-three strains are included in the combined sequence analyses,
which comprise 1760 characters with gaps. Single gene analyses were also performed, and topology
and clade stability were compared from combined gene analyses. Striaticonidium cinctum (CBS 932.69),
S. humicola (CBS 388.97), and S. synnematum (CBS 479.85) are used as the outgroup taxa. The best
scoring RAXML tree with a final likelihood value of —8176.4871 is presented. The matrix had 524
distinct alignment patterns. Estimated base frequencies were as follows; A = 0.2266, C = 0.2915,
G = 0.2681, T = 0.2138; substitution rates AC = 1.1215, AG = 5.1556, AT = 1.0792, CG = 1.2292,
CT =11.1203, GT = 1.0000; gamma distribution shape parameter « = 0.3855. The bootstrap support
(>50%) of ML and the posterior probability values (>0.9) of BI analyses are indicated above or below
the respective branches. The fungal isolates from this study are indicated in red. The type species are
indicated in bold.
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Paramyrothecium vignicola Withee & Cheew., sp. nov. (Figure 4).

Figure 4. Paramyrothecium vignicola (CRC4-H, holotype); (a) leaf spot of Vigna sp.; (b) sporodochia on
leaf; (c) sporodochial conidiomata on PDA; (d,e) conidiophores and conidiogenous cells; (f,g) conid-
iogenous cells; (h) setae; (i) conidia. Scale bars: (b,c) = 1 mm; (d-h) = 10 um; (i) =5 pm.

Mycobank: MB 843763.

Etymology: Name reflects the host genus Vigna, from which the species was collected.

Holotype: SDBR-CMU376.

Description: Sexual morph: unknown. Asexual morph: Conidiomata sporodochial,
stromatic, superficial, cupulate, scattered or gregarious, oval or irregular in outline,
(60-)90-300(-385) pm diam, (70-)140-180(-200) pm deep, with a white to creamy setose
fringe surrounding an olivaceous green agglutinated slimy mass of conidia. Stroma poorly
developed, hyaline. Setae arising from the stroma thin-walled, hyaline, 3-8-septate, straight
becoming sinuous above the apical septum, 80-155 um long, 2-3 um wide, tapering to an
acutely rounded apex. Conidiophores arising from the basal stroma, consisting of a stipe and
a penicillately branched conidiogenous apparatus; stipes unbranched, hyaline sometimes
covered by a green mucoid layer, septate, smooth, 40-60 x 2-3 um; primary branches
aseptate, unbranched, smooth, 10-26 x 2-3 um (¥ = 18 x 3 um, n = 20); secondary branches
aseptate, unbranched, smooth, 10-17 x 2-3 um (¥ = 13 x 3 um, n = 20); terminating in a
whorl of 3-6 conidiogenous cells; conidiogenous cells phialidic, cylindrical to subcylindri-
cal, hyaline, smooth, straight to slightly curved, 11-16 x 1-3 um (¥ = 13 x 2 um, n = 20),
with conspicuous collarettes and periclinal thickenings. Conidia aseptate, hyaline, smooth,
cylindrical to ellipsoidal, 5-7 x 1-3 um (¥ = 6 x 2 um, n = 20), rounded at both ends.

Culture characteristics: Colonies on PDA, dense, circular, flattened, slightly raised,
floccose, white aerial mycelium, radiating with concentric ring of sporodochia forming,
covered by slimy olivaceous green to black conidial masses.

Material examined: Thailand, Mae Hong Son Province, on living leaf of Vigna sp.
(Fabaceae), 11 September 2019, N. Tamakaew, CRC4-H (holotype), ex-type living culture
SDBR-CMU376; ibid., on living leaf of Solanum virginianum (Solanaceae), 11 September 2019,
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N. Tamakaew, CRC1-H, living culture SDBR-CMU389; ibid., on living leaf of Lablab purpureus
(Fabaceae), 11 September 2019, N. Tamakaew, CRC2-H, living culture SDBR-CMU374; ibid.,
on living leaf of Coccinia grandis (Cucurbitaceae), CRC6-H, living culture SDBR-CMU377;
Chiang Mai province, on living leaf of Commelina benghalensis (Commelinaceae), 20 November
2019, P. Withee, CRC14-H, living culture SDBR-CMU381; ibid., on living leaf of Vigna mungo
(Fabaceae), 5 December 2019, N. Tamakaew, CRC144-H, living culture SDBR-CMU384; ibid.,
on living leaf of Vigna sp. (Fabaceae), CRC145-H, living culture SDBR-CMU385; ibid., on
living leaf of Vigna unguiculata (Fabaceae), 10 February 2020, P. Withee, CRC146-H, living
culture SDBR-CMU386.

Notes: Based on ITS, cmdA, rpb2 and tub2 phylogeny (Figure 3) and cmdA and tub2
(data not shown), Paramyrothecium foliicola formed two distinct clades. The clade with
Paramyrothecium foliicola type (CBS 113121) was treated as the Paramyrothecium sensu stricto.
Eight of the new strains clustered with eight previously described Paramyrothecium strains
(as P. foliicola) and formed a well-supported clade (100% BS/1.00 PP) (Paramyrothecium
sensu lato) closely related to P. eichhorniae and P. foliicola (Figure 3). Based on morphology
and phylogeny, we introduce a new species to accommodate taxa in P. foliicola sensu lato.
Paramyrothecium vignicola differs from P. eichhorniae and P. foliicola with longer setae (up
to 155 um vs. up to 120 pm and up to 100 pm). The conidia of P. vignicola (5-7 x 1-3 um)
are slightly larger than those of P. eichhorniae (5-6.5 x 1.5-2.5 um) [20] and P. foliicola
(5-6 x 1-2 um) [4]. Paramyrothecium vignicola differs from other Paramyrothecium species by
its 3-8-septate, thin-walled setae surrounding the sporodochia. In BLAST searches of NCBI
GenBank, the closest matches of the sequences are Paramyrothecium: P. foliicola (CBS 11321)
with 98.98% similarity in ITS sequence, 93.89% similarity in cmdA. P. vignicola, 96.32%
in tub2 with P. foliicola (CBS 11321). Based on phylogenetic evidence and morphological
differences, P. vignicola is a new species.

Paramyrothecium breviseta L. Lombard & Crous, in Lombard et al., Persoonia 36: 207
(2016) (Figure 5).

ke Lo "’%_

Figure 5. Paramyrothecium breviseta (CRC13-H); (a,b) leaf spot of Coffea arabica; (c) sporodochia on leaf;
(d) conidiophores and conidiogenous cells; (e-g) conidiogenous cells; (h) setae; (i) conidia. Scale bars:
(d) =20 pm; (e~h) = 10 um; (i) = 5 pm.
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Description: Sexual morph: unknown. Asexual morph: Conidiomata sporodochial,
stromatic, cupulate, superficial, scattered or rarely gregarious, oval or irregular in outline,
135-790 pm diam, 9-15 um deep, with a white setose fringe surrounding an olivaceous
green to black agglutinated slimy mass of conidia. Setae arising from the stroma thin-
walled, hyaline, 1-5-septate, straight to flexuous, 25-120 um long, 2-3 um wide, tapering
to an acutely rounded apex. Conidiophores arising from the basal stroma, consisting of
a stipe and a penicillately branched conidiogenous apparatus; stipes unbranched, hya-
line, septate, smooth, 6-9 x 2—4 um; primary branches aseptate, unbranched, smooth,
12-24 x 34 um (¥ = 18 x 3 um, n = 20); secondary branches aseptate, unbranched, smooth,
10-17 x 2=4 pm (¥ = 12 x 3 pm, n = 20); terminating in a whorl of 3-6 conidiogenous
cells; conidiogenous cells phialidic, cylindrical to subcylindrical, hyaline, smooth, straight
to slightly curved, 6-11 x 1-2 um (¥ = 9 x 2 um, n = 20), with conspicuous collarettes
and periclinal thickenings. Conidia aseptate, hyaline, smooth, cylindrical to ellipsoidal,
5-7 x 1-2 um (X = 6 x 2 um, n = 20), rounded at both ends.

Culture characteristics: Colonies on PDA, dense, circular, flattened, slightly raised,
floccose, white aerial mycelium, radiating with concentric ring of sporodochia forming,
covered by slimy olivaceous green to black conidial masses.

Material examined: Thailand, Chiang Mai, on living leaf of Coffea arabica (Rubiaceae), 20
November 2019, R. Cheewangkoon and P. Withee, CRC13-H, living culture SDBR-CMU387;
ibid., CRC12-H, living culture SDBR-CMU388.

Notes: Phylogenetically, SDBR-CMU387 and SDBR-CMU388 formed a well-supported
clade closely related to Paramyrothecium breviseta L. Lombard & Crous (Figure 2). Paramy-
rothecium breviseta was collected on an unknown substrate in India [4] and in this study,
we collected P. breviseta from Coffea arabica (Rubiaceae) in Chiang Mai Province. The mor-
phology of the fresh specimen is similar to that described by Lombard et al. [4], but the
conidia (5-7 x 1-2 vs. 4-5 x 1-2 um) and setae (25-120 x 2-3 vs. 25-40 x 2-3 um) are
longer. However, this is the first host report of leaf spot causing P. breviseta on C. arabica in
Thailand.

Paramyrothecium eichhorniae J. Unartngam, A. Unartngam & U. Pinruan, in Pinruan
et al., Mycobiology 50: 17 (2022) (Figure 6).

Description: Sexual morph: unknown. Asexual morph: Conidiomata sporodochial, stro-
matic, superficial, cupulate, scattered or gregarious, oval or irregular in outline,
(60-)70-250(-500) pm diam, (60-)70-270(—370) um deep, with a white setose fringe sur-
rounding an olivaceous green to dark green slimy mass of conidia. Setae arising from the
stroma thin-walled, hyaline, 1-5-septate, straight to flexuous, 60-120 pm long, 2-3 um
wide, tapering to an acutely rounded apex. Conidiophores arising from the basal stroma, con-
sisting of a stipe and a penicillately branched conidiogenous apparatus; stipes unbranched,
hyaline, septate, smooth, 15-40 x 2-3 um; primary branches aseptate, unbranched, smooth,
10-17 x 2-3 pm (¥ = 12 x 3 um, n = 20); secondary branches aseptate, unbranched, smooth,
7-14 x 2-3 um (¥ = 10 x 3 um, n = 20); terminating in a whorl of 3-6 conidiogenous cells;
conidiogenous cells phialidic, cylindrical to subcylindrical, hyaline, smooth, straight to
slightly curved, 11-17 x 2-3 pm (¥ = 14 x 2 um, n = 20), with conspicuous collarettes
and periclinal thickenings. Conidia aseptate, hyaline, smooth, cylindrical to ellipsoidal,
5-7 x 1-2 pm (¥ = 6 X 2 um, n = 20), rounded at both ends.

Culture characteristics: Colonies on PDA, entire to slightly undulated margins, with
sporodochia forming on the surface of the medium, covered by slimy olivaceous green to
black conidial masses.
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Figure 6. Paramyrothecium eichhorniae (CRC143); (a) leaf spot of Aristolochia sp.; (b) sporodochia
on leaf; (c) sporodochial conidiomata on PDA; (d) sporodochia; (e,f) conidiogenous cells; (g) setae;
(h) conidia. Scale bars: (b,c) =1 mm; (d,g) = 20 um; (e,f) = 10 um; (h) =5 um.

Material examined: Thailand, Mae Hong Son Province, on living leaf of Psophocarpus
sp. (Fabaceae), 11 September 2019, N. Tamakaew, CRC3-H, living culture SDBR-CMU375;
ibid., on living leaf of Oroxylum indicum (Bignoniaceae), 11 September 2019, N. Tamakaew,
CRC8-H, living culture SDBR-CMU378; ibid., on living leaf of Spilanthes sp. (Asteraceae), 11
September 2019, N. Tamakaew, CRC148-H, living culture SDBR-CMU379; ibid., on living
leaf of Centrosema sp. (Fabaceae), 11 September 2019, N. Tamakaew, CRC11-H, living culture
SDBR-CMU380; Chiang Mai province, on living leaf of Aristolochia sp. (Aristolochiaceae),
January 2020, P. Suttiprapan, CRC143-H, living culture SDBR-CMU383.

Note: Based on multigene phylogeny, five isolates in this study clustered with Paramy-
rothecium eichhorniae, which was associated with water hyacinth (Eichhornia crassipes) and
recently described from Thailand [10]. Morphologically, the conidiogenous cells of our
collections are similar to those of the holotype of P. eichhorniae. However, the conidia of
P. eichhorniae in this study are thinner than reported by Pinruan et al. [19] (5-7 x 1-2 pm vs.
5-6.5 x 1.5-2.5 um) and have more septa in setae than the holotype (1-5 vs. 1-3 septate).
This is the first report of P. eichhorniae on Psophocarpus sp., Centrosema sp., and Aristolochia
sp. from Thailand.

Paramyrothecium foliicola L. Lombard & Crous, in Lombard et al., Persoonia 36: 209
(2016) (Figure 7).

Description: Sexual morph: unknown. Asexual morph: Conidiomata sporodochial, stro-
matic, superficial, cupulate, scattered or gregarious, oval or irregular in outline,
(60-)100-170(-245) pm diam, (70-)140-165(-200) um deep, with a white to creamy setose
fringe surrounding an olivaceous green agglutinated slimy mass of conidia. Stroma poorly
developed, hyaline. Setae arising from the stroma thin-walled, hyaline, 1-4(-8)-septate,
straight becoming sinuous above the apical septum, 35-175 pm long, 2-3 um wide, tapering
to an acutely rounded apex. Conidiophores arising from the basal stroma, consisting of a stipe
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and a penicillately branched conidiogenous apparatus; stipes unbranched, hyaline some-
times covered by a green mucoid layer, septate, smooth, 20-75 x 2—4 pum; primary branches
aseptate, unbranched, smooth, (10-)17-21(-26) x 2-3(—4) um (x¥ = 15 x 3 um, n = 20); sec-
ondary branches aseptate, unbranched, smooth, (7-)9-17(-19) x 2-3(—4) um (¥ = 14 x 3 pm,
n = 20); terminating in a whorl of 3-6 conidiogenous cells; conidiogenous cells phialidic,
cylindrical to subcylindrical, hyaline, smooth, straight to slightly curved, 10-17 x 1-3 pm
(x =13 x 2 um, n = 20), with conspicuous collarettes and periclinal thickenings. Conidia
aseptate, hyaline, smooth, cylindrical to ellipsoidal, 5-8 x 1-3 um (X =7 x 2 um, n = 20),
rounded at both ends.

Figure 7. Paramyrothecium foliicola (CRC15); (a) sporodochia on leaves of Tectona grandis
(b) sporodochial conidiomata on PDA; (c,d) sporodochia (e,f) conidiogenous cells; (g) setae; (h) condia.
Scale bars: (a) = 500 um; (b) = 1 mm; (c) = 30 um; (d,g) = 20 pm; (h) =5 pm.

Culture characteristics: Colonies on PDA, abundant white aerial mycelium with
sporodochia forming on the aerial mycelium and surface of the medium, covered by slimy
olivaceous green to black conidial masses.

Materials examined: Thailand, Chiang Mai, on living leaf of Tectona grandis (Lamiaceae),
20 November 2019, P. Withee, CRC15-H, living culture SDBR-CMU382.

Notes: Based on our phylogenetic analysis (Figure 3), SDBR-CMU382 isolates were
clustered with Paramyrothecium foliicola. The morphology of our collection (CRC15-H) is
similar to that of P. foliicola described by Lombard et al. [4]. However, our collection has
longer conidiophores (20-75 x 2—4 vs. 15-25 x 2-3 pm) and more septa in setae (1-4(-8) vs.
1-3 septate), conidiogenous cells (10-17 x 1-3 vs. 8-14 x 1-2 pm) and conidia (5-8 x 1-3
vs. 5-6 x 1-2 um). This may be due to distribution, environment, and morphological
variability within the species. This is the first report of P. foliicola from Tectona grandis in
Thailand.
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2.5. Pathogenicity Test and Cross Pathogenicity

Koch’s postulates confirmed that all the fungal isolates were able to cause disease in
unwounded leaves of Commelina benghalensis and Glycine max (Figure 8b,c). The SDBR-
CMU383 isolate infected all inoculated plants and was highly aggressive on most, except for
C. benghalensis. No infection was observed in the unwounded inoculation of Coffea arabica
and Dieffenbachia sequine (Figure 8a,d). Leaves receiving sterilized distilled water remained
healthy. The fungi were re-isolated from the diseased leaf tissues in each experiment, and
each isolated fungus was identical to the inoculated fungus. Further, Koch’s postulates
confirmed that all isolates of Paramyrothecium vignicola, P. breviseta, P. eichhorniae, and
P. foliicola were pathogenic to their original host plants. Cross pathogenicity tests showed
that all isolates infected inoculated (wounded) C. arabica, C. benghalensis, G. max, and
D. seguine leaves (Table 2). The symptoms showed light to dark brown and irregular to
round lesions, which had scattered olive-colured sporodochia and dark exudates of spore
masses (Figure 8).

Figure 8. Pathogenicity test (a,b) and cross pathogenicity (c,d); Control (left); (a) Paramyrothecium
brevista on Coffea arabica; (b) P. vignicola on Commelina benghalensis; (c) P. vignicola on Glycine max;
(d) P. vignicola on Dieffenbachia seguine; (w) wound and (uw) unwound. Scale bars: (a—c) = 1 cm;
(d) =6 cm.
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Table 2. Pathogenicity test and cross pathogenicity of Paramyrothecium species on original hosts and
other plant species.

Plant Hosts
Species Original Host Isolates Coffea arabica Commelznt,? Glycine max Dieff: enb.achza
benghalensis seguine
w uw w uw w uw w uw
P. vignicola Vigna sp. SDBR-CMU376 T + - + + + + + -
Lablab purpureus SDBR-CMU374 + - + + + + + -
Coccinia grandis SDBR-CMU377 + - + + + + + -
Commelina SDBR-CMU381 + - + + + + + ;
benghalensis
Vigna mungo SDBR-CMU384 + - + + + + + -
Vigna sp. SDBR-CMU385 + - + + + + + -
Vigna unguiculata SDBR-CMU386 + - + + + + + -
Solantm SDBR-CMU389 + - + + + + + :
virginianum
P. brevista Coffea arabica SDBR-CMU387 + - + + + + + -
Coffea arabica SDBR-CMU388 + - + + + + + -
P. eichhornige ~ Psophocarpus sp. SDBR-CMU375 + - + + + + + -
Oroxylum indicum SDBR-CMU378 + - + + + + + -
Spilanthes sp. SDBR-CMU379 + - + + + + + -
Centrosema sp. SDBR-CMU380 + - + + + + + -
Aristolochia sp. SDBR-CMU383 + - - - + + + -
P. foliicola Tectona grandis SDBR-CMU382 + - + + + + + -

uTr

Note: (-) No symptoms (+) Symptoms (w) wound and (uw) unwound.; Superscript indicates type species.

3. Discussion

The new species Paramyrothecium vignicola was described using morphology and
multi-gene phylogeny and the host range included Solanum virginianum (Solanaceae), Lablab
purpureus (Fabaceae), Coccinia grandis (Cucurbitaceae), Commelina benghalensis (Commelinaceae),
Vigna sp., V. mungo, and V. unguiculata (Fabaceae). Multi-gene phylogeny using ITS, cmdA,
rpb2, and tub2 sequence data clearly identified P. eichhorniae, P. vignicola, P. breviseta, and
P. foliicola as distinct species within Paramyrothecium. Further, multi-gene phylogeny pre-
cisely demonstrated the species delineation of Paramyrothecium.

