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Dorde Malenčić, et al.
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Preface to ”Advances in Alternative Measures in

Plant Protection”

Contemporary agricultural production demands increased applications of agrochemicals

(pesticides and fertilizers), in order to obtain healthy crops with optimal nutritional value and high

yields, as major challenges in food production. However, intensive and/or inappropriate use of

agrochemicals leads to their accumulation in the agricultural products and environment, posing a

risk to human health. They can also cause side effects on non-target organisms, contribute to the

development of pests’ resistance, etc. Due to increasing concern, the use of environmental-friendly

methods for the control of weeds, diseases, and pests is being considered.

The book Advances in Alternative Measures in Plant Protection contains twenty-two scientific

articles, sixteen original research papers and six original reviews. With these research and reviews,

authors contribute to the development of new and biological ways of controlling pests in agricultural

production. Scientists from different backgrounds have provided state-of-art research on alternative

measures of plant protection, including biological control agents (predators, parasitoids, competitors,

plant-plant interactions) plant and microorganisms-based biopesticides, and microelements. Some of

the main advantages of the presented measures are the absence of toxicity to humans and vertebrates,

beneficial organisms and the environment, without risk of pest resistance.

With this book, we tried to open new possibilities for the improvement of plant protection and

present insight into recent research in the field. Hope that, together with authors and reviewers, we

have contributed to the understanding of the importance of alternative measures in plant protection

and reducing the use of synthetic pesticides. The data provided in this book will inspire researchers

and enable future research. The book gives new strategies and technologies that can be utilized as

plant protection measures, perfectly fitting the concept of sustainable development.

We are grateful to all the authors for their contributions and the reviewers, for their valuable

recommendations leading to the improvement of all manuscripts. We would like to acknowledge the

help and support provided by Managing Editor and MDPI Plants team.

Špela Mechora and Dragana Šunjka

Editors
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Advances in Alternative Measures in Plant Protection

Dragana Šunjka 1,* and Špela Mechora 2,*

1 Faculty of Agriculture, University of Novi Sad, Trg Dositeja Obradovića 8, 21000 Novi Sad, Serbia
2 Agency for Radwaste Management, Litostrojska 58A, 1000 Ljubljana, Slovenia
* Correspondence: dragana.sunjka@polj.edu.rs (D.Š.); spela.mechora@gmail.com (Š.M.)

Food production, along with the constant demand for higher yields, is an imperative
of contemporary agricultural production. In order to accomplish this goal, it is necessary to
control pests, weeds, and the causative agents of plant diseases, which implies the applica-
tion of plant protection products. However, the intensive and/or unsuitable application of
synthetic pesticides has led to a series of consequences for agricultural production itself and
for the environment, non-target organisms, and for human health as well. The presence
of resistant populations, side effects on pollinators and other beneficial organisms, and
pesticide residues in food, water, and soil are just some of the consequences. The fact that
in recent years the number of active substances approved for use in agricultural production
is rapidly decreasing, all of the above requires continuous and comprehensive studies of
the response of the living organism (beneficial and harmful effects) to various new agro-
chemicals and to products of biotechnology, followed by the mandatory risk assessment of
the effect on humans and animals as well as the environment.

In order to minimize the use of chemical pesticides, the Special Issue “Advances in
Alternative Measures in Plant Protection” intends to offer an insight into the alternative
measures of plant protection in contemporary agriculture. Special Issue contains twenty-
two scientific articles: sixteen original research articles and six original reviews. With these
research and reviews, authors contribute to the development of new, biological ways of
controlling pests in agricultural production.

As an alternative to synthetic pesticides for the control of plant diseases, especially for
the management of plant pathogenic fungi, bioactive metabolites derived from algae/plant
extracts, essential oils, and other materials can be used. The extract of seaweed Gracilariopsis
persica has drawn attention for its biologically active compounds which show antifungal
activities against Botrytis cinerea, Aspergillus niger, Penicillium expansum, and Pyricularia
oryzae on the mycelial growth. The antifungal activity is most likely associated with its
phenolic compounds, such as rosmarinic, oleic, and palmitic acid and quercetin, whose
antifungal activity has already been reported [1]. The antifungal effect of phenolic com-
pounds is potentially reflected in the reduction in the wood mass loss and restriction of
wood biodegradation caused by Ganoderma boninense in inoculated oil palm woodblocks [2].
The hydromethanolic extract of Rubia tinctorum root also shows antifungal activity, alone or
in combination with chitosan oligomers or with stevioside, against three Botryosphaeriaceae
taxa by the inhibition of their mycelial growth. Considering the complexity of the extracts'
chemical composition, the activity most likely should be ascribed to the combination of
a group of them [3]. In addition to the antifungal effects, phenolic compounds play a
notable role in the resistance of plants to diseases. The phenolic compound content usually
increases after powdery mildew disease occurs, which leads to the conclusion that hy-
brids/cultivars with high phenolic contents should be recommended for the development
of new superior cultivars as a source of resistance to fungal grape diseases [4].