The pathogenicity assays showed that P. vignicola, P. breviseta, P. eichhorniae, and P. foli-
icola isolated from different hosts from different locations in northern Thailand can all cause
leaf spot disease on different host families, including Rubiaceae, Fabaceae, Commelinaceae,
and Araceae. However, the disease severity was related to the plant species and inoculation
methods, where Paramyrothecium spp. could not cause disease in Coffea arabica and Dief-
fenbachia seguine without wounding. Wounding involves the breakage of the plant’s first
barrier of defense; cuticle and epidermal cells. The tissue then becomes more susceptible to
the pathogens. Some species cannot infect non-wounded leaves, hence they are weakly
aggressive on these hosts [15]. On the other hand, Commelina benghalensis and Glycine
max were susceptible to all isolates. These results are similar to those of Rennberger and
Keinath [11] and Aumentado and Balendres [12], in which Parammyrothecium species were
able to infect original and non-original hosts within the same family (host shift ability) and
different families (host jump ability).

For species diversity and distribution, more gene studies and more reference sequences
are needed to resolve the species boundaries of Paramyrothecium. Field inspections are
needed to confirm the importance of this pathogen and prove that diseases associated
with Paramyrothecium species are threats to economic crops in Thailand. The information
on the spread of related species to new areas is necessary as climate change may enable
saprotrophic fungi to switch their nutritional mode across a wider host range, even if an
area is predicted to be at risk from an introduced pathogen. It may be the case that few
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of the susceptible host species are present in this predicted area [26], so for the risk to be
realized, climate change should also favor the migration of susceptible species or increase
the susceptibility of the resident hosts.

Paramyrothecium leaf spot occurs in commercially important plants (Coffea arabica,
Tectona grandis, Vigna mungo, and V. unguiculata) as well as on non-commercial plants
(Aristolochia sp., Centrosema sp., Coccinia grandis, Commelina benghalensis, Lablab purpureus,
Oroxylum indicum, Psophocarpus sp., Solanum virginianum, Spilanthes sp., and Vigna sp.).
In cross pathogenicity assays, all the isolates from host plants could induce the disease
on non-original hosts. Paramyrothecium species can stay in non-commercial plants, and
they can infect commercially important crops. Hence, Paramyrothecium leaf spot disease
has the potential to be an emerging fungal disease in Thailand. Thus, more research
on Paramyrothecium is required for epidemiology studies and management strategies in
agriculture, horticulture, and plantation forestry.

4. Materials and Methods
4.1. Sample Collection

Symptomatic plant leaves were collected from fields or forests in different locations
in northern Thailand. The name of the host, location, and collection dates were recorded.
Specimens were taken to the lab, and infected leaves were examined directly using the stereo
microscope (Zeiss Stemi 305) to observe the fungal structures (sporodochia). Symptomatic
leaves without fungal structures were also incubated in moist chambers (Petri dishes
containing moist filter paper). Leaves were inspected daily for Paramyrothecium-like fungi.

4.2. Fungal Isolation and Taxonomic Description

Fungal structures on leaf samples were mounted in lactic acid and photographed
under a light microscope (Axiovision Zeiss Scope-Al). Measurements were made with the
Tarosoft (R) Image Frame Work program (Tarosoft, Bangkok, Thailand). The fungi were
isolated using the single spore isolation technique [27]. Cultures were plated onto fresh
PDA and incubated at 25-30 °C in daylight to promote sporulation. Cultural characteristics
were observed after 14 days. The specimens were deposited in the fungal collection library
at the Department of Entomology and Plant Pathology (CRC), Faculty of Agriculture,
Chiang Mai University, Chiang Mai, Thailand. Pure fungal isolates were deposited in the
Culture Collection of the Sustainable Development of Biological Resources Laboratory
(SDBR), Faculty of Science, Chiang Mai University, Chiang Mai, Thailand.

4.3. DNA Extraction, Amplification, and Analyses

Fungal mycelia were grown on PDA at 25-30°C for 7 days and DNA was extracted
by using the DNA Extraction Mini Kit (FAVORGEN, Ping-Tung, Taiwan) following the
manufacturer’s instructions. DNA amplifications were performed by polymerase chain
reaction (PCR). The relevant primer pairs used in this study are listed in Table 3.

Table 3. Gene regions and primer sequences used in this study.

Gene Regions Primers Sequence (5'—3) Length (bp) References
ITS5 GGA AGT AAA AGT CGT AAC AAG G
115 ITS4 TCC GCT TAT TGA TAT GC ca. 600 [28]
CAL-228F  GAG TTC AAG GAG GCC TTC TCC C
cmdA CAL-737R CAT CTT TCT GGC CAT GG C(?ALL‘ f;;g};_cg‘g%r{géﬁ;zo [29,30]
CAL2Rd  TGR TCN GCC TCD CGG ATC ATC TC '

o RPB2-5F GAY GAY MGW GAT CAY TTY GG 1000 3]
P RPB2-7cR CCC ATR GCT TGY TTR CCC AT @

b2 Bt2a GGT AAC CAA ATC GGT GCT TTC 320 (321
" Bt2b ACC CTC AGT GTA GTG ACC CTT GGC ca
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The quality of PCR amplification was confirmed on 1% agarose gel electrophoresis
and viewed under ultraviolet light, and the sizes of amplicons were determined against a
HyperLadderTM I molecular marker (BIOLINE). Further purification of PCR products was
performed using the PCR Clean-up Gel Extraction NucleoSpin ® Gel and PCR Clean-Up
Kit (Macherey-Nagel, Diiren, Germany). The purified PCR fragments were sent to the 1st
Base Company (Kembangan, Selangor, Malaysia). The obtained nucleotide sequences were
deposited in GenBank.

Sequences were assembled using SeqMan 5.00 and the closely related taxa for newly
generated sequences were selected from GenBank® based on BLAST searches of the NCBI
nucleotide database (http://blast.ncbi.nlm.nih.gov/; accessed on 4 March 2022). The
reference nucleotide sequences of representative genera in Stachybotriaceae are in Table 4.
The individual gene sequences were initially aligned by MAFFT version 7 [33] (http:
/ /mafft.cbrc.jp/align-ment/server/; accessed on 4 March 2022) and improved manually
where necessary in BioEdit v.7.0.9.1 [34]. The final alignment of the combined multigene
dataset was analyzed and inferred the phylogenetic trees based on maximum likelihood
(ML) and Bayesian inference (BI) analyses. The ML analyses were carried out on RAXML-
HPC2 on XSEDE (v. 8.2.8) [35,36] via the CIPRES Science Gateway platform [37]. Maximum
likelihood bootstrap values (BS) equal or greater than 50% are defined above each node.
The BI analyses were performed by MrBayes on XSEDE, MrBayes 3.2.6 [38] via the CIPRES
Science Gateway. Bayesian posterior probabilities (PP) [39,40] were determined by Markov
Chain Monte Carlo Sampling (BMCMC). Six simultaneous Markov chains were run from
random trees for 2,000,000 generations, and trees were sampled every 100th generation.
The run was stopped when the standard deviation of split frequencies was reached at less
than 0.01. The first 20% of generated trees representing the burn-in phase of the analysis
were discarded, and the remaining trees were used for calculating PP in the majority rule
consensus tree. The Bayesian posterior probabilities (BYPP) equal to or greater than 0.9 are
defined above the nodes. The phylogenetic tree was visualized in FigTree v.1.4.3 [41] and
edited in Adobe Illustrator CC 2021 version 23.0.3.585 and Adobe Photoshop CS6 version
13.0. (Adobe Systems, New York, USA).

4.4. Pathogenicity Tests and Cross Pathogenicity

Koch'’s postulates were used to confirm the pathogenicity of all the isolates on their
original hosts. Cross pathogenicity of all the isolates was performed in healthy leaves
of selected economically important plants in northern Thailand, including Coffea arabica
(Rubiaceae) and Glycine max (Fabaceae) and widespread herbaceous plants including Com-
melina benghalensis (Commelinaceae) and Dieffenbachia seguine (Araceae). Healthy leaves were
surface disinfected with 70% ethanol, washed two times with sterile distilled water, and
air-dried under laminar flow. Conidial suspensions (10° conidia/mL) were prepared for
all fungal isolates in sterile distilled water. The conidia (10 pL of spore suspension) were
placed on the upper surface of the leaves. In addition, the leaves were also wounded before
inoculation. The upper epidermis was wounded approximately 2 cm from the mid-vein by
pricking with a sterile needle to about 1 mm depth. Three wounds were made for each leaf,
vertically on each side of the mid-vein. Control leaves received drops of sterile distilled
water. All inoculated leaves were placed in a moist chamber at 25-30 °C under daylight
condition. After 7 days, symptoms were recorded, compared, and confirmed with the
original morphology and molecular relationships.
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5. Conclusions

Leaf spots caused by Paramyrothecium spp. were isolated from commercially important
plants (Coffea arabica, Tectona grandis, Vigna mungo, and V. unguiculata), and non-commercial
plants (Aristolochia sp., Centrosema sp., Coccinia grandis, Commelina benghalensis, Lablab
purpureus, Oroxylum indicum, Psophocarpus sp., Solanum virginianum, Spilanthes sp., and
Vigna sp.) in northern Thailand. Based on morphology and concatenated (ITS, cmdA, rpb2,
and tub2) phylogeny, P. vignicola, P. breviseta, P. eichhorniae, and P. foliicola were identified.
The pathogenicity of each isolate was proven using Koch’s postulates. The pathogenicity
assay revealed that all the isolates can cause the leaf spot disease. Interestingly, cross
pathogenicity assay proved the ability of all 16 isolates to cause the disease on a wide range
of hosts.
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Abstract: Date palm (Phoenix dactylifera L.) is the most important edible fruit crop in Saudi Arabia.
Date palm cultivation and productivity are severely affected by various fungal diseases in date
palm-producing countries. In recent years, black scorch disease has emerged as a devastating disease
affecting date palm cultivation in the Arabian Peninsula. In the current survey, leaves and root
samples were collected from deteriorated date palm trees showing variable symptoms of neck
bending, leaf drying, tissue necrosis, wilting, and mortality of the entire tree in the Al-Ahsa region
of Saudi Arabia. During microscopic examination, the fungus isolates growing on potato dextrose
agar (PDA) media produced thick-walled chlamydospores and endoconidia. The morphological
characterization confirmed the presence of Thielaviopsis punctulata in the date palm plant samples as
the potential agent of black scorch disease. The results were further confirmed by polymerase chain
reaction (PCR), sequencing, and phylogenetic dendrograms of partial regions of the ITS, TEF1-«, and
B-tubulin genes. The nucleotide sequence comparison showed that the T. punctulata isolates were
99.9-100% identical to each other and to the T. punctulata isolate identified from Irag-infecting date
palm trees. The pathogenicity of the three selected T. punctulata isolates was also confirmed on date
palm plants of Khalas cultivar. The morphological, molecular, and pathogenicity results confirmed
that T. punctulata causes black scorch disease in symptomatic date palm plants in Saudi Arabia.
Furthermore, seven commercially available fungicides were also tested for their potential efficacy
to control black scorch disease. The in vitro application of the three fungicides Aliette, Score, and
Tachigazole reduced the fungal growth zone by 86-100%, respectively, whereas the in vivo studies
determined that the fungicides Aliette and Score significantly impeded the mycelial progression of
T. punctulata with 40% and 73% efficiency, respectively. These fungicides can be used in integrated
disease management (IDM) strategies to curb black scorch disease.

Keywords: Thielaviopsis punctulata; date palm; black scorch disease; multi-locus phylogeny

1. Introduction

Date palm (Phoenix dactylifera L.) is the most extensively cultivated fruit tree plant in
extreme arid and semi-arid regions due to its socio-economic and significant nutritional
value [1]. Saudi Arabia is ranked second in date palm production, with an area of 157,000 ha
being dedicated to it and 1.1 million tons of dates produced annually [2]. In Saudi Arabia,
approximately 450 date palm cultivars have been cultivated in different regions [3]. Soil-
borne pathogenic fungi cause serious infections and adversely affect the date quality and
production [4,5].

The genus Thielaviopsis (family Ceratocystidaceae) (former Ceratocystis pro parte) includes
six species: T. cerberus, T. punctulata, T. ethacetica, T. musarum, T. euricoi, and T. paradoxa [6].
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Previously, these species were collectively called Ceratocystis paradoxa complex [7] and
have been re-assigned by de Beer et al. [6] into the genus Thiclaviopsis (type species
T. ethacetica). Among them, T. paradoxa (anamorph of C. paradoxa) and T. punctulata
(anamorph of C. radicicola) have been reported to be the causal agents of neck bending, wilt-
ing, black scorch, rhizosis, and chlorosis in young leaves not only in the Arabian Peninsula
but also in other major date palm-producing countries [8,9]. These fungi infect a wide range
of host plants, including coconut, palms, pineapple, and sugarcane [10,11]. Naturally, both
species are soil-borne wound pathogens, which can confront any part of the date palm trees
at any stage during their life cycle. Black scorch disease can cause economic losses to the
date palm industry and may result in losses of newly planted off-shoots of ~50% [4]. This
disease has a wide ecological distribution, with T. paradoxa being the major disease-causing
agent on date palm plantations in Iran [12], Iraq [13], Italy [14], Kuwait [15], Oman [8],
Qatar [16], Saudi Arabia [17,18], and the United States [19]. Moreover, T. punctulata has also
been found to cause black scorch infestation on date palm trees in Oman [20], Qatar [16],
and more recently, in the United Arab Emirates [5].

Once they have penetrated any vegetative part of the plant, these fungi cause severe
rotting to occur in the buds, heart, inflorescence, leaves, and/or trunk of the plant [8].
Symptoms are characterized by tissue necrosis, the appearance of charcoal-like black and
hard tissue lesions, the bending of the terminal bud or heart, and ultimately, sudden decline
of the whole tree. Both Thielaviopsis species have been found to cause black scorch disease
either independently or in combination with secondary fungal pathogens, such as Alternaria
and Phoma spp. [8]. The disease severity may be exacerbated during abiotic stresses or due
to poor horticultural practices [21].

The application of chemical control methods has been a major strategy to control
black scorch disease despite the broad-spectrum negative impact of fungicides on the
surrounding environment as well as their effects on human welfare. It has been found that
applying difenoconazole provides effective control against black scorch disease in date
palm plants [5]. Nevertheless, adopting integrated disease management (IDM) approaches
may enormously reduce the use of chemicals and fungicides in crop plants [22,23]. The use
of traditional management practices is also common to control black scorch disease. These
may include avoiding wounds, cutting off diseased plant parts or the whole tree, and the
integrated use of irrigation and fertilization [24,25]. However, an alternative to fungicides
is the use of biological control agents (BCAs), which can provide fair control over the fungal
population and can suppress their activity in plant tissues [26]. Thus, exploring native
BCAs and/or their natural antagonistic products can also be a potential substitute for
conventional fungicides to curtail black scorch disease. However, as a part of the long-term
IDM approach, more recent genome editing and biotechnological approaches can provide
fair control and can target fungal pathogens in date palm [27,28].

During a survey in the Al-Ahsa region, we observed withering, rhizosis (rapid de-
cline), leaf wilting, neck bending, the yellowing of young leaves, and root necrosis in date
palm plantations. The most frequently isolated pathogen from both necrotic roots and
symptomatic leaves was T. punctulata. However, an extensive survey followed by the
complete morphological, biological, and molecular characterization of the causal organism
was required. Thus, this study was designed to study black scorch disease in date palm.
The outcome of the proposed research project broadens our knowledge of the economic
impact that T. punctulata has in the agro-ecological regions of Saudi Arabia. The study
further explored the potential of various commercially available fungicides to develop an
effective IDM strategy against T. punctulata in date palm.

2. Results

Date palm trees with progressed fungal infection and that were showing typical black
scorch disease symptoms were found in the eastern region of Saudi Arabia. Different
parts of the infected date palm trees were affected by the pathogen infection. The plant
leaves developed a black charcoal-like hard appearance (Figure 1), while terminal bud
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infection resulted in severe head bending and in the complete drying of the infected tree
(Figure 1A). During the survey of specific fields, entire date palm plants were observed to
have black scorch disease symptoms. Other symptoms associated with the black scorch
disease that were observed in the date palms were the drying of all of the leaves and,
ultimately, absolute destruction of plants during the later stage of disease development
(Figure 1). Three root samples (TP1, TP2, and TP3) were collected from three symptomatic
date palm trees and were transferred to the laboratory for the isolation and characterization
of the potential causal agents.

Figure 1. Black scorch disease symptoms and microscopic confirmation of the causal agent
Thielaviopsis punctulata. Date palm plants showing neck bending (A,B) leaf drying under natural field
conditions. (C) Mycelial growth of T. punctulata and conidiogenous cells showing aleuroconidia and
phialoconidia. The arrows in green, red, blue, and turquoise represent T. punctulata septate hyphae,
aleuroconidia, conidiophores, and phialoconidia, respectively. (D) Colony morphology of the three
T. punctulata isolates (TP1, TP2, and TP3) after 2, 3, 4, and 5 days, at 21 °C on potato dextrose agar
(PDA), respectively.
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2.1. Morphological Characterization of Thielaviopsis punctulata as Causing Agent of Black Scorch
Disease

The microscopic examination showed optimum mycelial growth and the formation of
two types of spores: aleuroconidia or chlamydospores and phialoconidia or endoconidial
spores (Figure 1C,D). The thick-walled aleuroconidia were light to dark brown in color,
oval-shaped, and were borne singly on the top of short hyphae, whereas the phialoconidia
were hyaline to pale brown in color, were cylindrical-shaped, and were formed lengthwise
in chains (Figure 1C). The dimensions of the aleuroconidia and phialoconidia were also
measured to be 17.0 £ 1.73 x 10.0 £ 1.13 and 8.0 + 1.01 x 4.0 £ 0.82 pm in size, respectively.
The microscopic assessment of the morphology of 34 fungal isolates was suggestive of the
presence of T. punctulata as the causal agent of black scorch in the infected samples. Finally,
one purified fungal isolate from each sample (TP1, TP2, and TP3) was selected to perform
pathogenicity tests by inoculating the tissue-cultured greenhouse-grown date palm plants
(Figure 2). The inoculated plants developed black scorch disease symptoms, which initially
presented as the browning of the stem tissues and branches, especially surrounding the
inoculation site within 4 weeks of post inoculation (WPI). Later, as the infection progressed,
the plants started showing black scorched leaves with leaf malformations, partial or com-
plete tissue necrosis, and wilting at 6 WPI (Figure 2). To establish Koch’s postulates, the
pathogen was re-isolated from the symptomatic tissues of date palm plants, and from the
morphological data, it was confirmed that the pathogen was T. punctulata. After 6 WPI, all
of the inoculated plants were severely discolored, and severe infections were observed on
each part of the plants. However, the control plants did not show any symptoms.

2.2. Molecular Characterization of Thielaviopsis punctulata

The successful polymerase chain reaction (PCR) amplification of the three genes inter-
nal transcribed spacer (ITS) region of the nuclear ribosomal DNA (rDNA), partial p-tubulin,
and partial transcription elongation factor 1-a (TEF1-«) from all of the date palm samples
confirmed that the black scorch disease-causing T. punctulata fungi was frequently found in
all samples.

No DNA sequence data for the T. punctulata species are available from Saudi Arabia in
the GenBank and/or in the available literature. Therefore, to ensure sequence relatedness
and the evolutionary relationships of these T. punctulata isolates to other Thielaviopsis spp.,
a detailed sequence comparison was performed, and a phylogenetic dendrogram was
constructed, including the available nucleotide (nt) sequences of the aforementioned three
genes, which represent the genes that are most closely related to Thielaviopsis spp. (Table 1,
Figure 3). The nt sequences of the ITS, B-tubulin, and TEF1-x genes from the three isolates
were deposited in the GenBank to acquire their respective accession numbers: MZ701784-
MZ701786, MZ703651-MZ703653, and MZ703648-MZ703650, respectively (Table 1). A
combined phylogenetic dendrogram was constructed for all of the isolates, and it was
confirmed that the three isolates in our study were grouped into a well-supported clade
(100% bootstrap value) with the T. punctulata isolates that had been reported from Iraq,
Mauritania, and the United States (Figure 3). The nt sequence comparison showed that
our isolates shared 99.9-100% nt sequence identities with each other and with the T.
punctulata isolate (IMI 316225) identified from the infected date palm trees in Iraq. Whereas,
with the other two T. punctulata isolates reported from the United States (CBS 114.47)
and Mauritania (CBS 167.67), our isolates shared nt sequence identities that were 99.8
and 99.7-99.8% similar, respectively. The nt sequence comparisons and the phylogenetic
dendrogram supported that the fungal isolates that were identified from Saudi Arabia were
members of the T. punctulata species.
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Figure 2. Pathogenicity test to fulfil Koch’s postulates for three T. punctulata isolates on date palm
plants of the Khalas cultivar. The plants were inoculated with (A) double distilled water (control)
and the T. punctulata isolates (B) TP1, (C) TP2, (D) and TP3, respectively. Typical symptoms as they
appear on the heart (upper panel) and rachis (lower panel) are shown.