An important part of sustainable pest management is natural enemies. Root fungal
endophytes isolated from solanaceous plant species expressed activity in the control of a
late blight of potato incited by Phytophthora infestans (Mont.) de Bary [5]. When it comes to
the natural regulation of pests, it is particularly important to provide suitable conditions

Plants 2023, 12, 805. https://doi.org/10.3390/plants12040805 https://www.mdpi.com/journal/plants1
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for beneficial organisms. Field margin plant species are considered to be food and shelter
for specific pests; therefore, it is crucial to study the biology of the host plants and how they
interact with pests [6].

For the management of plant pathogens, as an environmentally friendly method of
plant disease control, microorganisms can be used usually because of their capability of
counteracting the growth. Species belonging to the bacterial genus Pseudomonas have a
high potential in the control of plant pathogens. They can be used as an alcoholic extract
derived from bacterial isolate, which manifests exceptional activity against some of the
most common pre- and post-harvest fungal diseases [7].

Indoor agricultural production is particularly challenging due to conditions affordable
for pests. As an alternative to chemical products, the control of causal agents of the major
tomato diseases in greenhouse production was undertaken by Bacillus spp. or B. subtilis and
the foliar application of Reynoutria sachalinensis, Melaleuca alternifolia, harpin αβ proteins,
and bee honey. The use of these biorational products in the control of these diseases in
greenhouse production has the potential to be incorporated into an integrated program for
the management of the examined diseases in tomatoes [8]. Moreover, in the same conditions,
the control of Sclerotium rolfsii, a destructive disease for many plants, including tomatoes,
could be successfully undertaken using some antiseptic and disinfectant agents [9].

Plant extracts can indicate an herbicide effect as well. Thymus vulgaris hydrolate
showed an inhibitory effect on the weed species, including Amaranthus retroflexus (L.),
Chenopodium album (L.), Portulaca oleracea (L.), Echinochloa crus-galli (L.) P. Beauv., Sorghum
halepense (L.) Pers., and Solanum nigrum L., through the inhibition of the seed germination
and seedling growth. T. vulgaris hydrolate had the least negative phytotoxic effect on the
germination of soybean, sunflower, and maize [10].

Understanding the plant–plant interaction is also one of the Advances in Alternative
Measures in Plant Protection. The phytotoxic substances released by Ambrosia trifida L.
have an allelopathic influence on the oxidative stress parameters and phenolic compounds
in maize, soybean, and sunflower. The sunflower was the most sensitive crop to A. trifida
allelochemicals, maize showed a mild sensitivity, while the soybean did not demonstrate
sensitivity [11]. The phytotoxic effect could perhaps be reduced using some biostimulants.
L-α-amino acid-based biostimulants show a protective effect against the stress caused by the
application of the imazamox herbicide in sunflower plants, followed by the protection of the
photosynthetic activity and reduction in the oxidative stress in the plant [12]. Furthermore,
even some strains of entomopathogenic fungi can act as biostimulants for some crops by
their ability to infect insect pests and to promote plant growth. For example, the isolate
of Metarhizium robertsii (2693) causes the death of 73% Tenebrio molitor larvae, but also
significantly increases the maize root length [13].

Aside from plants, microorganisms, insects, and nematodes, micronutrients have
to be considered as a source of bioactive compounds. Recently, some micronutrients are
recognized as an alternative to synthetic fungicides. Due to the influence of Selenium on the
inhibition of the development of a Fusarium proliferatum, the addition of low concentrations
of Se could improve conventional fungicides and decrease their side effects [14]. One of the
most significant economic and ecologic forest tree species in Europe, the sessile oak, is highly
threatened by the powdery mildew caused by Erysiphe alphitoides (Griffon and Maubl.).
Evaluating the influence of the irrigation levels (overhead sprinklers) on the damage caused
by powdery mildew to Quercus petraea in a nursery setting, it was showed that controlling
the irrigation rate can become an effective component of integrated protection strategies
against this pathogen [15]. The negative impact on the citrus production caused by pests
Tetranychus urticae Koch 1836 could be successfully controlled by eco-friendly approaches,
such as black soap and detergents, without having a negative impact on predators [16].