Table 1. List of Thielaviopsis spp. for which isolates or sequences were included in this study.

GenBank Accession Numbers

Species Name Isolate ITS B-Tubulin TEF1-a Host Origin
CBS 130763 JX518355 JX518387 JX518323 Theobroma cacao Cameroon
. L. CMW 35024 JX518356 JX518388 JX518324 T. cacao Cameroon
Thielaviopsis CMW 36641  |X518345  JX518377 JX518313 Elaeis guineensis Cameroon
cerberus CBS 130764 JX518349 JX518381 JX518317 E. guineensis Cameroon
CBS 130765 JX518348 JX518380 JX518316 E. guineensis Cameroon
CBS 374.83 JX518329 JX518361 JX518297 Phoenix canariensis Spain
CBS 601.70 JX518331 JX518363 JX518299 Ananas comosus Brazil
CBS 453.66 JX518332 JX518364 JX518300 Cocos nucifera Nigeria
, CMW 36662 JX518353 JX518385 JX518321 E. guineensis Cameroon
T. ethacetica CMW 36771 JX518330 JX518362 JX518298 Saccharum sp. South Africa
IMI 50560 JX518341 JX518373 JX518309 A. comosus Malaysia
IMI 344082 JX518339 JX518371 JX518307 C. nucifera Tanzania
IMI 378943 JX518340 JX518372 JX518308 E. quineensis Pag“?‘ New
uimea
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Table 1. Cont.

GenBank Accession Numbers

Species Name * Isolat Host Origin
P solate ITS B-Tubulin TEF1-« 08 &
CMW 8788 JX518326 JX518358 JX518294 C. nucifera Indonesia
T. euricoi CMW 8790 JX518327 JX518359 JX518295 C. nucifera Indonesia
CBS 893.70 JX518335 JX518367 JX518303 C. nucifera Brazil
CBS 130760 JX518346 JX518378 JX518314 E. guineensis Cameroon
CBS 130762 JX518352 JX518384 JX518320 E. guineensis Cameroon
T paradoxa CBS 130761 JX518342 JX518374 JX518310 T. cacao Cameroon
P ’ CMW 36754 JX518344 JX518376 JX518312 E. guineensis Cameroon
CBS 101054 JX518333 JX518365 JX518301 Rosa sp. Netherlands
CBS 116770 JX518334 JX518366 JX518302 Palm sp. Ecuador
T. musarum CMW 1546 JX518325 JX518357 JX518293 Musa sp. New Zealand
CBS 114.47 KF612023 KF612025 KF612024 P. dactylifera USA
CBS 167.67 KF953932 KF953931 KF917202 Lawsonia inermis Mauritania
T punctulata IMI 316225 JX518338 JX518370 JX518306 P. dactylifera Iraq
P TP1 MZ701784 MZ703651 MZ703648
TP2 MZ701785 MZ703652 MZ703649 P. dactylifera Saudi Arabia
TP3 MZ701786 MZ703653 MZ703650
Davidsoniella CMW 11164 AY528984  AY528990 AY528991 Quercus sp. USA

virescens

* CBS: Centraalbureau voor Schimmelcultures. CMW: Culture collection of the Forestry, and Agricultural
Biotechnology Institute (FABI), University of Pretoria. IMI: International Mycological Institute. TP1-TP3: Three
Thielaviopsis punctulata isolates (bold text) identified in the current study.

2.3. In Vitro and In Vivo Growth Inhibition Efficiency of Fungicides against Thielaviopsis
punctulata

The seven tested fungicides showed variable efficiency to curb the mycelial growth
of the three T. punctulata isolates. The data showed that there were significant differences
among all of the fungicides in their ability to inhibit T. punctulata mycelium growth (Table 2).
The results further revealed that Aliette, Score, and Tachigazole successfully prevented
the growth and sporulation of the three isolates. The results were further confirmed when
mycelium growth inhibition was measured. A clear fungal inhibition zone was observed
(~100%) when the potato dextrose agar (PDA) media was supplemented with Aliette, Score,
and Tachigazole. An exception was observed in the case of the TP1 isolate when Tachigazole
was applied with a fungal inhibition zone >86%. There was a significant reduction in the
mycelium inhibition zone, which showed an 8 to 24% reduction with the supplementation
of the Telder fungicide, whereas no significant difference was observed between Ridomil,
Gold, and Uniform because virtually no mycelium growth or sporulation inhibition were
observed (Table 2, and Figure 4A).

Table 2. Percentage colony growth inhibition of three isolates of Thielaviopsis punctulata using seven

fungicides.

Fungicide TP1 TP2 TP3
Aliette- 80% WG 100 a 100 a 100 a
Infinito 687.5 SC 3.33d 36.67 b 6.00 bc

Ridomil Gold- 480 SL 0.00d 41.11b 5.33 bc
Score 250 EC 100 a 100 a 100 a
Tachigazol- 30% SL 86.67 b 100 a 100 a
Teldor 50 SC 23.78 ¢ 1.78 ¢ 8.22b
Uniform-446 SE 0.00d 0.00d 244 cd
Control 0.00d 0.00d 0.00d

Values with similar letters show non-significant differences at p < 0.05.
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T. ethacetica CMW 36662
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99 |1 T. ethacetica CBS 374.83 Thielaviopsis
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Figure 3. Molecular identification of three Thielaviopsis punctulata isolates based upon nucleotide
sequences from the internal transcribed spacer (ITS), -tubulin, and transcription elongation factor
1-« region from the selected isolates of different Thielaviopsis species. A maximum-likelihood (ML)
algorithm was employed to construct a combined phylogenetic dendrogram by combining the ITS,
B-tubulin, and TEF1-« sequences using the best-fit Kimura 2-parameter model (T93+G) in MEGA X
software. The isolates that were identified from Saudi Arabia in this study are highlighted in white
text on black background and with red asterisks. Only bootstrap values (numeric values at the branch
nodes) >70 were shown to support the evolutionary relatedness of the isolates. The descriptors for
all fungal isolates were named according to de Beer et al. [6].
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Figure 4. In vitro and in vivo evaluation of fungicides against Thielaviopsis punctulata. (A) Percent-
age growth inhibition of mycelium from eight fungicides: Aliette, Infinito, Ridomil Gold, Score,
Tachigazole, Teldor, and Uniform. The efficiency of each fungicide was tested on potato dextrose
agar (PDA) media against three T. punctulata isolates: TP1, TP2, and TP3. (B) Date palm plants of the
Khalas cultivar were first inoculated with the T. punctulata isolate TP2, and at 2 WP, the plants were
treated with the fungicides Aliette and Score. The healthy control was mock-inoculated using double
distilled water. (C) Disease severity index (DSI) of the infected date palm plants at 8 WPI treated with
the Aliette and Score fungicides. The significant values at p > 0.05 are shown as different lowercase
letters.
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To further confirm our in vitro results, two fungicides, Aliette and Score, were sprayed
on the date palm Khalas cultivar plants infected with the TP2 isolate of T. punctulata under
greenhouse conditions, and the efficiency of both fungicides was observed for 8 WPL
Before fungicide spraying, the plants started showing black scorch symptoms at 2 WPIL.
However, in the plants treated with Score at 4 WPI, the disease progression was significantly
reduced, and the fungicide efficiency was 73% compared to the control at 8 WPI (Figure 4B).
Although the disease progression was reduced with 40% efficiency with Aliette, it was
not a significant reduction compared to the reduction observed for Score. The date palm
plants treated with the Score fungicide also showed the emergence of new leaves from
the heart. Contrarily, the untreated plants (control) started to dry. Moreover, the disease
severity index (DSI) was drastically reduced to 0.83 and 1.87 at 8 WPI compared to 3.07
in the control plants (Figure 4C). Thus, the results of the Score fungicide application were
highly promising against all three isolates of T. punctulata in our study.

3. Discussion

The date palm has been traditionally cultivated for over 5000 years in arid and semi-
arid regions not only because of its edible significance but also due to its social and
cultural value [29]. Saudi Arabia contributes ~9 million tons to the global date production
with a share of about 17% (https://www.fao.org/faostat/en/#data/QC last accessed
10 December 2021). Among the major biotic stresses, diseases caused by soil-borne fungal
pathogens are a major menace to date palm production in Saudi Arabia and include
leaf spot, leaf blight, sudden decline, and black scorch disease [18]. In Saudi Arabia,
Fusarium proliferatum, F. solani, F. brachygibbosum, F. oxysporum and F. verticillioides have been
recently characterized as causing different fungal-associated diseases [30,31]. Black scorch is
another fungal disease that can affect date palm cultivation and is caused by T. paradoxa and
T. punctulata in different parts of the world. Likewise, in Saudi Arabia, both T. paradoxa
and T. punctulata have been found to be associated with black scorch disease in date
palm [17,18,32]. However, these studies only focused on the morphological identification of
the fungal pathogens and could not determine the molecular anomalies of Thielaviopsis spp.
in Saudi Arabia. In field surveys, it is difficult to discriminate between black scorch
and sudden decline disease due to their similar symptoms. Thus, PCR-based molecular
diagnostic techniques can help to differentiate between sudden decline and black scorch
disease and can aid in the development of effective control strategies [33]. Black scorch has
not been established as an epidemic to date in palm cultivation; however, if established,
it may lead to heavy losses in date palm cultivation. Therefore, comprehensive research
investigating this important date palm disease is crucial. With this in mind, the current
study was designed to pinpoint the exact causal agent of black scorch disease in Saudi
Arabia and aimed to find a potential solution to control this devastating pathogen.

The primary morphological data were suggestive of T. punctulata being a potential
causal agent of the black scorch disease in the collected field samples. It was evident
from the microscopic investigation that the pathogen produced abundant endoconidia
in the PDA media. The physiological data were based on those acquired from previous
studies in which thick-walled chlamydospores appeared singly on short hyphal branches
and were light to dark brown in color. Moreover, we observed hyaline to pale brown
phialoconidia formed in chains. The length and width of aleuroconidia and phialoconidia
were measured as being 17.0 = 1.73 x 10.0 = 1.13 and 8.0 & 1.01 x 4.0 & 0.82 pm in
size, respectively. Our results were in accordance with previous reports that aleuroconi-
dia are often larger than phialoconidia in Thielaviopsis species [5,17,34]. Although it is
difficult to identify fungal species based on spore morphology, it is crucial to study spore
morphology because of its critical role in the dispersal, pathogenicity, and survival of the
fungal pathogen under study [5]. To elucidate the nature and pathogenicity of the potential
pathogen, we inoculated tissue-cultured greenhouse-grown date palm plants with the three
isolates of the pathogen. Our data were very similar to the data obtained from previous
pathogenicity studies of T. paradoxa on Dracaena marginata [35], Butia capitate [36], Hyophorbe
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lagenicaulis [37], and Cocos nucifera [38]. Hence, based upon the morphology and sporula-
tion characteristics, it is difficult to distinguish both Thielaviopsis spp., and a DNA-based
molecular characterization of the most conserved regions of these fungal pathogens can be
an alternative species-specific detection method for black scorch disease in date palm.

Based upon the previous literature, specific genomic regions corresponding to the
ITS, B-tubulin, and TEF1-x genes were PCR-amplified and were subsequently sequenced.
A combined phylogenetic dendrogram and nt comparison of the three corresponding
genes from different Thielaviopsis spp. showed that our three isolates were the most closely
related to the T. punctulata isolate IMI 316225 (nt sequence identity 100%) identified in
Iraq. Although the nt sequence identity was shown to be 99.7-99.8% with two other
T. punctulata isolates CBS 114.47 and CBS 167.67 from the USA and Mauritania, all of the
isolates showed a similar evolutionary lineage, as evident from the phylogenetic dendro-
gram (Figure 3). None of the isolates were grouped with the T. paradoxa in the phylogenetic
analysis. Thus, based upon our detailed investigation and in contrast to previous morpho-
logical studies [17,18,32], we may speculate that the causal agent of black scorch disease
in Saudi Arabia is T. punctulata and not T. paradoxa. Our conclusion is also supported by
other reports from the Arabian Peninsula, where it has been shown that T. punctulata is
the black scorch disease-causing agent in this region [5,8,16,39]. However, an extensive
survey across the major date palm-producing areas in the country can better answer this
speculation. Molecular monitoring of the soil-borne fungal pathogens has become an im-
portant management tool [40]. Thus, application of a high-throughput, precise, and more
sensitive molecular diagnostic method to discriminate between T. punctulata and T. paradoxa
species can help to devise species-specific control strategies in date palm. Furthermore, we
extended our investigation to find a better control strategy to circumscribe black scorch
disease in date palm.

Over-reliance on chemical-based pesticides and fungicides is hazardous to an agro-
ecological ecosystem and may result in the development of pathogen resistance [23]. How-
ever, studies on the integrated reduced use of conventional fungicides against T. punctulata
are very limited [5,25]. Therefore, we continued our work through both in vitro and in vivo
studies to determine the fungicide that is the most efficient in providing stable control
against T. punctulata in Saudi Arabia. We selected seven systemic fungicides (Aliette, In-
finito, Ridomil Gold, Score, Tachigazole, Teldor, and Uniform) to test their efficacy against
black scorch disease. The in vitro investigation using PDA showed that Aliette and Score
were the most efficient fungicides at the tested concentration of 300 ppm, providing 100%
mycelium inhibition against the three tested T. punctulata isolates (Figure 4A), whereas
Tachigazole showed 87-100% mycelium inhibition against the three T. punctulata isolates.
The rest of the fungicides Infinito, Ridomil Gold, Teldor, and Uniform could not produce
promising results against the mycelial growth of T. punctulata. Henceforth, Aliette (Fosetyl-
Al) and Score (Difenoconazole) appear to be the best candidate fungicides for the control of
T. punctulata in date palm followed by Tachigazole (Hymexazol). However, an empirical
demonstration was necessary to test their efficacy against T. punctulata under controlled
environmental conditions. Our in vivo results on date palm seedlings showed that Score
was the most efficient fungicide against T. punctulata with ~73% efficiency and 0.83 DSI
compared to Aliette, with nearly 40% efficiency and 1.87 DSI against black scorch disease
(Figure 4B,C). In a previous study, Croft [41] showed that difenoconazole (Score) was
unable to accelerate sugarcane seed germination with T. paradoxa. In contrast, our results
were similar to the findings of Saeed et al. [5], who found that the difenoconazole-based
Score fungicide showed >91% mycelium inhibition against T. punctulata in PDA media.
In the same study, Saeed et al. [5] reported highly significant inhibition of T. punctulata in
inoculated date palm seedlings.
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4. Materials and Methods
4.1. Collection of Symptomatic Date Palm Plant Samples

The root samples were collected from symptomatic date palm trees in three different
locations in the Al-Ahsa province of Saudi Arabia (Figure 1A,B). The collected root samples
were washed with tap water to remove any soil particles that had adhered to the roots. The
clean roots were fused for further fungal isolation and characterization.

4.2. Isolation of the Root Rot Fungal Pathogens

Tissues were excised from the infected lesions or roots, surface-sterilized using 2%
sodium hypochlorite for 2 min followed by rinsing two times with sterilized distilled water,
and were dried between pieces of filter paper for 10 min at room temperature. The clean
and sterilized pieces of each sample were overlaid on five PDA plates supplemented with
100 ppm ampicillin to avoid any bacterial contamination. Petri plates were incubated at
27 °C for 3-5 days in complete darkness. At least 2-3 emerging fungal colonies were indi-
vidually subcultured from each plate on PDA for further identification. The morphology of
the mycelium and spores was observed under a light microscope (Leica, DM 25000 LED)
to characterize different mycological structures (Figure 1C). The spore dimensions were
measured using Leica application suite X (LasX). Photographs were taken using a Flexacam
C1 camera.

4.3. Pathogenicity Test and Disease Assays

The virulence of the selected isolates was performed to determine their aggressiveness
on tissue-cultured plants of the date palm cultivar Khalas grown in soil pots according
to the method used by Saeed et al. [5]. After the plant surface had been sterilized with
70% ethanol, the wounded parts of the plants were sprayed with a 5 x 10> mL~! spore
suspension of T. punctulata (wounds were made with a sterile needle) at the leaf base of the
plants to facilitate infection. Moreover, the soil pots of the same plants were also infested
with T. punctulata by drenching 50 mL of potato broth medium (PBM) with 1 x 10°® mL~!
spore suspension. The control plants were only sprayed with sterilized distilled water, and
soil was drenched by 50 mL of PBM only. Plastic bags were used to cover the inoculated
plants to provide sufficient humidity for infection, and the samples kept at 27 °C under
controlled environmental conditions. The plants were examined closely for any black
scorch disease symptoms for 6 weeks. The disease severity index was calculated using the
scale from O to 5, as previously described [5,32].

4.4. Molecular Characterization of the Purified Isolates of Thielaviopsis punctulata

Total genomic DNA was extracted from the dried mycelium that had been cultured
on PDA media following the Dellaporta extraction method [42], with some minor mod-
ifications. The extracted DNA was used either directly for a PCR or was frozen for fur-
ther experiments. The PCR reactions were performed to amplify the ITS region, partial
-tubulin, and partial TEF1-« using their respective primers (Table 3). PCR amplification
was carried out as previously described [7] using the ESCO Swift Maxi Thermal Cycler. In
a 25 pL total reaction volume, ~40 ng of fungal DNA were mixed with 2.5 L of 10 x Taq
Polymerase buffer, 2 mM MgCl2, 1.5 uL of 10 uM primers, 2.5 pL of 10 mM dNTPs, 0.3 pL
of 5U Taq DNA Polymerase, and a final reaction volume with nuclease-free water. The PCR
was performed as initial denaturation at 95 °C for 2 min, followed by 35 cycles of 95 °C
for 30 s, 52-58 °C for 30-60 s, and 72 °C for 30 s, and the final elongation cycle performed
at 72 °C for 10 min. The resultant PCR amplicons were further confirmed by agarose
gel electrophoresis. The confirmed PCR products were purified using the CloneJet PCR
cloning kit (ThermoFisher Scientific, Waltham, MA, USA) and were completely sequenced
at Macrogen Inc., (Seoul, Korea).
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Table 3. Nucleotide sequence of the primers used in the study.

Locus Name Primer Sequence (5'-3') PCR Program * Reference
ITS region ITS4 TCCTCCGCTTATTGATATGC 35 cycles at 94 °C for 30's, [43]
ITS5 GGAAGTAAAAGTCGTAACAAGG 52 °Cfor30s,72 °Cfor30s
TEF1 EF1F TGCGGTGGTATCGACAAGCGT 35 cycles at 94 °C for 30's, [44]
« EFIR AGCATGTTGTCGCCGTT GAAG 58 °C for 60's, 72 °C for 90 s
B-tubulin Btla TTCCCCCGTCTCCACTTCTTCATG 34 cycles at 94 °C for 60's, [45]
Btlb GACGAGATCGTTCATGTTGAACTC 58 °Cfor60s,72 °C for 60 s

* Initial denaturation at 95 °C for 2 min and the final elongation cycle performed at 72 °C for 10 min, respectively.

The obtained sequences for ITS, 3-tubulin, and TEF1-« were initially compared to
their respective sequences using BLASTn in the NCBI GenBank database for their primary
identification. The highly similar sequences for each region were retrieved from the
NCBI. The sequences of each gene in the study were aligned separately with the respective
sequences of the most closely related Thielaviopsis spp. isolates using the ClustalW algorithm
in MEGA X [46]. Thus, three individual datasets including sequences from each and the
relevant sequences retrieved from the NCBI were constructed. Finally, a combined dataset
of all three genes was generated to construct a phylogenetic dendrogram and to infer the
evolutionary relationships. Furthermore, the pairwise nt sequence identities of all of the
fungal isolates were calculated using the Muscle algorithm that is available in the species
demarcation tool (SDTv1.2) software (University of Cape Town, Cape Town, South Africa).

4.5. In Vitro Evaluation of Fungicides against Thielaviopsis punctulata

The antifungal evaluation of seven fungicides: Aliette (80% WG), Infinito (687.5 SC),
Ridomil Gold (480 SL), Score (250 EC), Tachigazole (30% SL), Teldor (50 SC), and Uniform
(446 SE), was performed as previously described [47] (Table 4). The fungicide solution
of each fungicide contained a 300 ppm final concentration of each respective fungicide.
These fungicide solutions were then aseptically introduced into the sterilized PDA media
supplemented with ampicillin at 55 °C to avoid any bacterial growth. The media was
carefully poured into the Petri plates. The fungal plug ~5 mm of each T. punctulata isolate
was transferred to the control and the treatment plates followed by incubation at 25 °C
for six days according to the method used by Jonathan et al. [47]. After six days, the
radial growth of each fungal isolate was measured in the dishes to determine the growth
inhibition efficiency of each fungicide. The percentage mycelium growth inhibition was

measured as follows:
MI% =100 x (Mc — Mt)/Mc

where Mc is the diameter of the mycelium growth on the medium without fungicide, while
Mt is mycelium growth on the medium with each fungicide.

Table 4. List of fungicides and their characteristics used to curtail black scorch disease in date palm.

Fungicides Active Ingredient Chemical Group Dose/L
Aliette- 80% WG Fosetyl-Al Organophosphate 25¢g
Fluopicolide + Acylpicolide +
INFINITO 687.5 SC Propamocarb HCL Carbamate 1.5mL
RIDOMIL GOLD- 480 SL Metalaxyl-M Phenylamide 2mL
Score 250 EC Difenoconazole Triazole 0.5
TACHIGAZOL- 30% SL Hymexazol Oxazoles 1.5mL
Teldor 50 SC Fenhexamid Anilide 0.5mL
UNIFORM-446 SE Metalaxyl M + Phenylamide + 0.5mL
Azoxystrobin Strobilurin
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4.6. In Vivo Evaluation of Fungicides to Control Black Scorch Disease

Two-year-old tissue-cultured plants from the date palm cultivar Khalas grown under
greenhouse conditions were used to assess the efficacy of two fungicides, i.e., Aliette and
Score, against black scorch disease. The plants were inoculated at the leaf base region with
T. punctulata isolate TP2, as described above. The inoculated plants were kept in greenhouse
conditions and were covered with transparent plastic bags for 5 days to facilitate fungal
infection. After 2 WPI, the plants were sprayed with the commercially recommended doses
of the respective fungicides. The control plants were only sprayed with double distilled
water. The experiment was repeated three times with five replicates for each treatment.

4.7. Data Analysis

The data for the in vitro experiments were analyzed using a two-way analysis of
variance (ANOVA) approach with a treatment effect using the general linear model (GLM)
procedure. The least significant difference (LSD) test was applied to separate the means at
the 5% significance level.

The in vivo evaluation of two fungicides on the infected date palm plants was per-
formed in a completely randomized design (CRD) under greenhouse conditions. For the
disease assay and in vivo assessment of the Aliette and Score fungicides, three replicates
with five plants per replicate were used. The significance was determined using the LSD
test with the statistical difference set at p < 0.05. The collected data were statistically ana-
lyzed using the MSTAT-C program (v 2.10). All statistical analyses were carried out using
SAS/STAT® 9.3 software (SAS, Cary, NC, USA)

5. Conclusions

Our study confirmed T. punctulata as the black scorch disease-causing agent in Saudi
Arabia. Although black scorch disease has already been reported from Saudi Arabia, pre-
vious investigations were based upon morphological characterizations of the pathogen.
Our research represents a detailed study on the morphology, pathogenicity, biology, evo-
lutionary relatedness, and potential control mechanisms of T. punctulata in Saudi Arabia.
However, further research should explore the complete infection cycle of T. punctulata and
the development of an effective IDM approach.
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Abstract: Recently, disease prevention in jute plants has become an urgent topic as a result of the
growing demand for finer quality fiber. This research presents a deep learning network called YOLO-
JD for detecting jute diseases from images. In the main architecture of YOLO-JD, we integrated
three new modules such as Sand Clock Feature Extraction Module (SCFEM), Deep Sand Clock
Feature Extraction Module (DSCFEM), and Spatial Pyramid Pooling Module (SPPM) to extract
image features effectively. We also built a new large-scale image dataset for jute diseases and pests
with ten classes. Compared with other state-of-the-art experiments, YOLO-]D has achieved the best
detection accuracy, with an average mAP of 96.63%.

Keywords: Jute; disease detection; deep learning; YOLO-JD; image processing

1. Introduction

Jute (Corchorus olitorius L. or C. capsularis L.) is one of the most important fiber crops
and an inexpensive fiber source of high quality. It is also referred to as the “golden
fiber” crop. Jute is a strong fiber that is soft, lustrous, and relatively lengthy. In the Indo-
Bangladesh subcontinent, commercial jute farming is mostly limited to the latitudes of
80°18’ E-92° E and 21°24’ N-26°30’ N [1]. Jute is a herbaceous annual that may grow to a
height of 10 to 12 feet (3 to 3.6 m) and has a cylindrical stalk about the thickness of a finger.
It is said to have originated in the Indian subcontinent. The main differences between the
two jute species cultivated for fiber lie in the form of their seed pods, growth habits, and
fiber qualities. Most types of jute prefer well-drained sandy loam in warm and humid areas
with at least 3 to 4 inches (7.5 to 10 cm) of monthly rainfall during the growing season. The
light green leaves of the plant are usually 4 to 6 inches (10 to 15 cm) long, 2 inches (5 cm)
broad, serrated on the margins, and taper to a point.

Jute is a biodegradable natural polymer that decomposes quickly in the environment.
On the other hand, although synthetic polymers including polystyrene, polyethylene,
polypropylene, and polyvinyl chloride offer better mechanical qualities, sustainability,
and durability than natural polymers for producing plastics, they are not bio-degradable
and can seriously pollute the environment [2]. Plastic pollution is one of the biggest en-
vironmental issues nowadays. In 2019, plastic manufacturing and incineration produced
more than 850 million metric tons of greenhouse gases, the equivalent of the emissions
from 189 coal power plants with a 500 megawatt capacity [3]. The most serious issue with
plastic is that it does not decompose in the environment and has accumulated for decades
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Jute Plants
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in streams, agricultural soils, rivers, and the ocean [3]. To protect the environment, it is
necessary to substitute synthetic polymers with bio-degradable and ecologically friendly
polymers. Therefore, natural jute polymer has become increasingly popular in both do-
mestic and international markets. The process of jute fiber production comprises several
steps (shown in Figure 1). In addition, due to the importance of jute production, the disease
prevention in the jute species has become an urgent task of precision agriculture.

Jute fiber is
Cleaning the leaves extracted from the Jute fiber drying Jute Fiber

Jute stems are
rooted in water to

separate the fibers s sl e under the sun

plants

and stems

Figure 1. Demonstration of the full process of jute manufacturing. The production process comprises
at least six steps, starting from harvesting to the binding of jute fiber.

Plant diseases and pests are a global threat to crop yields, and they may be even more
destructive for smallholder farmers whose livelihoods depend heavily on healthy harvests.
Unfortunately, jute is still usually cultivated by smallholder farmers. Disease symptoms
appear on leaves, fruits, buds, and young branches on jute plants. Jute diseases come in a
variety of types, each of which can result in big economic loss. Recently, disease prevention
has become increasingly significant as a result of the demand for finer quality fiber [4].
Precision plant protection offers a non-destructive means of managing plant diseases based
on the concept of spatio-temporal variability [5,6], and those works have inspired us to
transplant new technology from the computer vision and artificial intelligence fields to
detect and manage plant diseases.

In this scenario, early and precise detection of plant diseases and pests is critical for
avoiding losses in agricultural production. Traditionally, the detection of plant diseases
and pest is manually performed by experts such as botanists and agricultural engineers.
The disease investigation usually begins with a visual assessment and then a laboratory
test. Detection of plant diseases and pests by visual inspection is extremely beneficial for
new farmers. Traditional approaches are typically time consuming and need complex
procedures, as well as some specialized knowledge. Therefore, during the past several
years, researchers have used image processing and machine learning techniques to detect
or classify plant diseases. For example, Maniyath et al. [7] proposed a classification archi-
tecture using a machine learning approach to detect plant diseases and pests. Gavhale
et al. [8] proposed a framework using K-means clustering to recognize the defects and
areas of disease on plant leaves. Hossain et al. [9] used a Support Vector Machine (SVM) to
recognize the diseases on tea leaves.

Deep learning (DL) has previously been proven to be successful for real-life object
identification, recognition, and classification [10]. The agricultural industry has resorted to
DL-based models for the solution. State-of-the-art outcomes have been achieved using deep
learning approaches on tasks such as plant identification, fruit harvesting, and crop/weed
classification. Recent research has also concentrated on the detection of plant disease [11].
Convolutional neural networks such as YOLOv3 [12], YOLOv4 [13], Faster R-CNN [14],
Mask R-CNN [15], and SSD [16] were successfully applied in crop disease detection. For
example, Hammad et al. [17] realized image-based plant disease identification by meta-
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architectures based on deep learning. Chowdhury et al. [18] proposed a deep learning
model based on EfficientNet and they used 18,161 tomato leaf images to classify tomato
diseases. A previous article by Mohanty et al. [19] using AlexNet and GoogleNet models
was able to identify 14 crop species and 26 diseases from images. They used a dataset
comprising 54,306 images of both diseased and healthy plant leaves. Gorlich et al. [20]
proposed a UAV-Based classification of Cercospora leaf spot disease on RGB images. Chen
et al. [21] designed a model that could automatically detect rubber tree diseases on images
using an improved YOLOv5 model. Arsenovic et al. [22] proposed a new deep learning
approach to detect 13 different types of plant diseases. Vishnoi et al. [23] developed
two different DL approaches to detect diseases in the PlantVillage dataset. Wagle et al. [24]
proposed a CNN model with transfer learning from AlexNet to detect nine species of plants
from the PlantVillage dataset.

There are still several existing limitations in disease identification for jute plants; e.g.,
(i) the lack of a dataset for jute diseases; (ii) the majority of the current approaches on
plant disease detection are based on traditional machine learning methods, generating
unsatisfactory performances; (iii) the research on jute disease detection via image processing
is rare; and (iv) it is difficult to implement multi-class disease detection because different
diseases have very diversified appearances.

To transcend the mentioned above limitations, we formulate the objectives of this
research as follows. The first objective of this research is to establish a brand new image
dataset for jute diseases and pests with accurate manual labels, which should not only
include several thousands of images captured at different environments and weather
conditions, but should also incorporate multiple disease/pest classes. To the best of our
knowledge, the dataset will be the first published jute disease and pest image dataset
in the field. The second objective is to explore new network architectures and modules
under deep learning that is fit for crop diseases detection, especially for jute diseases. The
new network is also expected to outcompete some popular networks designed for object
detection. The third objective is to validate the application feasibility of the deep learning
models in YOLO-family on detection (or recognition) of jute diseases and pests, and provide
guidance for scientists working on both agricultural engineering and artificial intelligence.

The content of this paper is structured as follows. The Jute diseases and pests dataset
and the architecture of our detection model YOLO-JD are specified in Section 2. Experi-
mental results with the ablation study are provided in Section 3. Discussion of the results
takes place in Section 4. Conclusions are drawn in the last section.

2. Material and Methods
2.1. Dataset

The images of jute diseases and pests were collected at Jamalpur and Narail districts
in Bangladesh in July 2021. To diversify the dataset, the images were captured over the
course of a single day under both sunny and cloudy weather. The images were captured by
a Canon Powershot G16 camera and the camera of a Samsung Galaxy 510 with different
viewing angles and different distances (0.3-0.5 m). In total, 4418 images in multiple jute
disease and pest classes were obtained. The light intensity and background circumstance
of the images vary greatly in the dataset. Though the image sizes are not uniform in
our dataset, we prepare a normalization step at the beginning of the network to unify
all images to a fixed resolution of 640 x 640. Eight common diseases including stem rot,
anthracnose, black band, soft rot, tip blight, dieback, jute mosaic, and jute chlorosis, as
well as two pests—]Jute Hairy Caterpillar, and Comophila sabulifers—are incorporated into
our dataset. Some of the sample images are displayed in Figure 2, and the symptomatic
patterns and causes [25] of all Jute diseases and pests are listed in Table 1, respectively.
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Figure 2. Some sample images from our jute diseases and pests dataset. (a) the stem rot disease.
(b) the anthracnose disease. (c) the black band disease. (d) the soft rot disease. (e) the tip blight
disease. (f) the dieback disease. (g) the jute mosaic disease. (h) the jute chlorosis disease. (i) the
Cosmophila sabulifera caterpillar on a jute leaf. (j) some Hairy Caterpillars on a jute leaf.

Table 1. The indices and causes of Jute diseases and pests.

Index  Name of Disease/Pest Cause Causal Organism
D-1 Stem rot Fungal Macrophomina phaseolina (Tassi) Goid.
D-2 Anthracnose Fungal Colletotrichum corchorum Ikata and Tanaka; C. gloeosporioides (Penz.) Penz and Sacc.
D-3 Black band Fungal Botryodiplodia theobromae (Pat.) Griff and Maubl.
D-4 Soft rot Fungal Sclerotium rolfsii Sacc. (Athelia rolfsii)
D-5 Tip blight Fungal Curvularia subulata (Nees ex Fr.) Boedijn
D-6 Die back Fungal Diplodia corchori Syd. and P. Syd.
D-7 Jute mosaic Viral A Begomovirus of the Geminiviridae family, vector: Bemisia tabaci Genn. (Whitefly).
D-8 Jute Chlorosis Viral A member of Tobravirusgenus
P-1 Cosmophila sabulifera Pest
P-2 Hairy Caterpillar Pest

Stem rot usually causes long and blackened rotted areas on the main stem of jutes.
This disease is economically the most serious disease for jute. Stem rot reduces the yield of
fiber both quantitatively and qualitatively, and even produces infected seeds to the next
generation. The symptoms of anthracnose disease are sunken spots of various colors on
different parts of plants, usually observed on stems. Irregular spots of anthracnose disease
often cause deep necrosis spots on stems, and may further result in cracks on the fiber,
and even the withering of the infected plant. The disease can also infect jute seeds; the
infected ones are lighter in color, with shrunken shapes and poor germination. Black band
was a minor disease in the past, but now it has become more prevalent due to climate
change. Black band disease causes dark-colored areas on the infected stem, together with
the defoliation of plants. Initially, it may often be confused with Stem rot because the
infected areas are both spot-like. Soft rot disease is still a common fungal disease on jute
plants. The disease may appear on all growing areas of a jute plant but the intensity of the
disease is usually low. Attack of soft rot happens when the Jute crop reaches 80-90 days
old. The fungus grows from soil and later slowly infects fallen leaves of jute, and from there
it goes up to the stem base and then travels to other parts of the plant. In the past, tip blight
was a minor disease but now it has developed into different new varieties. The disease
causes the blighting of newly emerged sprouts at the tip of young plants. The infected
sprouts turn from green to black and then slowly become rotten in high humidity. Dieback
disease is relatively rare. The dieback disease usually happens at the top of the plant, and

160



Plants 2022, 11,937

n|
640 * 640 *3

leaves begin to droop and wither, they later become dried up. Infected branches slowly
turn brown and later black, and remain attached as dead and dry parts. Jute mosaic is a
common disease nowadays. The disease creates small yellow dots (like flakes) on the leaf
lamina in the early stage, then gradually the dots enlarge themselves to become yellow
mosaics on leaves. Chlorosis of jute causes yellow chlorotic spots with sharp margins on
the leaves. The Cosmophila sabulifera and the Hairy Caterpillar are two common pests on
jute leaves. The first caterpillar is much larger than the latter one, and individuals of Hairy
Caterpillar usually are inclined to aggregate into a flock.

The entire preparation procedure of our jute disease and pest dataset is as follows.
First, we apply image pre-processing methods such as brightness correction andimage
filtering on sample images to enhance the quality of the dataset. In the dataset, 556 images
were selected to form the testing dataset, and the rest of the 3862 images were used to form
the training set. Then, an annotation software called ‘Labellmg’ [26] was used to draw the
ground truth bounding boxes of the disease or pests in all images.

2.2. Overall Architecture

Based on YOLOV4, the YOLOVS5 improved in terms of both detection performance and
computational complexity, making it to be perhaps the most popular solution for object
detection tasks nowadays. Despite its popularity, the standard YOLOVS5 still has a problem
in generalization and domain adaptation (e.g., a performance decline can be observed on
our jute dataset when applying YOLOV5). Inspired from YOLOVS5, this research proposes
a unique model: YOLO-JD, for detection and recognition of jute disease and pests by
evaluating the architecture. Figure 3 shows the overall architecture of the proposed YOLO-
JD, which can be divided into three main components—(i) the head (backbone) component,
a backbone network that uses the Sand Clock Feature Extraction Module (SCFEM), Spatial
Pyramid Pooling Module (SPPM), and the Deep Sand Clock Feature Extraction Module
(DSCFEM) to extract features at different levels; (ii) the neck component, that collects
cross-stage features extracted from three different layers of the head component, and then
generates three different high-level feature maps; and (iii) the detection component, that
incorporates anchor results under different scales to create an aggregated detection box.
The full architecture of YOLO-JD also contains several kinds of compact operations and
calculation steps such as CBL (Conv2D + Batch Normalization + Leaky ReLU activation),
NMS (Non-max Suppression), Up-sampling (Us), and Concatenation.

Backbone Component Neck Component Detection Component
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Figure 3. The overall architecture of YOLO-JD. The architecture contains three components—the
head (backbone) component, the neck component, and the detection component. Structures of the
three new modules: SPPM, SCFEM, and DSCFEM are detailed in Figure 4.

In the head component, the input feature dimension changes from 640 x 640 x 3 to
320 x 320 x 32 after the focus module with a shuffling scheme shown in Figure 3. The
features then pass through several different operations and modules such as SCFEM, CBL,
DSCFEM, and SPPM, and generate a multi-level output for the neck component. The
multi-level output includes three feature maps, two of which are the outputs of DSCFEMs,
and the other one is the output of SCFEM. In each CBL operation, we sequentially carry
out Conv2D, batch normalization, and the Leaky ReLU activation. The DSCFEMs are

161



Plants 2022, 11,937

1*1 Conv

¥

v

3*3 Conv
v

1*1Conv —

g

>

7
v
3 * 3 Conv

v

1*1 Conv

: Upsampling

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, v

Sand Clock Operation (SCO)

(2) SCFEM

used in the first component of YOLO-JD network to collect important low-level image
features. The SCFEMs are applied mainly in the middle component for the extraction of
mid-level features.
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Figure 4. The detailed demonstration of several key modules in YOLO-]D. (a) Shows the architecture
of the Sand Clock Feature Extraction Module (SCFEM). (b) Shows the details of the Deep Sand Clock

Feature Extraction Module (DSCFEM). (c) Shows the Spatial Pyramid Pooling Module (SPPM).