Furthermore, the authors review the latest knowledge regarding the importance
of plant-parasitic nematodes in agricultural production [17] and genetically based plant
resistance underlying plant–nematode interactions [18] as a safe alternative to chemical
nematocides and describe the potential of using Photorhabdus spp. as biocontrol agents
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against a broad range of insect pests [19]. As an effective source of biofungicide, the authors
provide recent knowledge of actinomycetes and their potential as biocontrol agents of
phytopathogenic fungi [20].

Finally, the utility of biocontrol agents composed of microorganisms, plant-based
compounds, as well RNAi-based technology has to be emphasized [21], not only in an
organic agriculture, where they represent the exclusive measure of plant protection, but
also in integrated and conventional agriculture. However, the main task in the field of plant
protection, and the most challenging at the same time, is still finding alternative sources of
compounds with pesticide activity and the improvement of their formulation [22].

As Guest Editors, we are grateful to all the authors for choosing this Special Issue to
publish their research. We hope that together we have contributed to the understanding of
the importance of alternative measures in plant protection and opened up new possibilities
for the improvement of this field.
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agreed to the published version of the manuscript.
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13. Praprotnik, E.; Lončar, J.; Razinger, J. Testing Virulence of Different Species of Insect Associated Fungi against Yellow Mealworm
(Coleoptera: Tenebrionidae) and Their Potential Growth Stimulation to Maize. Plants 2021, 10, 2498. [CrossRef] [PubMed]

14. Troni, E.; Beccari, G.; D’Amato, R.; Tini, F.; Baldo, D.; Senatore, M.T.; Beone, G.M.; Fontanella, M.C.; Prodi, A.; Businelli, D.; et al.
In Vitro Evaluation of the Inhibitory Activity of Different Selenium Chemical Forms on the Growth of a Fusarium proliferatum
Strain Isolated from Rice Seedlings. Plants 2021, 10, 1725. [CrossRef] [PubMed]

3



Plants 2023, 12, 805

15. Kasprzyk, W.; Baranowska, M.; Korzeniewicz, R.; Behnke-Borowczyk, J.; Kowalkowski, W. Effect of Irrigation Dose on Powdery
Mildew Incidence and Root Biomass of Sessile Oaks (Quercus petraea (Matt.) Liebl.). Plants 2022, 11, 1248. [CrossRef] [PubMed]

16. Assouguem, A.; Kara, M.; Mechchate, H.; Al-Mekhlafi, F.A.; Nasr, F.; Farah, A.; Lazraq, A. Evaluation of the Impact of Different
Management Methods on Tetranychus urticae (Acari: Tetranychidae) and Their Predators in Citrus Orchards. Plants 2022, 11, 623.
[CrossRef]

17. Abd-Elgawad, M.M.M. Optimizing Safe Approaches to Manage Plant-Parasitic Nematodes. Plants 2021, 10, 1911. [CrossRef]
18. Abd-Elgawad, M.M.M. Understanding Molecular Plant–Nematode Interactions to Develop Alternative Approaches for Nematode

Control. Plants 2022, 11, 2141. [CrossRef]
19. Abd-Elgawad, M.M.M. Photorhabdus spp.: An Overview of the Beneficial Aspects of Mutualistic Bacteria of Insecticidal Nematodes.

Plants 2021, 10, 1660. [CrossRef]
20. Torres-Rodriguez, J.A.; Reyes-Pérez, J.J.; Quiñones-Aguilar, E.E.; Hernandez-Montiel, L.G. Actinomycete Potential as Biocontrol

Agent of Phytopathogenic Fungi: Mechanisms, Source, and Applications. Plants 2022, 11, 3201. [CrossRef]
21. Kumar, J.; Ramlal, A.; Mallick, D.; Mishra, V. An Overview of Some Biopesticides and Their Importance in Plant Protection for

Commercial Acceptance. Plants 2021, 10, 1185. [CrossRef] [PubMed]
22. Šunjka, D.; Mechora, Š. An Alternative Source of Biopesticides and Improvement in Their Formulation—Recent Advances. Plants

2022, 11, 3172. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

4



plants

Review

An Overview of Some Biopesticides and Their Importance in
Plant Protection for Commercial Acceptance

Jitendra Kumar 1,†, Ayyagari Ramlal 2,†, Dharmendra Mallick 3,‡ and Vachaspati Mishra 4,*

Citation: Kumar, J.; Ramlal, A.;