Finally, the detection component is a standard scheme inherited from the YOLO family
and it creates multi-scale grids for detecting objects with different sizes (e.g., grid size
8 x 8 for detecting small objects, grid size 16 x 16 for detecting medium objects, and grid
size of 32 x 32 for detecting big objects). After that, we use 1 x 1 convolution to combine
all feature maps to create 9 different anchor results and carry out K-means clustering to
combine 9 anchor boxes on the feature map output from the previous layer. In the final
stage, the Non-max Suppression (NMS) operation was applied to select only one bounding
box out of many overlapping ones as the final detection.

2.2.1. Sand Clock Feature Extraction Module (SCFEM)

The Sand Clock Feature Extraction Module (SCFEM) is designed to extract high-quality
mid-level features from the input image. The detailed architecture of SCFEM is given in
Figure 4a. The backbone component of YOLO-JD contains two SCFEM modules, and we
insert four SCFEM modules in the neck component of YOLO-JD. The SCFEM module
contains an important feature extraction block called the Sand Clock Operation (SCO). In
SCO there are five steps. The first step isa 1 x 1 conv followed by a BL operation (batch
normalization + Leaky ReLU activation), then the second step uses two spatially separable
convolutions (3 x 1 conv + 1 x 3 conv) followed by BL to abstract features. The third step
hasal x 1 conv followed by a BL operation, which creates a “thin” feature map. The fourth
step is similar to the second one. And the last step of SCO is stilla 1 x 1 conv followed by
an activation function such as ReLU. When passing through the calculation of the five steps
above, the feature maps first gradually become small and then become bigger, taking the
shape of a sand clock. Thus, the block is named SCO. The step of two spatially separable
convolutions (3 X 1 conv + 1 X 3 conv) is used to replace the traditional 3 x 3 conv because
the former has fewer parameters to compute. In SCFEM, we also use multiple 1 x 1 convs
and 3 x 3 convs, as well as a skip connection, to enhance its feature extraction ability. In
the neck component of YOLO-]D, three SCFEMs are applied to generate three high-level
feature layers with different scales to serve the following detection purposes, respectively.

2.2.2. Deep Sand Clock Feature Extraction Module (DSCFEM)

The biggest difference between Deep Sand Clock Feature Extraction Module (DSCFEM)
and SCFEM is that there are three consecutive SCO blocks in the DSCFEM (Figure 4b). This
structure makes the structure of DSCFEM much deeper than SCFEM, and also explains
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why the name begins with “deep”. The second difference between DSCFEM and SCFEM
is that we only use 1 x 1 convs in the part outside SCOs. As the DSCFEM has a deeper
design than SCFEM, the wide usage of 1 x 1 convs rather than 3 x 3 convs can reduce the
network parameters, and shortens the training and referencing time. DSCFEM is applied
two times in the backbone component of YOLO-JD. The module is responsible for the
efficient abstraction of low-level image features.

2.2.3. Spatial Pyramid Pooling Module (SPPM)

The Spatial Pyramid Pooling Module (SPPM) works only once in the backbone com-
ponent and its feature output becomes the input of the SCFEM with the highest resolution.
The SPPM (shown in Figure 4c) first creates a feature pyramid and then uses convolutions
to integrate the features under different scales. In SPPM, the network learns the object
features with different receptive fields, and feature maps with multiple receptive fields
are naturally fused to create an effective feature embedding that has both local and global
focuses. In implementation, we use three different convolution kernels to generate multi-
layer pyramid maps, which are then separately max-pooled and concatenated to generate
the output. Due to its multi-scale feature extraction, SPPM may enhance the recognition of
objects at varied sizes.

2.3. Loss Functions

A comprehensive loss function is designed for training YOLO-JD, and this loss function
contains several different sub-losses.

The first sub-loss is the Intersection over Union (IoU) loss, which descends from a
basic criterion used frequently in target detection and tracking. IoU is defined as the ratio
of the intersection of the prediction box BP and its Ground Truth (GT) box B$! to the union
of the prediction and its GT, and IoU loss is given as:

|BP N BS!|

Loy (BP,BSt) =1 — )
IOU( ) |BPUBgt|

@
In most cases, IoU can reasonably evaluate the detection performance. However, when
there is no intersection between a prediction and its GT, the IoU loss reaches the maximum
value 1.0. It then becomes impossible to distinguish the relative distance between the area
of GT and the predicted area since a very bad prediction (very far away) and a not so bad
prediction (near but still no intersection) are punished with the same Lj,i;. To improve
the training, we resort to CloU loss (Complete IoU) [27], a generalized IoU sub-loss that
takes three geometric factors into account—i.e., the overlapping factor (the standard IoU
loss), the distance factor D, and the aspect ratio factor V. The L¢,; can then be defined

as follows,
Lerou = Liou (BY, BS') + D(B?, BS") + V (B, BSY), 2)

where D and V denote the distance factor and the aspect ratio factor, respectively. The
distance factor D (B, B8') is also a binary function that accepts the information of the GT
area and the prediction. The equation of the distance factor can be written as

2
D (B, BS') = LN _Czbgt) / ©)

in which b” and b8! are of the central point coordinates of boxes BY and B$!, respectively. In

addition, c is the diagonal length of the bounding box that circumscribes B? and BS!. The

distance factor D (B?, B8') can be regarded as a normalized distance between two boxes.
The aspect ratio factor can be calculated via the following equation,

4 gt P 2
V= = (arctanc;gt — arctan(;l]p> , 4)
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where I and w represent the width and height of a bounding box, respectively. The lower
the L¢joy is, the better the predicted box approximates the ground truth.

3. Experiments
3.1. Evaluation Metrics

For our jute disease dataset, each detected bounding box can be categorized into three
cases. The true positive (TP) indicates that the detected box has an IoU value (defined
as | BP N B8!|/|BP U BS'|) higher than 50% against its ground truth box. The false positive
(FP) indicates that the detected box has an IoU value lower than 50%. The false negative
(FN) indicates a ground truth box that is not covered by any detection. Based on TP, FP,
and FN, we define Precision (Prec), Recall (Rec), and Fl1-measure (F1). Precision reflects the
correctness of a model in all detected boxes. It is defined as the ratio of the number of TPs
to the number of all detected bounding boxes:

TPs
Precision = ——.
recision TPs + FPs (5)

Recall reflects the ability of a model to cover all ground truth bounding boxes. It is defined
as the ratio of the number of TPs to the number of all bounding boxes in ground truth:

TPs

Pecﬂll = m (6)

Fl-measure is a combination of Precision and Recall, and it is defined as follows,

Precision x Recall
F1=2 . 7
% (Precision + Pecall) @

The mean average precision (mAP) is defined as:
1 c L
mAP = c Y ., Precision(i). (8)

In Equation (8), C is the number of total disease classes, and Precision(i) (shown by
(5)) stands for the precision of each disease class.

3.2. Training Details

We implemented YOLO-JD by PyTorch and trained it on a single GPU (Nvidia RTX
2080). The YOLO-JD model runs on a computer with an AMD 3700x CPU under the
Ubuntu 18.04 operating system. We used a learning rate of 0.02 for the first 100 epochs
and then 0.01 for the last 50 epochs with a mini-batch size of 8. We trained our network
using Adam optimizer (SGD momentum rate at 0.937, weight decay rate at 0.005, epoch’s
warm-up rate at 3.0, and warm-up initial momentum rate at 0.8).

3.3. Quantitative Results

To prove the effectiveness of YOLO-JD, we compare it with only detection models from
the YOLO family. This is because nowadays the YOLO family holds the best image object
detection performance in various applications. The contrasted models include YOLOv3 [12],
YOLOv3(tiny) [12], YOLOv4 [13], YOLOvA4(tiny) [14], YOLOV5-s [28], YOLOvV5-m [28],
YOLOV5-1[28], YOLOv5-x [28]. Except for YOLO-]JD, we obtained pre-trained models on
the COCO dataset [29] for all other methods compared, and we then conduct transferred
learning on the jute dataset to speed up the convergence, respectively. Different from
all others, our YOLO-JD was trained directly on the jute dataset. Table 2 reports the
quantitative results on our jute disease test images. Our YOLO-JD achieved the best
performance on all four metrics: Prec, Rec, F1, and mAP.
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Table 2. The quantitative comparison of several methods including YOLO-JD on the Jute disease test
dataset. The best measures are in boldface.

Measures Methods D-1 D-2 D-3 D-4 D-5 D-6 D-7 D-8 P-1 P-2 Mean
YOLOvV3 73.43 78.71 78.51 73.81 83.22 97.81 98.32 94.40 80.13 74.23 83.26

YOLOv4 83.33 81.94 80.03 85.71 84.64 97.77 97.31 91.07 82.89 76.10 86.08

YOLOV3 Tiny 69.23 71.13 68.01 75.60 88.81 94.72 98.03 96.29 79.01 71.94 81.27

YOLOV4 Tiny 67.74 82.85 79.16 81.25 82.98 97.43 4454 92.59 82.89 77.77 78.92

Prec (%) YOLOvV5s 83.82 82.91 71.22 75.92 89.41 98.91 96.21 97.31 84.40 82.12 86.22
YOLOvV5m 69.13 65.34 69.54 74.52 85.55 97.84 96.44 98.80 80.33 70.33 80.78

YOLOvV51 69.51 71.75 73.10 81.52 88.62 98.34 96.15 96.22 85.75 78.41 83.93

YOLOv5x 68.24 66.62 72.71 78.21 89.70 98.82 96.71 98.15 83.31 78.15 83.06

YOLO-]D (ours) 98.34 96.21 95.82 97.10 95.31 98.10 98.65 97.90 91.60 92.90 96.19

YOLOvV3 81.73 83.98 71.74 85.46 97.53 92.72 96.11 92.74 83.76 86.73 87.25

YOLOv4 85.64 90.17 68.93 94.87 87.64 91.76 94.15 90.92 75.36 76.98 85.64

YOLOV3 Tiny 78.64 87.53 73.51 91.24 93.74 93.83 95.81 89.83 86.36 89.36 87.98

YOLOV4 Tiny 74.63 89.74 77.93 83.76 78.54 94.62 97.33 81.02 88.36 73.72 83.96

Rec (%) YOLOvV5s 78.83 84.61 59.70 82.91 97.33 95.90 95.71 91.22 92.51 82.91 86.16
YOLOvV5m 84.81 89.43 74.11 89.72 98.75 91.33 92.24 95.35 96.23 89.30 90.12

YOLOV51 78.84 85.92 75.93 91.33 97.95 91.85 93.91 89.20 93.40 83.65 88.19

YOLOv5x 78.12 88.55 73.91 92.94 97.71 91.89 91.73 89.41 93.61 84.21 88.20

YOLO-]D (ours) 92.41 98.62 86.92 93.22 98.10 96.75 96.71 96.21 97.31 95.20 95.14

YOLOvV3 77.11 81.25 74.96 79.20 89.79 95.19 96.98 93.56 81.88 79.97 84.99

YOLOv4 84.46 85.85 74.05 82.68 86.11 94.66 95.54 90.99 78.94 76.53 84.98

YOLOV3 Tiny 73.63 78.48 70.64 90.05 91.20 93.91 97.47 92.94 82.52 79.70 85.05

YOLOV4 Tiny 71.01 86.15 78.54 82.48 80.69 96.00 60.53 86.41 85.53 75.69 80.30

F1 (%) YOLOv5s 81.22 83.74 64.94 79.24 93.18 97.85 95.59 94.15 88.26 82.49 86.06
YOLOvV5m 76.14 75.47 71.72 81.10 91.75 94.43 94.05 97.60 87.53 78.66 85.84

YOLOvV51 73.85 77.74 74.47 85.98 93.01 95.40 94.05 92.56 89.00 80.91 85.69

YOLOv5x 72.81 76.00 73.29 84.54 93.14 95.41 94.57 93.54 88.15 81.03 85.24

YOLO-]D (ours) 95.25 97.38 92.55 94.04 96.11 97.94 96.83 98.01 95.29 94.03 95.74

YOLOvV3 89.23 88.42 85.43 96.13 96.41 97.72 98.53 95.72 90.10 84.75 92.24

YOLOvV4 86.10 91.44 83.33 97.55 96.55 96.91 97.51 98.33 94.74 89.25 93.17

YOLOV3 Tiny 89.42 88.51 85.52 96.52 96.72 98.52 98.72 95.91 85.92 85.91 92.16

YOLOV4 Tiny 78.53 84.71 82.51 91.71 90.33 97.88 76.22 94.90 92.77 80.33 86.98

mAP (%) YOLOvV5s 79.71 87.34 63.57 96.31 97.85 96.40 98.51 93.25 93.35 81.50 88.78
YOLOvV5m 79.83 87.55 68.60 95.72 98.40 96.21 98.73 97.41 92.55 83.14 89.82

YOLOvV51 79.94 86.73 75.61 96.54 98.31 96.33 98.75 93.92 93.41 84.35 90.39

YOLOvV5x 80.22 88.61 72.23 96.91 98.80 94.35 98.90 95.95 94.40 84.31 90.47

YOLO-]D (ours) 97.21 96.10 89.40 94.23 98.61 98.50 98.10 98.70 96.90 97.30 96.63

3.4. Qualitative Results

The qualitative comparison across YOLO-JD and other models is given in Figure 5.
We choose one example from each disease category of the testing dataset. The first column
of Figure 5 shows the input test images; the second column gives the ground truth images.
The results of our YOLO-]D are given by the third column. The other eight state-of-the-
art methods are shown in the fourth to the eleventh columns, respectively. Each row of
Figure 5 stands for a type of disease, and the rows are arranged in the same order as in
Table 1. For example, the first row of Figure 5 shows detection results of the stem rot
disease of all models, in which YOLO-JD is the most similar to the ground truth bounding
box. The 2nd row of Figure 5 shows detection results of another disease—anthracnose;
YOLOv3, YOLO-v3(tiny), YOLOv5-m, and YOLOv5-1 all have an extra false detection box,
and our YOLO-]D detects the disease area with high accuracy. The 3rd row shows the
results of detecting the disease of black band, our YOLO-JD avoids false positives and
is almost identical to ground truth. On the fourth, fifth, sixth, seventh, and eighth rows,
our method is still the closest to the ground truth across all models compared. The ninth
and tenth rows show two test images of jute pests, respectively. YOLO-JD successfully
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Input

Ground truth

detected the accurate pest areas, and our results are the closest to the ground truth across
all models compared.

YOLO-ID (ours) YOLOvV5-x

7

) y y
2 2

Figure 5. Qualitative comparison between our YOLO-JD and eight other models on Jute disease detection.

YOLO-JD has ability to locate multiple instances of a disease on the same image, and
is also able to detect multiple classes of diseases and pests on the same image. Figure 6
shows that our YOLO-JD successfully detects multiple disease cases from three images in
the testing dataset. Figure 6a contains 1 case of D-2 and 3 cases of P-1. Figure 6b contains
1 case of D-2 and 1 case of P-1. Figure 6c contains 1 case of D-6 and 1 case of P-1.

3.5. Ablation Analysis

To prove the independent contribution of each module to the total performance of the
new modules added in YOLO-JD, we perform a simple but effective ablation analysis on
the Jute disease dataset. The results of all ablation cases are shown in Table 3. In the “A1”
version of our model, we replaced the SPPM module with the original Spatial Pyramid
Pooling structure in the standard YOLOv5 while remaining all other parts unchanged. In
“A2” version of our model, we replace the DSCFEM with the “C3” module in the original
YOLOVS5. In “A3” version of our model, we replace the SCFEM with the “BottleneckCSP”
module in the original YOLOV5. The “C” version in Table 3 means the complete YOLO-
JD model. We compared the complete YOLO-JD model with the “A1”, “A2”, and “A3”
models using Precision, Recall, F1 on the same training scheme and the same dataset. The
fully-deployed YOLO-]D has the best performance in the ablation comparison.
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Figure 6. YOLO-JD detection on images that have multiple instances of the same disease and that
have multiple classes of diseases and pests on the same image. (a,b) are two Jute stem images both
contain Anthracnose disease and the Cosmophila sabulifera pest at the same time. (c) is an image
contains the die back disease and the Cosmophila sabulifera pest at the same time.

Table 3. YOLO-]JD the results of the peeling test of the network on the Object Detection task. The best
measures are in boldface. The “/” sign means deployment in network.

Ver SCFEM DSCFEM SPPM D-1 D-2 D-3 D-4 D-5 D-6 D-7 D-8 P-1 P-2 Mean

Al Vi v 984 881 900 919 938 994 980 994 911 911 941

Prec A2 v VA 916 83 870 924 921 991 962 991 89.7 897 922
(%) A3 v V4 919 786 868 872 878 973 833 974 842 842 878
C v VA vV 983 962 980 971 953 995 983 997 916 916 96.5

Al v VA 93.7 974 833 991 983 927 992 895 948 948 942

Rec A2 v V4 894 971 796 987 993 917 991 8.0 934 934 931
(%) A3 v vV 8.2 895 8.1 938 991 895 983 909 957 957 923
C v VA VA 924 986 869 993 995 981 995 962 993 993  96.9

Al v/ v 96.0 925 8.5 949 959 959 985 941 929 929 941

F1 A2 v V4 905 908 831 954 955 952 976 937 915 915 924
(%) A3 VA VA 889 836 89 903 931 932 901 940 896 895 898
C v v V4 952 974 921 981 973 987 988 979 953 952  96.6

Al v v 971 974 876 993 995 944 991 917 975 975 961

mAP A2 v VA 936 978 870 991 993 98.7 986 987 975 971 96.7
(%) A3 v V4 89.0 909 8.2 988 991 923 982 935 964 964 944
C v v vV 97.2 981 894 99.7 996 985 993 987 994 994 979

4. Discussion

In this discussion, we will highlight studies that used deep learning models to detect
or recognize different crop diseases with high accuracies. Lee et al. [30] used a Convolution
Neural Network (CNN) to process the plant images, and after removing the background
and leaving only the potato leaves in the image to judge the symptoms of diseases for
potato plants, achieved an accuracy of around 99%. On the other hand, Islam et al. [31]
used transfer learning with VGG16 network to detect potato diseases from images with an
accuracy of 99.43%. Likewise, Olivares et al. [32-34] used machine learning algorithms such
as Random Forest to accurately identify soil properties associated with disease symptoms
of tropical diseases of bananas. In our work, YOLO-JD achieved an average mAP of 96.63%
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for multiple diseases and pests for jute plants. Together with our YOLO-JD, the above
works disclose the popularity and the broad application prospects of machine learning
and deep learning on disease prevention for precision agriculture. Therefore, it is possible
to effectively use the CNN-like or YOLO-like architectures to detect crop diseases from
images, and provide highly accurate results. Though the size of the architectures and
the number of parameters may vary from task to task, the creation of suitable models for
various types of human-machine interfaces are possible and even straightforward.

5. Conclusions

In this paper, we present a new model YOLO-]D for detecting jute diseases and pests.
The main contributions of this paper are threefold: (i) we built a new image dataset with
accurate manual labels for jute diseases, and the dataset contains ten classes (eight in
diseases, and two in pests); (ii) in this study, we integrated three new modules into the
YOLO-JD architecture and achieved an average mAP at 96.63% and F1-score at 95.83% for
all disease classes; and (iii) YOLO-JD outcompeted several other state-of-the-art methods
from the YOLO family both qualitatively and quantitatively.

In the future, we will continue to optimize YOLO-]JD for better performance. We
are also going to update the jute disease dataset, and try to accommodate YOLO-JD to
light-weight applications (such as apps for mobile devices).
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Abstract: Passion fruit (Passiflora edulis Sims.) is an ever-increasing interest crop in Italy because it is
mainly cultivated for its edible fruit and, secondly, as an ornamental evergreen climber. During the
summer of 2020, two-year-old plants of purple passion fruit in one of the most important expanding
production areas of Sicily (southern Italy) showed symptoms of yellowing, wilting, and vascular
discoloration. Fusarium-like fungal colonies were consistently yielded from symptomatic crown
and stem tissues. Five representative isolates were characterized by a morphological and molecular
analysis based on a multilocus phylogeny using RNA polymerase’s second largest subunit (RPB2)
and translation elongation factor 1-alpha (EF-1c) genes, as Fusarium nirenbergiae (Fusarium oxysporum
species complex). Pathogenicity tests conducted on healthy 1-year-old passion fruit cuttings revealed
symptoms similar to those observed in the field. To our knowledge, this is the first report of Fusarium
wilt on passion fruit caused by Fusarium nirenbergiae. This report focuses on the phytopathological
implications of this fungal pathogen, which may represent a future significant threat for the expanding
passion fruit production in Italy and Europe.

Keywords: wilt; passion fruit; Fusarium oxysporum species complex

1. Introduction

In recent years, tropical fruit production increased worldwide due to the increasing
demand of global markets and more efficient transportation and storage techniques [1,2].
Most of the tropical fruit is destined for fresh consumption or industrial transformation.
Among these, passion fruit (Passiflora edulis Sims.) is one of the most exported and con-
sumed fruit commodities. It originated in tropical and subtropical America [3], and it is now
extensively cultivated worldwide, including Australia, New Zealand, India, Africa, and
South America [4,5]. Passion fruit is mainly cultivated for its edible fruit but secondarily
also for its attractive flowers on ornamental evergreen vines.

In Italy, the cultivation of P. edulis (also known as purple passion fruit) as a fruit crop
in some regions characterized by a Mediterranean climate (e.g., Sicily and Calabria) is
gaining growing interest by local farmers, and it is carried out under greenhouse and, to a
lower extent, open field conditions. Indeed, although the crop is well adapted to a wide
rainfall range (1000-2500 mm for crop season), minimum temperatures below 5 °C should
be avoided because they seriously compromise the plant growth and nutrient uptake [6-8].
In this regard, it should be noted that a process of reconversion of protected tomato and
vegetable crops into tropical fruit plantations is currently taking place in southern Italy
and Sicily.

Unfortunately, this species is affected by many diseases during its different growth
stages, and this reduces the yield and the farmers’ income [9]. One of the most widely
reported fungal pathogens affecting passion fruit is Fusarium oxysporum f. sp. passiflorae,
which causes the Fusarium wilt. It was first reported in Australia [10] but is nowadays
spread worldwide [11-13]. Among Fusarium diseases, Neocosmospora solani (=Fusarium solani)
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is responsible for the basal stem rot [14-16]. According to Viana & Costa [17], the species
F. oxysporum £. sp. passiflorae and N. solani are the most damaging ones to passion fruit
crops. Minor diseases have been reported on passion fruit, such as the damping-off of
seedlings and collar and root rot in adult plants caused by Rhizoctonia solani [18] and collar
rot caused by Phytophthora spp. [19]. During a recent survey performed in Sicily, young
passion fruit plants showing symptoms of general yellowing and wilting were observed in
some of the most representative production areas. Given the increasing interest of local
growers in expanding passion fruit cultivation, the aim of this study was to characterize
the fungal species associated with those symptoms and test their pathogenicity, in order to
better understand the syndrome’s aetiology.

2. Results

The symptoms observed in the greenhouse consisted of leaf yellowing and wilt-
ing (Figure 1a,b), external crown and root rot and wood discoloration moving upward
to the canopy (Figure 1c). The disease incidence reached 10% of the cultivated plants.
Colonies with white or light purple aerial mycelia and violet pigmentation on the under-
side of the cultures developed after 14 days on PDA, being firstly identified as Fusarium-
like. Sporodochial macroconidia with 2 to 5 septa, grown on OA, measured (23.09-)
28.76 £ 3.06 (-35.48) um x (1.99-) 3.84 + 0.58 (—4.75) pm (Figure 1f,g). Oval, unicellular mi-
croconidia developed on short monophialides, grown on OA, measured (3.1-) 5.17 & 1.35
(-9.17) pm x (1.3-) 1.98 & 0.37 (-2.9) um (Figure 1i).

Figure 1. Disease symptoms and Fusarium nirenbergiae features: (a,b), yellowing and wilting of passion fruit plants in
greenhouse; (c), vascular discoloration on a collar portion; (d,e), F. nirenbergiae (Di3A-Pefl isolate) grown on 7 day-old (up)
and 14 day-old (down) OA; (f), sporodochia on OA; (g), sporodochial conidia (macroconidia); (h), chlamydospores on SNA;
(i), aerial conidia (microconidia). Scale bars, (f): 2 mm; (g-i): 50 pm.
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PCR edit amplicons resulted in 528 bp for the partial ITS region, 287 bp for EF-1«
and 953 bp for RPB2. The sequences were registered in GenBank as follows: MZ398141,
MZ398142, MZ398143, MZ398144, MZ398145 for ITS, MZ408109, MZ408110, MZ408111,
MZ408112, MZ408113 for RPB2 and MZ408114, MZ408115, MZ408116, MZ408117, MZ408118
for EF1-a. A GenBank BLASTn analysis and a pairwise sequence alignment on the
MLST database indicated that all the isolates from passion fruit belonged to the Fusarium
oxysporum species complex (FOSC). In particular, the MLST search resulted in high identity
values (96-100%) (Acc. number MH582354) for the EF1-« gene and 98% (Acc. num-
ber MH582140) for the RBP2 gene with a F. oxysporum species complex (FOSC). The MP
heuristic search resulted in 83 parsimony-informative characters, while 109 were variable
and parsimony-uninformative and 1412 were constant. A maximum of 320 equally most
parsimonious trees were retained (Tree length = 249, CI = 0.851, RI = 0.898 and RC = 0.765).

The bootstrap support values from the parsimony analysis are shown close to the
branch node. The group of representative isolates Di3A-Pef1-5 clustered with the reference
strain of F. nirenbergiae, as shown in Figure 2, and were clearly separated by the other
sequences provided in the study by Lombard et al. [20]. The isolates were then identified
as Fusarium nirenbergiae L. Lombard & Crous.
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Figure 2. Single most parsimonious phylogenetic tree resulting from the MP analysis of combined
EF1-a and rbp2 sequence data. The isolates in bold were sequenced in this study. The numbers
represent MP bootstrap values.
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The inoculated isolate after five months caused symptoms similar to those observed
under greenhouse conditions in all inoculated plants. The symptoms consisted of leaf
yellowing and wilting. After 7 months all plants died. A longitudinal section of the
inoculated plants reveals the internal discolorations moving upward to the canopy. The
control remains symptomless. From the symptomatic tissues, F. nirembergiae was always
re-isolated, and it was characterized as previously described.

3. Discussion and Conclusions

To the best of our knowledge, this paper represents the first report of F. nirembergiae,
belonging to the FOSC complex, as a causal agent of Fusarium wilt of passion fruit. In
this regard, both the morphological characterization and the analysis of the ITS, EF1-a
and RBP2 sequences allowed us to correctly allocate a representative number of detected
strains within the F. nirenbergiae group, being distinctly separated by the other taxa, as
recently shown by Lombard et al. [20] and Crous et al. [21]. Based on the present findings,
F. nirenbergine was strongly grouped in a separated subclade of FOSC, phylogenetically
close to F. curvatum. Although little information regarding F. nirembergiae’s pathogenic-
ity and host range is currently available, except for the study by Zhao et al. [22] on
Acer negundo, this species (belonging to FOSC) is able to colonize and infect host vascular
tissues; for this reason, it is reported worldwide as responsible for Fusarium wilt [14]. The
first symptoms consist of leaf yellowing and wilt, followed by the plant’s collapse. This
disease is observed in adult and young plants under favorable conditions for the infection
development, such as high temperature and humidity and a high potential inoculum in
the soil [5,23]. Once this fungal pathogen is established in the field, its control is very
difficult, since fungicide application does not result in a significant reduction of the disease
amount, and the pathogen can persist in the soil for many years in the absence of the
host [14]. Hence, the incidence data are very worrying as regards the nature of the fungal
pathogen and dissemination ability of F. nirenbergiae under greenhouse conditions. If, on
the one hand, protected systems could facilitate the cultivation of purple passion fruit,
on the other hand they could aggravate the consequences of this phytopathological issue.
Indeed, this could represent a future threat for the expansion of this tropical crop, which
is replacing protected tomato cultivation in different areas of southern Italy. Therefore,
disease management should be focused mainly on preventative and pathogen exclusion
measures, avoiding plantation in areas with a severe history of Fusarium wilt infections or
selecting healthy propagation material in combination with adequate agronomic practices.
Additionally, other sustainable strategies should include the use of resistant cultivars, as
recommended by several authors [24,25]. Comprehensively, the increasing trend of tropical
plantations in Italy leads us to focus more on fungal diseases that could represent limiting
factors for future production. According to presented data combined with recent find-
ings [20,21], it cannot be excluded that some past reports of F. oxysporum f. sp. passiflorae
could confirm that F. nirembergiae is a causal agent of Fusarium wilt. However, further
surveys should be performed on P. edulis orchards in Italy and worldwide to confirm the
new aetiology of the Fusarium wilt of passion fruit and its real diffusion.

4. Materials and Methods
4.1. Field Survey, Isolations and Morphological Characterization

In July of 2020, 50 two-year-old “purple’ passion fruit plants cultivated in a greenhouse
in the Syracuse province (Sicily, Italy) appeared stunted, defoliated and severely wilted.
Diseased vascular tissues (0.5 cm?) were surface-disinfected for 1 min in a 1.2% sodium
hypochlorite (NaOCl) solution, rinsed in sterile water, placed on a potato dextrose agar
(PDA, Lickson, Vicari, Italy) amended with 0.1 g/L of streptomycin sulphate (Sigma-
Aldrich, St. Louis, MO, USA), to prevent bacterial growth, and then incubated at 25 &1 °C
until fungal colonies were observed. Single-spore isolates were obtained from pure cultures
grown on APDA. To induce sporulation, five representative single-spore isolates (named
Di3A-Pefl, Di3A-Pef2, Di3A-Pef3, Di3A-Pef4 and Di3A-Pef5) were selected and transferred
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on a synthetic nutrient-poor agar (SNA) [26], Oatmeal Agar (OA, Difco, Detroit, MI, USA)
and PDA for morphological characterization. A total of 50 macro- and micro-conidia
were measured (length and width size) using a fluorescence microscope (Olympus-BX61)
coupled to an Olympus DP70 digital camera; images and measurements were captured
using the software analySIS Image Processing. Conidia sizes are reported as the minimum
and maximum in parentheses, and the average is reported with the standard deviation.

4.2. Molecular Characterization and Phylogeny

Genomic DNA of the selected isolates (Di3A-Pef 1-2-3-4-5) was extracted using the
Gentra Puregene Yeast/Bact kit (Qiagen, Hilden, Germany) according to the manufacturer’s
protocol. The internal transcribed spacer of the ribosomal DNA (rDNA-ITS), partial
translation elongation factor alpha gene (EF-1x) and RNA polymerase II gene (RPB2) were
targeted for PCR amplification and sequencing. The primers used for these regions were:
ITS5 and ITS4 for ITS [27], EF1-728F and EF1-986R for EF-1x [28] and 5f2 and 7cr for
RPB2 [29]. The PCR products were purified and sequenced in both directions by Macrogen
Inc. (Seoul, Korea). The sequences were edited using MEGAX: Molecular Evolutionary
Genetics Analysis across computing platforms [30], manual adjustments of alignments were
made when necessary and submitted to GenBank. Moreover, the sequences were blasted
in the NCBIs GenBank nucleotide database and on the Fusarium MLST database of the
Westerdijk Fungal Biodiversity Institute (http:/ /www.westerdijkinstitute.nl/fusarium/,
accessed on 21 May 2021). For comparison, 44 additional sequences were selected according
to the recent literature [20] (Table 1). The phylogenetic analysis was based on the Maximum
Parsimony (MP). The MP analysis was done using PAUP v. 4.0a165 [31]. Phylogenetic
relationships were estimated by heuristic searches with 100 random addition sequences.
A tree bisection-reconnection was used, with the branch swapping option set to ‘best
trees” only, with all characters weighted equally and alignment gaps treated as the fifth
state. The tree length (TL), consistency index (CI), retention index (RI) and rescaled
consistency index (RC) were calculated for parsimony and the bootstrap analyses were
based on 1000 replicates [32]. Fusarium foetens (CBS 120665) and F. udum (CBS 12881) served
as outgroups.

Table 1. Characteristics of Fusarium isolates included in the phylogenetic analysis.

Species Culture Accession Host/Substrates Special form Origin GeneBank Accession
rpb2 EF1-o

Fusarium callistephi CBS 187.53 Callistephus chinensis callistephi The Netherlands MH484875 ~ MH484966
F. carminascens CBS 144739 Zea mays South Africa MH484934  MH485025
F. cugenengense CBS 620.72 Crocus sp. gladioli Germany MH484879 ~ MH484970
F. cugenengense CBS 130304 Gossypium barbadense vasinfectum China MH484921  MH485012
E.curvatum CBS 247.61 Matthiola incana matthiolae Germany MH484876 ~ MH484967
FE.curvatum CBS 238.94 Beaucarnia sp. meniscoideum The Netherlands MH484893 ~ MH484984
F. duoseptatum CBS 102026 Musa sapientum cubense Malaysia MH484896 ~ MH484987
F. elaeidis CBS 217.49 Elaeis sp. elaeidis Zaire MH484870  MH484961
F. fabacearum CBS 144742 Zea mays South Africa MH484938  MH485029
F. foetens CBS 120665 Nicotiana tabacum Iran MH484918  MH485009
F. glycines CBS 144746 Glycine max South Africa MH484942  MH485033
F. glycines CBS 20089 Ocimum basilicum basilici Italy MH484888  MH484979
F. glycines CBS 17633 Linum usitatissium lini Unknown MH484868  MH484959
F. glycines CBS 21449 Unknown Argentina MH484869  MH484960
F. gossypinum CBS 116611 Gossypium hirsutum vasinfectum Ivory Coast MH484907  MH484998
F. hoodiae CBS 132474 Hoodia gordonii hoodiae South Africa MH484929  MH485020
F. languescens CBS 41390 Solanum lycopersicum lycopersici Israel MH484890  MH484981
F. languescens CBS 119796 Zea mays South Africa MH484917 ~ MH485008
F. languescens CBS 30,291 Solanum lycopersicum lycopersici The Netherlands MH484892  MH484983
F. languescens CBS 646.78 Solanum lycopersicum lycopersici Morocco MH484881 MH484972
F. nirembergiae CBS 744.79 Passiflora edulis passiflorae Brazil MH484882  MH484973
F. nirembergiae CBS 115424 Agothosma betulina South Africa MH484906 ~ MH484997
F. nirembergiae CBS 12924 Secale cereale Unknown MH484864  MH484955
F. nirembergiae CBS 12781 Chrysanthemum sp. chrysanthemi USA MH484883 ~ MH484974
F. nirembergiae CBS 130303 Solanum lycopersicum radicis-lycopersici ~ USA MH484923 ~ MH485014
F. nirembergiae CBS 115417 Agothosma betulina South Africa MH484903 ~ MH484994
F. nirembergiae CBS 19687 Bouvardia longiflora bouvardiae Italy MH484886 ~ MHA484977
F. nirembergiae CBS 123062 Tulip roots USA MH484919 ~ MH485010
F. nirembergiae CBS 18132 Solanum tuberosum USA MH484867  MH484958
F. nirembergiae CBS 75868 Solanum lycopersicum lycopersici The Netherlands MH484877  MH484968
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Table 1. Cont.

Species Culture Accession Host/Substrates Special form Origin GeneBank Accession
rpb2 EF1-a
F. nirembergiae CBS 840.88 Dianthus caryophyllus dianthi The Netherlands MH484887  MH484978
FE. oxysporum CBS 221.49 Camellia sinensis medicaginis South East Asia MH484872  MH484963
FE. oxysporum CPC 25822 Protea sp. South Africa MH484943 ~ MH485034
FE. oxysporum CBS 144134 Solanum tuberosum Germany MH484953 ~ MH485044
F. pharetrum CBS 144751 Aliodendron dichotomum South Africa MH484952  MH485043
F. pharetrum CBS 144750 Aliodendron dichotomum South Africa MH484951 MH485042
F. trachichlamydosporum  CBS 102028 Musa sapientum cubense Malaysia MH484897  MH484988
F. triseptatum CBS 258.50 Ipomea batatas batatas USA MH484873 ~ MH484964
F. triseptatum CBS 116619 Gossypium hirsutum vasinfectum Ivory Coast MH484910  MH485001
F. udum CBS 177.31 Digitaria ariantha South Africa MH484866 ~ MH484957
Fusarium sp. CBS 12881 Chrysanthemum sp. chrysanthemi USA MH484884  MH484975
Fusarium sp. CBS 130323 Human nail Australia MH484927  MH485018
Fusarium sp. CBS 68089 Cucumis sativus cucurbitacearum The Netherlands MH484889  MH484980

4.3. Pathogenicity Tests

In order to fulfil Koch'’s postulates, pathogenicity tests were conducted on one-year-
old potted cuttings using the mycelial plug technique. In detail, 18 healthy cuttings were
inoculated, removing a piece of bark of the crown root with a scalpel blade and applying a
myecelial plug (0.3 cm?), taken from a 14-day-old Di3A-Pef 1 isolate, upside down on the
wound and subsequently covered with soil to prevent desiccation. The controls consisted
of sterile PDA plugs applied as described above to the same number of healthy young
plants. Re-isolation attempts were performed from representative inoculated plants.
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Abstract: In most wine-growing countries of the world the interest for organic viticulture and
eco-friendly grape production processes increased significantly in the last decade. Organic viticulture
is currently dependent on the availability of Cu and S compounds, but their massive use over time
has led to negative effects on environment health. Consequently, the purpose of this study was
to evaluate the effectiveness of alternative and sustainable treatments against powdery mildew,
gray mold and sour rot under the field conditions on Nero d’Avola and Inzolia Sicilian cultivars.
In detail, the efficacy of COS-OGA, composed by a complex of oligochitosans and oligopectates,
and its effects in combination with arbuscular mycorrhizal fungi (AMF) were evaluated to reduce
airborne disease infections of grape. COS-OGA combined with AMF induced a significant reduction
in powdery mildew severity both on Nero d’Avola and Inzolia with a mean percentage decrease of
about 15% and 33%, respectively. Moreover, COS-OGA alone and combined with AMF gave a good
protection against gray mold and sour rot with results similar to the Cu-S complex (performance in
disease reduction ranging from 65 to 100%) on tested cultivars. Similarly, the COS-OGA and AMF
integration provided good performances in enhancing average yield and did not negatively impact
quality and microbial communities of wine grape. Overall, COS-OGA alone and in combination
could be proposed as a valid and safer option for the sustainable management of the main grapevine
pathogens in organic agroecosystems.

Keywords: organic vineyards; sustainable management; powdery mildew; gray mold; sour rot;
postharvest quality

1. Introduction

Environmental and food safety issues are driving the wine sector towards innovative
systems characterized by eco-friendly and sustainable approaches [1,2]. To this regard,
the expansion of the organic viticulture and wine market is increasing more and more
and is globally widespread [3]. European countries hold a predominant position in such
a scenario, since Spain, France and Italy account for 75% of the world surface destined
to organic wine grape production [4]. Italy represents one of the largest organic grape
and wine producers, since more than 15% of Italian wine grape cultivation surface is
addressed to organic production and covers about 107,143 ha. In detail, Sicily is the first
organic viticulture region in Italy with 29,669 ha, corresponding to over 25% of the organic
Italian wine-growing surface [4]. Sicilian wine is also well-known for quality and typicality
mainly referable to a wide range of indigenous germplasm (i.e., Nero d’Avola, Nerello
Mascalese, Nocera, Grillo, Inzolia, Cataratto). European certifications were assigned over
time to Sicilian wine production areas, such as 1 “Guaranteed and Controlled Designation

179



Plants 2022, 11,1763

of Origin (GCDO)” and 23 “Controlled Designation of Origin (CDOs)”. These labels
define the different Sicilian terroirs, in which chemical and fertilization inputs should be
reduced to preserve biodiversity and maintain balanced agro-ecosystems [1]. The eco-
friendly approach, involving a strong reduction in chemical inputs, is also supported by
the agro-food industry and the global government measures.

Powdery mildew, gray mold and downy mildew, caused by Erysiphe necator, Botry-
tis cinerea and Plasmopara viticola, respectively, represent major grapevine diseases, that
strongly affect yield and quality worldwide. The sour rot, caused by a complex of bacteria
and yeast, can be also considered a serious threat for the grape production and wine-
making process [5]. The control of these diseases relies almost exclusively on fungicide
applications [6,7], including Cu and S compounds which are extensively used in organic
vineyards [8,9]. These compounds are considered mandatory steps for disease protection in
organic winegrowing due to lack of available alternatives and are often applied simultane-
ously to control P. viticola and E. necator infections [10]. Consequently, the massive use of Cu,
and to a lesser extent for S compounds, over the last century has led to negative effects for
environment health [11-13], which are conflicting with the principles of organic agriculture.
The European Commission has regulated the use of Cu compounds per year [14] being the
maximum allowed 28 kg/ha over 7 years (averagely 4 kg ha™! per year) [15]. Consequently,
Cu molecule is considered an active substance candidate for impending withdrawal for
agricultural purposes [16] as it has already pursued in some European countries, such as
Denmark and the Netherlands [11]. Despite the negative impact, Cu is still necessary in
organic viticulture, due to its wide activity spectrum, high efficacy against downy mildew
and low cost [8].

According to eco-friendly approaches and increasing organic wine demands, the global
scientific community focused on developing alternatives to Cu in order to reduce and/or
replace it in main crops, such as grapevine. There are many substances under ongoing
testing and validation and some are already on the global market, such as inorganic
substances (i.e., zeolite, potassium and sodium hydrogen carbonate); biological control
agents (BCAs); biostimulants, including also arbuscular mycorrhizal fungi (AMF) and plant
growth-promoting rhizobacteria (PGPR), and resistance inducer (RI) products [11,17-19].

For example, many BCAs are already commercially available for winegrowers. Several
bioformulates based on Trichoderma spp., Streptomyces spp., Aureobasidium pullulans, Bacillus
subtilis and B. amyloliquefaciens are used to manage gray mold infections, whereas Am-
pelomyces quisqualis-based formulates are applied for the control of the powdery mildew of
grape [1,17]. With regard to biostimulants, the most promising and widely used are seaweed
extracts, protein hydrolysates, humic and fulvic acids, silicon, AMF and PGPR [18]. Several
studies showed that mycorrhizal colonization provides pathogen protection through induc-
ing plant systemic resistance [19,20]. AMF are also considered among the viable alternatives
for a sustainable vineyard management being able to establish root symbiotic relationship
with grapevine such as it happens for some species as Glomus and Rhizophagus [19,21,22].

Several RlIs have been recently studied focusing on their mode of action and perfor-
mances versus grapevine pathogens [23]. Some of these provided adequate protection in
controlled conditions [24,25] and others in vineyards [8,26,27]. Among these, laminarin
and chitosan aroused much interest. Romanazzi et al. [27] reported the effectiveness of
laminarin and Saccharomyces extracts mixtures and chitosan alone in reducing downy
mildew in vineyards although to a lesser extent if compared to copper compounds. Fur-
thermore, chitosan confirmed similar performances against P. viticola both under high and
low disease pressures [28].

Among the Rls present on the global market, chitosan oligosaccharides (COS)-
oligogalacturonides (OGA) complex has been found to induce resistance against biotrophic
pathogens in different crop plants [29]. As a consequence of the favorable opinion expressed
by the European Food Safety Authority [30], the European Commission [31] approved it as
“the first low-risk active substance”. COS-OGA is an active substance resulting from the
combination of a complex of COS, which are compounds found in fungal cell walls and

180



Plants 2022, 11,1763

crustacean exoskeletons, with pectin-derived OGA originating from plant cell walls. There-
fore, chitosan and pectin form a stabilized complex, known as an egg box, which triggers a
set of signaling resulting in defense reactions against potential invaders. COS and OGA
fragments are detected by plant as non-self and self-molecules, respectively. The coupled
danger signals increase the speed and intensity of plant defense response [32]. COS-OGA
gave adequate protection against powdery mildew of tomato and cucumber [26,33]. More-
over, COS-OGA showed good activity to prevent potato late blight and root-knot nematode
attacks (Meloidogyne graminicola) on rice crop [29,34]. Otherwise, little information is avail-
able in the literature about COS-OGA performance against grapevine diseases regarding
the powdery mildew control in integrated production systems [7,26].

Thus, the aim of this paper was the evaluation of the performance of COS-OGA
alone and in combination with AMF—commonly used in organic vineyards of this Sicilian
district—on Nero d’Avola and Inzolia cultivars (i) in managing powdery mildew, gray
mold and sour rot representing key pathogens for Mediterranean grape production; (ii) in
reducing yield losses and maintaining postharvest chemical characteristics of grape; and
(iif) in affecting the culturable carposphere microflora.

2. Results
2.1. Field Experiments

The effectiveness of sustainable alternative compounds against powdery mildew, gray
mold and sour rot was evaluated through the in-field assessment of symptoms on bunches
confirmed by laboratory results. The treatment efficacies were always referred to relative
untreated controls calculating Abbott’s formula. Sicilian grape cultivars Nero d”Avola and
Inzolia were evaluated and disease levels compared at the end of crop cycle to observe
different responses to treatments and/or disease susceptibility. Since ranking of treatments
efficacies/effects was similar for both trials conducted in the two vineyards, diseases, yield,
and chemical and microbiological data were averaged for at least two trials and reported
for each cultivar.

2.1.1. Climate Data

Climatic conditions favorable to powdery mildew were detected in the 2020 season.
In Figure 1, the mean weekly values of air temperature, relative humidity and rain are
reported by averaging raw data from 1 April up to 30 September. Moreover, in this
Figure, phenological stages of vine budbreak (from 25 to 31 March), bloom and veraison
are indicated.

2.1.2. Efficacy in Controlling Powdery Mildew Infections in Vineyards

Effects of two single factors, treatment and cultivar, were always significant for all
the tested parameters, whereas site effects were not significant (Table 1). Therefore, the
data clearly showed a different susceptibility to the powdery mildew of grape between the
two tested cultivars, being Nero d’Avola more susceptible than Inzolia cultivar (Table 1,
Figure 2). All first and second order interactions were not significant versus disease
parameters except for treatment x cultivar on DS and Ik variables (Table 1).

Based on the ANOVA results, the trials were analyzed separately for Nero d”Avola
and Inzolia cultivars. Post-hoc analyses to establish the ranking of effectiveness at the end
of crop cycle are reported in the Table 2.

These data showed that no significant DI differences were observed among different
treatments on Nero d’Avola, whereas these differences were detected for Inzolia cultivar,
and in this case the Cu-S complex and Cu-S complex plus mycorrhiza combination were
the only effective treatments (significant data). Otherwise, significant differences were
always observed among DS and Iy values both on Nero d’Avola and Inzolia. In detail,
the Cu-S complex and Cu-S complex plus mycorrhiza combination were the most effec-
tive treatments being able to significantly reduce powdery mildew DS and Iyx values by
about 56-62% on Nero d’Avola and about 43-48% on Inzolia. Although to a lesser extent,
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DS and Iyix were significantly decreased by COS-OGA plus mycorrhiza treatment both
on Nero d’Avola and Inzolia with percentage reductions of about 15% and 33%, respec-
tively. COS-OGA applied alone significantly reduced about by 28% DS and Iy values on
Inzolia cultivar.
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Figure 1. Climate data and main phenological stages of grapevines detected in the 2020 season, from
April to September, by the weather stations of Novara di Sicilia and Patti (ME). T = temperature;
RH = relative humidity.

Table 1. Effects of single factors and their interactions in ANOVA on the powdery mildew infection
on wine grape caused by Erysiphe necator over time.

Disease Incidence (DI) Disease Severity (DS) McKinney’s Index (Ink)
Source of Variation df F p-Value F p-Value F p-Value
Treatment 4 4.909 0.001366 72.439 <0.0001 59.012 <0.0001
Cultivar 1 11.879 0.000908 206.501 <0.0001 173.176 <0.0001
Site 1 2.182 0.143575 "¢ 1.084 0.300866 "* 1.384 0.242915 ™
Treatment x Cultivar 4 0.364 0.833815 s 17.995 <0.0001 15.512 <0.0001
Treatment x Site 4 0.061 0.993079 s 0.024 0.998849 s 0.093 0.984535 ¢
Treatment x Cultivar x Site 4 0.242 0.913439 s 0.029 0.998354 "® 0.042 0.996549 ™

p-value of fixed effects associated to F test; ns: not significant data.
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(a) (b)

Figure 2. Symptoms observed on grapes caused by Erysiphe necator. Whitish powdery efflorescence

(a) and berry cracks (b) on bunches of Nero d’Avola.

Table 2. Post-hoc analyses of treatment effects on disease incidence (DI), severity (DS) and McKinney’s
index (Iyk) of powdery mildew on Nero d’Avola and Inzolia wine grapes caused by Erysiphe necator
at the final production stages (on September 8th).

Treatment

Nero d’Avola b Inzolia &P

DI (%) DS (0-to-4) Ink (%) DI (%) DS (0-to-4) Imk (%)

Untreated control
Cu-S complex
Cu-S complex + mycorrhiza
COS-OGA
COS-OGA + mycorrhiza

100 £ 0.0 34+011a 86.2 £2.90 a 975+25a 21£015a 525+ 3.88a
925 £5.0 1.3+011c 331+£272c 825+5.0b 1.1+011c 269 +272c¢
925 £5.0 1.5+0.18c 375+ 441c 825+50b 12+0.10bc 28.8+2.50bc
100 £ 0.0 32+023ab 812+585ab 925+50ab 15+021b 388+£528b
100 = 0.0 29+0.18b 731+£459b 925+50ab 14+0.12bc 35.0=+3.03bc

2 Data expressed as means of the two trials and followed by standard error of the means (£ SEM). Each value
derives from 5 replicates, each formed by at least 4 bunches. P Arcsine transformation was used on percentage
data prior to analysis, whereas untransformed data (%) are presented. DI, DS and Iyk values followed by the
same letter within each column are not significantly different according to Fisher’s least significance differences
test (o = 0.05). DI = Disease incidence; DS = disease severity; Iyix = McKinney’s index; ns = not significant data.

2.1.3. Efficacy in Controlling Gray Mold Infections in Vineyards

The effects of single factors, treatment and cultivar were always significant on both DI,
DS and Ik parameters, whereas the effects of the site were always not significant. All inter-
actions between factors were not significant on DI, DS and Iyk except for
treatment x cultivar on DS parameter (Table 3). Therefore, Nero d’Avola revealed higher
susceptibility degree to gray mold infection (Figure 3) than Inzolia cultivar (Table 3).

Based on ANOVA results, the trials were analyzed separately for Nero d’Avola and
Inzolia cultivar. Post-hoc analyses showed the same ranking of treatment effectiveness for
Nero d’Avola and Inzolia cultivars (Table 4).
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Table 3. Effects of single factors and their interactions in ANOVA on gray mold caused by Botrytis
cinerea on wine grape.

Disease Incidence (DI) Disease Severity (DS) McKinney’s Index (Ink)
Source of Variation df F p-Value F p-Value F p-Value
Treatment 4 17.8744 <0.0001 35.4128 <0.0001 27.6946 <0.0001
Cultivar 1 778291 <0.0001 95.1193 <0.0001 96.7338 <0.0001
Site 1 0.1608 0.689486 s 1.1743 0.281772 18 0.6645 0.417390 ¢
Treatment x Cultivar 4 0.8693 0.486126 " 12.4587 <0.0001 1.6885 0.160808 s
Treatment x Site 4 0.0352 0.997585 " 0.0734 0.990027 " 0.0633 0.992476 "
Treatment x Cultivar x Site 4 0.0754 0.989510 s 0.0183 0.999327 s 0.0609 0.993018 ¢

p-value of fixed effects associated to F test; ns: not significant data.

Figure 3. Symptoms observed on bunches of Nero d’Avola caused by Botrytis cinerea.

Table 4. Post-hoc analyses of treatment effects on disease incidence (DI), severity (DS) and McKinney’s
index (Ipk) of gray mold caused by Botrytis cinerea on Nero d”Avola and Inzolia wine grapes.

Nero d’Avola P Inzolia P
Treatment DI (%) DS (0-to-4) Imk (%) DI (%) DS (0-to-4) Imk (%)
Untreated control 70+ 9.35a 1.1+0.16a 275 +4.12a 225+25a 02+0.02a 5.6 £ 0.62a
Cu-S complex 175+751b 02+0.07b 44+187b 0.0£00b 00+0.0b 0.0£00b
Cu-S complex + mycorrhiza 225+100b 02=£0.10b 56 +250Db 0.0£00Db 0.0+00b 0.0£0.0b
COS-OGA 354+10.0b 0.3 £0.08b 75+212b 0.0£00b 00+£00b 0.0£00b
COS-OGA + mycorrhiza 25+ 13.69b 02+0.11b 5.6 £2.86b 0.0£00b 00+00b 0.0£00b

2 Data expressed as means of the two trials and followed by standard error of the means (£ SEM). Each value
derives from 5 replicates, each formed by at least 4 bunches. P Arcsine transformation was used on percentage
data prior to analysis, whereas untransformed data (%) are presented. DI, DS and Iyk values followed by the
same letter within each column are not significantly different according to Fisher’s least significance differences
test (o« = 0.05). DI = Disease incidence; DS = disease severity; Iyix = McKinney’s index; ns = not significant data.

On Nero d’Avola, significant differences were detected among treatments for DI
parameter. In detail, Cu-S complex, Cu-S complex plus mycorrhiza, COS-OGA and
COS-OGA plus mycorrhiza treatments significantly reduced the DI variable with values
comprised between 50% and 75%. All treatments significantly reduced DS and Ik values
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from 73% up to 85% if compared to the untreated control according to Abbott’s formula.
Moreover, on Inzolia grape all treatments inhibited gray mold development.

2.1.4. Efficacy in Controlling Sour Rot Infections in Vineyards

Similar to previous experiments, the effects of the single factors, treatment and cul-
tivar, were significant on DI, DS and Iyx parameters, whereas the effects of the site were
always not significant. All interactions between factors were not significant on all disease
parameters except for treatment x cultivar on DS (Table 5). Nero d’Avola revealed higher
susceptibility degree to sour rot infection (Figure 4) than Inzolia cultivar (Table 5).

Table 5. Effects of single factors and their interactions in ANOVA on the sour rot infection caused by
phytopathogenic bacteria and yeasts on wine grape.

Disease Incidence Disease Severity McKinney’s Index (Inrk)
Source of Variation df F p-Value F p-Value F p-Value
Treatment 4 44.8487 <0.0001 34.2016 <0.0001 34.1885 <0.0001
Cultivar 1 205.5921 <0.0001 154.9407 <0.0001 192.4708 <0.0001
Site 1 1.5921 0.210692 "® 0.7905 0.376611 "® 0.6381 ™ 0.426747 ™
Treatment x Cultivar 4 2.2039 0.075924 s 9.3083 <0.0001 1.9823 s 0.105118 ™
Treatment x Site 4 0.0461 0.995922 s 0.0198 0.999221 s 0.0276 ™ 0.998498 ™
Treatment x Cultivar x Site 4 0.0855 0.986682 "* 0.0277 0.998490 "® 0.0599 ™ 0.993223 ™

p-value of fixed effects associated to F test; ns: not significant data.

Post-hoc analyses revealed a similar ranking of efficacy on two wine grape cultivars
except for DS and IMK parameters on Nero d’Avola (Table 6). On this cultivar, all treatments
were significantly effective to reduce the number of infected bunches compared to the
untreated control. In detail, the most effective treatment was once again the Cu-S complex
plus mycorrhiza combination, since it reduced DI, DS and IMK values by approximately
72-82% if compared to untreated controls (Abbott’s formula). Although with slightly
lower performances, COS-OGA and COS-OGA plus mycorrhiza were able to significantly
reduce sour rot decay. On Inzolia, all treatments were significantly effective in reducing or
inhibiting sour rot infections if compared to the control.

Figure 4. Symptoms observed on bunches of Nero d’Avola caused by sour rot.
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Table 6. Post-hoc analyses of treatment effects on disease incidence (DI), severity (DS) and McKinney’s
index (Iyk) of sour rot caused by phytopathogenic bacteria and yeasts on Nero d’Avola and Inzolia
wine grapes.

Treatment

Nero d’Avola P Inzolia &P

DI (%) DS (0-to-4) Imk (%) DI (%) DS (0-to-4) Imxk (%)

Untreated control
Cu-S complex
Cu-S complex + mycorrhiza
COS-OGA
COS-OGA + mycorrhiza

975+25a 1.7+0.10a 43.1+250a 375+£56a 04 £0.07a 10.6 £ 1.88a
400+107b 05£0.12bc 11.2+£289bc 0.0+00b 0.0+00b 0.0+00b
275+114Db 03+0.13c¢ 81+337c 0.0£00b 0.0£00b 0.0£00b
475+6.1b 09+0.25b 225+620b 75+75b 0.07 £ 0.07b 1.9+1.87b
475+6.1b 0.6 +019bc 15,6 =4.84 bc 25+25b 0.02+0.02b 0.6 +0.62b

Incidence (%)

100
90
80
70
60
50
40
30
20
10

2 Data expressed as means of the two trials and followed by standard error of the means (£ SEM). Each value
derives from 5 replicates, each formed by at least 4 bunches. P Arcsine transformation was used on percentage
data prior to analysis, whereas untransformed data (%) are presented. DI, DS and Iyk values followed by the
same letter within each column are not significantly different according to Fisher’s least significance differences
test (o« = 0.05). DI = Disease incidence; DS = disease severity; Iyix = McKinney’s index; ns = not significant data.

2.2. Disease Incidence and Severity Progressions of Powdery Mildew

Powdery mildew disease (DI and DS) progressions over time for each cultivar are
shown in Figure 5. On Nero d’Avola, the DI value was averagely very high and it reached
maximum level in July (DI = 100%) in untreated control plots, whereas DS value reached
the maximum in August (DS = 3.5). Likewise, powdery mildew infections detected on
Inzolia grape showed averagely high DI values. In detail, high decay amounts were already
observed starting from June and increased at the following evaluations. Unlike Nero
d’Avola, on Inzolia the higher level of DI was reached in August (97.5%), whereas DS
maximum levels were reached in September (DS = 2.15). Comprehensively, lower values
of DS were recorded overt time on Inzolia vineyards if compared to Nero d’Avola, thus
confirming the higher disease susceptibility of the red wine grape cultivar (Figure 5).
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Figure 5. Progression over time of powdery mildew infections caused by Erysiphe necator in
control plots of vineyards. Continuous lines indicate dual comparisons of DI progression val-
ues (percent) over time whereas dotted lines show dual comparisons of DS progression values
(0-to-4 scale) over time between Nero d’Avola (black lines) and Inzolia (grey lines). ns = not significant;
* = significant differences.
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2.3. Yield and Chemical Analysis of Grape Must

The impact of sustainable compounds on grape yield and quality parameters of wine
grape, including the total soluble solids (°Brix), total acidity (g L™! of tartaric acid) and pH,
was assessed (Table 7).

Table 7. Grape production and oenological parameters of Nero d”Avola and Inzolia.

Nero d’Avola P

Treatment Yield (kg plant™) Sugar Content (°Brix)  Total Acidity (g L™!) pH
Untreated control 0.6 +0.04d 20.8+0.19™ 6.2 +0.08™ 314+0.01™
Cu-S complex 14+£0.03a 21.0 £0.16 6.2 £0.03 3.2+0.01
Cu-S complex + mycorrhiza 14+0.03a 20.6 £0.17 6.1 +0.07 3.3+0.15
COS-OGA 09+0.04c 209 £0.22 6.0 +0.07 3.2+0.01
COS-OGA + mycorrhiza 1.0+ 0.05b 20.8 £0.25 6.2 +0.05 33+0.14
Inzolia P
Untreated control 0.71 £0.02d 19.88 + 0.09 s 512 £0.11™ 3.36 £0.01™
Cu-S complex 1.80 £ 0.08 a 19.52 + 0.09 5.36 £0.15 3.46 £0.10
Cu-S complex + mycorrhiza 1.80 £ 0.06 a 19.82 £+ 0.10 5.18 £ 0.08 3.42 +0.05
COS-OGA 1.36 £ 0.03 ¢ 20.04 £ 0.08 5.00 £ 0.03 3.45 £ 0.05
COS-OGA + mycorrhiza 151 £0.04b 19.93 £ 0.09 5.30 £ 0.04 3.43 +0.05

2 Data expressed as means of the two trials and followed by standard error of the means (=SEM). Each value
derives from 5 replicates, each formed by at least 4 bunches. ® Values followed by the same letter within each
column are not significantly different according to Fisher’s least significance differences test (« = 0.05). ns = not
significant data.

Treatments provided significant effects only on yields of Nero d’Avola and Inzolia
wine grapes (Table 7). Nero d’Avola production always increased significantly in all
treated plots if compared to the untreated control. Cu-S complex and Cu-S complex plus
mycorrhiza combination provided the best performances with the highest production
increases (about by 133%) if referred to relative control (Table 7). Similarly, the Cu-S
complex and Cu-S complex plus mycorrhiza combination increased wine grape yield by
153% on Inzolia vineyard (Table 7). Although with lower performances, also the COS-OGA
and COS-OGA plus mycorrhiza combination significantly increased the average yields
of Nero d’Avola (from 50 to 67%) and Inzolia (from 92 to 113%) wine grapes if compared
to those of untreated controls. The chemical analysis of the wine grapes showed that the
sugar content, total acidity and pH were not significantly influenced by all treatments with
respect to those recorded on Nero d’Avola and Inzolia untreated controls (Table 7).

2.4. Microbiological Analysis of Grapes

Four carposphere microbial communities were separately evaluated for each cultivar
(fungal and yeast populations, and aerobic bacterial and fluorescent bacteria populations).

The cultivable fungal and yeast populations on Nero d’Avola and Inzolia berries are
reported in Figure 6a and 6c, respectively. The fungal load detected on Nero d’Avola
carposphere ranged from 3.44 to 3.61 Log;o CFU g™}, while the yeast load was comprised
between 4.18 and 5.26 Log1g CFU g™! throughout all treatments. The fungi load on Inzolia
carposphere ranged from 3.29 to 3.44 Logjo CFU g~!, while the yeast load from 4.57 to
5.17 Logjo CFU g!. Fungal and yeast loads were not significantly influenced by tested
treatments both on Nero d’Avola and Inzolia wine grapes if compared to the relative
untreated controls. The cultivable aerobic and fluorescent bacterial populations are reported
in Figure 6b,d, respectively, for Nero d’Avola and Inzolia. The aerobic bacteria load on
Nero d’Avola carposphere ranged from 4.75 to 5.35 Logjg CFU g™!, while the fluorescent
bacteria from 2.41 to 3.73 Logjo CFU g! throughout all treatments. The aerobic bacteria
load on Inzolia was comprised between 3.44 and 5.33 Logyg CFU g™!, while the fluorescent
bacteria load ranged from 3.37 to 3.44 Logjo CFU g™!. The fluorescent bacteria load was not
significantly influenced by the tested treatments both on Nero d’Avola and Inzolia grape.
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Otherwise, only for aerobic bacteria load significant differences were detected on different
treated Inzolia wine grape (Figure 6d). In particular, in COS-OGA treatments (alone and in
combination with mycorrhiza) aerobic bacteria load was similar to untreated control (not
significant data); diversely Cu-S complex and Cu-S complex plus mycorrhiza combination
significantly decreased the bacteria load.
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Figure 6. Fungal and yeast population on (a) Nero d”Avola and (c) Inzolia carposphere. Bacterial and
fluorescent bacterial population on (b) Nero d’Avola and (d) Inzolia carposphere. Data presented as
Logig CFU/g of fresh weight. Bars show the standard error of the mean (=SEM). Bacterial popula-
tion data followed by different letter(s) differs significantly according to Fisher’s least significance
differences test (x = 0.05).

3. Discussion

Organic viticulture is currently dependent on the availability of Cu and S, which are
crucial components of grapevine protection against the main diseases. The massive use
over time of Cu and S has led to negative effects on environment health. Therefore, in the
present paper, sustainable and ecofriendly alternative compounds were tested for the first
time in Sicily against powdery mildew, gray mold and sour rot under field conditions on
Nero d’Avola and Inzolia, two among the most worldwide appreciated Sicilian cultivars.
The effectiveness of COS-OGA as RI, and its effects combined with arbuscular mycorrhizal
fungi (AMF) were assessed in controlling grapevine diseases. The good exposure of the
Sicilian organic vineyards to solar radiation and wind reduced humidity conditions, thus
limiting P. viticola infections. Otherwise, the climatic conditions were very conducive for
powdery mildew epidemic, confirming that Sicily is a high-risk area for E. necator infections.
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Moreover, powdery mildew occurred with different disease pressures depending on the
cultivar and, specifically, Nero d’Avola was most susceptible. On this cultivar whitish
powdery efflorescence was associated with necrotic reticulation and suberization of the
epidermal cells, often leading to berry cracking. Otherwise, a lower severity was recorded
on the Inzolia cultivar. The symptoms consisted of necrotic reticulations, which generally
do not evolve into berry cracks. Concerning gray mold and sour rot, the rainfalls that
occurred from middle July up to early September (BBCH 81-89) resulted in low (Inzolia)
and high (Nero d’Avola) disease pressures. As a consequence of berry cracking, Nero
d’Avola was also severely affected by gray mold and sour rot. Diversely, lower levels of
gray mold and sour rot decays have been recorded on Inzolia, reduced about to one third if
compared to red wine grape cultivar. To the best of our knowledge, this study reports for
the first time that Nero d’Avola is more susceptible to powdery mildew, gray mold and
sour rot than Inzolia cultivar.

Although the Cu-S complex plus mycorrhiza and Cu-S complex always provided
the best results against major fungal diseases of wine grapes, COS-OGA-based treatments
gave also noteworthy performances. In detail, COS-OGA combined with mycorrhiza
application followed by COS-OGA alone were effective in reducing severity of powdery
mildew attacks on Inzolia, whereas only COS-OGA plus AMF combination were able to
significantly reduce the powdery mildew amount on Nero d’Avola. Our data showed that
the elicitor was more effective in reducing severity than incidence and AMF could have
mitigated E. necator infections. Since the colonization ability of AMF was not evaluated
in this paper, further studies should be performed to confirm the performances of this
treatment combination. However, present results are in accordance with findings obtained
by van Aubel et al. [26] in French and Spain vineyards. This is probably due to the elicitors
action mode, that do not involve direct toxic effects against pathogens but triggers natural
host defenses, leading to a reduction of disease amounts; this could be the reason why
disease incidence is less well-controlled than severity under high disease pressure [26]. In
addition, COS-OGA applied alone and combined with mycorrhizal fungi always proved to
be effective against gray mold and sour rot both on Nero d’Avola and Inzolia. In particular,
on Inzolia their performances were comparable with Cu-S complex, which is the standard
product for many organic wine growers.

Little is known about the effects of the organic vineyard management on the wine-
making process [1], but frequent Cu and S treatments could probably compromise the
composition and the sensory properties of the wine [9,35]. Moreover, Cu and S repeated
applications in vineyards could influence the species diversity of fermentation micro-
biota [7,36], including indigenous yeasts and other environment-related microorganisms,
which can contribute to define wine regional typicality [1]. Definitely, the replacement
or reduction in chemical inputs by using of sustainable and eco-friendly compounds
might lead to benefits for the postharvest stages and microbial communities. To this re-
gard, as the present study demonstrates, COS-OGA is able to reduce yield losses and
simultaneously maintains the main chemical grape characteristics—defining technologi-
cal maturity—in full respect of carposphere microorganisms. Our findings showed that
oenological parameters (sugar content, pH and total acidity) were not affected by the tested
treatments, including COS-OGA application in agreement with previous data reported by
Rantsiou et al. [7]. These authors evaluated the effect of chemical products, bioprod-
ucts and RIs (COS-OGA mixed with Cu and metiram) on yield and parameters involved
in the technological and phenolic maturity of the grapes at the harvest time. Unlike
Rantsiou et al. [7], the grape production varied considerably among the tested products be-
ing COS-OGA-based treatments always able to enhance the average yields and to preserve
microbial communities on Nero d’Avola and Inzolia wine grapes. Moreover, COS-OGA-
based applications did not negatively influence aerobic bacteria communities on Inzolia
carposphere, whereas Cu-S-based treatments failed. Based on these data, COS-OGA ap-
plication can be encouraged on a large scale since this compound does not exert negative
pressure on carposphere microorganisms.
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Although Rls are rarely used in viticulture, due to variable efficacy depending on
several biotic and abiotic factors [23], COS-OGA compounds present many additional
advantages if compared to Cu and S-based products. Their application, for example, does
not imply any reentry interval for growers in vineyard, pre-harvest interval time, residues
harmful for final consumers or the arising risk of resistance phenomena [26]. Moreover, the
protection provided by elicitors as COS-OGA, is not specific and can potentially manage
a wide spectrum of targeted phytopathogens as reported in the literature [37]. Although
costs relative to COS-OGA applications are almost comparable to those reported for Cu-S,
slight differences in the cost-benefit evaluation are justified by the above reported positive
aspects. These data should be confirmed under different operative conditions. However,
COS-OGA alone or combined with other organic control measures could be proposed
to enhance the sustainability of the management of main airborne diseases and grape
production. These efforts will allow a significant decrease over time in the use of Cu in
organic viticulture according to the global green policies.

4. Materials and Methods
4.1. Field Experiments

Two field experiments were performed in duplicate during 2020 in two 10-year-old
organic vineyards of Vitis vinifera L., i.e., on red berried Nero d’Avola and on white berried
Inzolia wine grape cultivars, both grafted onto 140 Ru (Ruggeri) rootstock. Two trials for
each cultivar were conducted in different sites of vineyards located at Rodi Milici (Messina
province, Italy, lat. 38°06’ N; long. 15°08’ E, altitude of about 100 m a.s.]). The plants
were spaced by 1 m in the rows, with 2.5 m between the rows, and they were grown
according to the Guyot trellis system, leaving 5-6 buds per grapevine, with grass cover
between the rows. The height of the fruiting cane was about 60-65 cm from the soil surface.
The vineyards were not irrigated and the natural organo-mineral fertilizer (Vigna Pro,
NPK 3-6-12, TerComposti S.p.A.) was distributed at the rate of 500 kg ha™! banded under
the grapevine in the winter, according to the common practices for the cultivation area.
Moreover, arbuscular mycorrhizal fungi (Table 8) were applied as soil treatment at vine
budbreak of the previous crop seasons (in 2018, 2019 and 2020).

Table 8. Integrated strategies adopted in the application of Cu and S formulation and alternative
products (COS-OGA and mycorrhizae) and dates of the grapevine foliar applications for Nero d’Avola
and Inzolia cultivars in different sites.

Treatment/Active N. and Timing of
Compound Dosage Product and Company Applications *
Untreated control - -
2 on May 2nd and 25th;
COS-0OGA 3Lhal Ibisco®, Gowan Italia S.r.l. 5 on May snd an :
. 1 a1 @ ® on June 15th and 30th;
COS-OGA + mycorrhiza 3Lha™ +5kgha Ibisco™; Micosat F¥ MO, CCS Aosta S.r.l. 1 on July 22nd and
Cu-S complex 3% 5Lha™! Heliocuivre®-Heliosoufre®, CBC Europe S.r.l. 1 on August 13th

Cu-S complex 3% +

mycorrhiza

5Lhal+5 kg ha™l Heliocuivre®-Heliosoufre®; Micosat F® MO

* Application data referred only to COS-OGA and Cu-S complex, while mycorrhiza (AMF) were applied only
once on 5 June 2020.

A randomized complete block design with 4 replicates each consisting of 12 plants
for treatment was adopted for each of the 4 experimental trials. Moreover, buffers were
always inserted among plots differently treated. Four treatments for each cultivar were
included and compared with an untreated control. All treatments were applied from the
start of May until the end of August, with a total of 6 applications for each site (Table 8). At
the time of the first application, grapevines were at the phenological stage of inflorescences
swelling (BBCH 55) and the shoots were about 20 cm long. The COS-OGA and Cu-S
applications were done by spraying a volume equivalent to 500 L ha™!, using a backpack
sprayer (Volpi UNI mod. 78P) in treatments 1, 2, 3, 4 and by airblast sprayer in treatments
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5 and 6, whereas AMF was sprayed only once onto the canopy (Table 8). Grapes were
harvested at their optimum technological maturity (8 September). Thereafter, Nero d’Avola
grapes were destemmed, left to macerate, and then crushed, whereas Inzolia ones were
only destemmed and crushed.

4.2. Climate Data

The weather parameters, i.e., average temperature (°C), relative humidity (%) and
rainfall (mm) were obtained from the data provided by the weather stations of Novara di
Sicilia and Patti (Messina province) of Servizio Informativo Agrometeorologico Siciliano
(SIAS), Sicily region. These data were implemented with phenological stages of vine
budbreak, bloom and veraison.

4.3. Assessment of Disease Symptoms

Disease incidence and severity were determined by the assessment of symptoms
in each plot of vineyards. Powdery mildew (E. necator), gray mold (B. cinerea) and sour
rot (yeasts plus acetic acid-producing bacteria) [5,38] infections were directly evaluated
on bunches. Powdery mildew infection was assessed at five different monitoring times
(12April, 15 June, 6 July, 5 August and 8 September, 2020), whereas gray mold and sour
rot infections were assessed in September 2020 at the grape harvesting time. Disease
symptoms were evaluated according to general EPPO guidelines [39] on four bunches
for each plant (five plants for each plot). A five-point scale was used for both diseases
with class ‘0" being no symptoms and class ‘4" being the highest damage. Class val-
ues corresponded to percentage infections range on the bunches—where class 0 = 0%,
class 1 = 1-25% of infected berries on single bunch, class 2 = 25.1-50% of infected berries on
single bunch, class 3 = 50.1-75% of infected berries on single bunch, class 4 = 75.1-100% of
infected berries on single bunch. Data processing involved the calculation of the percentage
of symptomatic bunches on the total number of examined bunches (= disease incidence,
DI) and the average class (weighted mean) value of examined bunches (= disease severity,
DS) for each plot. Moreover, the infection index (or McKinney’s index = Iyk), which
combines both the incidence and severity of the disease, was calculated according to the
following equation:

L xf)
N xD

where d = category of disease class scored for the grape bunches; f = disease frequency;
N = total number of examined bunches; D = highest class of disease intensity that occurred
on the empirical scale [40].

Following disease assessment, a representative number of bunch samples were recov-
ered randomly within each plot and transferred to the laboratory to identify and confirm
the causal agents using microscope (Olympus-Bx61, Tokyo, Japan) observation (hyphae
and conidia for powdery mildew and greyish layers containing conidiophores and conidia
for gray mold) and isolation (producing typical colonies of B. cinerea) onto potato dextrose
agar (PDA, Oxoid, Basingstoke, UK). The streaking technique was used to recover yeasts
and acid acetic-producing bacteria (responsible of sour rot) from macerated berries on
yeast peptone dextrose agar (YPDA, 10 g ™! of yeast extract, 10 g L™! of peptone, 20 g L~
of dextrose, 20 g L1 of bacteriological agar) supplemented with 100 mg L' of chloram-
phenicol and nutrient agar (NA, Oxoid, Basingstoke, UK) supplemented with 100 mg L}
cycloheximide (sour rot).

IMI( = x 100.

4.4. Chemical Analysis of Grape Must

The quality parameters of must, including the total soluble solids (°Brix), total acidity
(g L! of tartaric acid) and pH were determined through laboratory analysis carried out
by Istituto Regionale del Vino e dell’Olio (IRVO) (Milazzo, Italy). Berry sampling was
performed in a random way for all replicates in order to increase their representativeness,
accordingly to the exposure and position of the berries on the bunch. The analyses were
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performed with the OenoFoss™ instrument (FOSS Italia S.r.1. PD, Italy). Moreover, the
average grape yield (weight of harvested bunches expressed as kg per plant) per treatment
was recorded at harvest time.

4.5. Microbiological Analysis of Grapes

Carposphere microorganisms were evaluated on berries collected at harvest time.
From each sample, approximately 100 g of healthy berries for each treatment were randomly
removed from the bunches, placed in sterilized flasks with 500 mL of buffered peptone
water (BPW, pH = 7.0 £ 0.2 at 25°C, Biolife, Milan, Italy) and 0.02% Tween 80 (VWR
Chemicals, Solon, Ohio, USA), and then subjected to orbital shaking at 150 rpm for 1 h.
Culturable bacteria, fungi and yeasts were assessed by plating tenfold serial dilutions
in triplicate on four culture media: PDA and YPDA supplemented with 100 mg L' of
chloramphenicol (AppliChem GmbH, Darmstadt, Germany) to inhibit bacterial growth;
NA and King’B agar [41] supplemented with 100 mg L™! cycloheximide (AppliChem
GmbH, Darmstadt, Germany) to inhibit yeast and mold growth. Four different microbial
communities were studied: total aerobic bacteria, fluorescent bacteria, fungi and yeasts.
After incubation at 25°C for 2-5 days, colony forming units (CFUs) per unit of berry weight
(CFUs g‘l) were calculated.

4.6. Statistical Analyses

Data from field trials were subjected to analysis of variance by using the Statistical
10 package software (StatSoft Inc., Tulsa, OK, USA) to determine significant differences
among the tested treatments in field performances against E. necator, B. cinerea and sour
rot. Data obtained from two trials were compared and analyzed for each cultivar. Initial
analyses of disease incidence (DI), severity (DS) and McKinney’s index (Inx) were con-
ducted by calculating F and the correspondent P-value associated with the main source of
variation (treatment, evaluation time, and cultivar) and with the interactions among them.
Thus, arithmetic means of DI, DS and Ik of the two trials for each cultivar were calculated,
averaging the values determined for the single replicates of treatments. Percentage data
(DI and Ipk) were previously transformed using the arcsine transformation (sin”! square
root x). Post-hoc comparisons among different treatments were achieved by means of
Fisher’s least significant difference test at & = 0.05. Similarly, significant differences in yield,
chemical characteristics and microbial communities of wine grape were also assessed. The
effects of the treatments on all tested parameters were also referred to the untreated control
by using the Abbott’s formula [42].

- T
1(%) = CC X 100

where I = percentage reduction data, C = mean parameter value in the untreated control
plots and T = mean parameter value in the treated plots.

5. Conclusions

Comprehensively, COS-OGA applications could be considered as ecofriendly alterna-
tives to Cu and S treatments since it manages natural infections of botrytis bunch and sour
rots and, to a lesser extent, those of powdery mildew occurring in organic vineyards. For
the latter disease, their performances depend on disease pressure and cultivar susceptibility.
Although on average, less effective than Cu-S applications, COS-OGA alone or combined
with AMF is able to reduce yield losses and to maintain postharvest grapes quality. Nev-
ertheless, a further validation of this treatment combination is necessary since herein the
colonization by AMF was not evaluated. Under high-disease pressure, COS-OGA repre-
sents an option to be integrated with already existing organic measures since it has a wide
pathogen spectrum; no negative effects on carposphere microbiota; no harmful implications
for environment, farmers or consumers; no residue and no fungicide resistance risks in
total respect of current GND policies.
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