Mallick, D.; Mishra, V. An Overview

of Some Biopesticides and Their

Importance in Plant Protection for

Commercial Acceptance. Plants 2021,

10, 1185. https://doi.org/10.3390/

plants10061185

Academic Editors: Špela Mechora

and Dragana Šunjka

Received: 23 May 2021

Accepted: 7 June 2021

Published: 10 June 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Bangalore Bioinnovation Centre (BBC), Life Sciences Park, Electronics City Phase 1, Bengaluru,
Karnataka 560100, India; director@bioinnovationcentre.com

2 Division of Genetics, Indian Agricultural Research Institute (IARI), Pusa Campus, New Delhi 110012, India;
ramlal.ayyagari@gmail.com

3 Department of Botany, Deshbandhu College, University of Delhi, Delhi 110019, India; dkmallick@db.du.ac.in
4 Department of Botany, Dyal Singh College, University of Delhi, Delhi 110003, India
* Correspondence: mishravachaspati31@gmail.com
† Equally contributed to work.
‡ Deceased.

Abstract: Biopesticides are natural, biologically occurring compounds that are used to control
various agricultural pests infesting plants in forests, gardens, farmlands, etc. There are different
types of biopesticides that have been developed from various sources. This paper underscores the
utility of biocontrol agents composed of microorganisms including bacteria, cyanobacteria, and
microalgae, plant-based compounds, and recently applied RNAi-based technology. These techniques
are described and suggestions are made for their application in modern agricultural practices for
managing crop yield losses due to pest infestation. Biopesticides have several advantages over their
chemical counterparts and are expected to occupy a large share of the market in the coming period.

Keywords: biopesticides; agriculture; food supply; microorganisms

1. Introduction

The global population is exploding at an exponential rate and is anticipated to reach
approximately 9.7 billion by 2050, the largest share of which is in Africa and Asia [1]. This
has imposed a large burden on agriculture and its allied sectors in terms of meeting food
demands, which requires more inputs for crop production. Anthropogenic activities have
affected people’s surroundings and have also had negative impacts on the environment and
ecosystems, including reductions in agricultural areas due to construction, the explosion of
nutrient mining, degradation, and contamination of water resources (resulting in scarcity),
aggregation of xenobiotics in the soils, and degeneration and deterioration of the quality,
fertility, and efficiency of soil, with implications of soil erosion and climate change. In
order to overcome these challenges and meet the requirements for food and supplies, the
productivity and sustainability of agricultural practices should be improved and novel and
improved strategies must be found. Enhanced agricultural productivity can be achieved in
many ways, such as through increasing crop yield by providing manure and organic-based
treatments, including biopesticides, or by limiting yield loss due to extreme environmental
conditions (such as biotic and abiotic stresses) [2,3]. Abiotic stress can be largely controlled
by the use of biostimulants and bioeffectors [4]. Biopesticides, which are pest management
agents based on living microorganisms or natural products, offer a great promise in
controlling yield loss without compromising the quality of the product.

The chemical pesticides used in crop protection, to reduce the damage caused by
pathogens and pests in agricultural fields, pose many long-term threats and risks to
living beings due to their harmful side effects. They are known to cause cancers [5] and
foetal impairments [6] and they persist in the environment for many years (i.e., they
are nonbiodegradable) [7]. Furthermore, based on their potential application and strong
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inhibitory activity against pests, these synthetic pesticides dominate the market and have
a significant impact on the manufacture of products [8]. Based on a report by Business
Communications Company (BCC), Inc., research on the global biopesticide and synthetic
pesticide market showed that it was worth USD 61.2 billion in 2017 and is expected to rise
to approximately USD 79.3 billion by 2022 [9,10]. Nutrient reduction and an increased
disease incidence are quite common in crops grown on soils heavily subjected to chemical
pesticides [11], and this is undesirable from the agricultural soil management for food
and nutritional security standpoint. According to the Food and Agriculture Organization
(FAO), United Nations (2017–2018), the top three leading pesticide-consuming countries
are China, the USA, and Brazil [12]. In addition, pesticide consumption in India drastically
increased from 50,410 tonnes (T) in 2016 to 58,160 T in 2018 [13]. The pesticides utilised for
crops are as follows: fibre crops account for around 67%, fruits 50%, vegetables 46%, spices
43%, oilseeds 28%, and pulses 23% [14,15]. According to an annual report by the Ministry
of Chemicals and Fertilizers, India (MoCF) (2019–2020), the production or manufacture of
chemical pesticides increased from 186,000 metric tons (MT) in 2014–2015 to 217,000 MT in
2018–2019 [15]. The FAO also reported that from 2015 to 2018, the share of global pesticide
consumption was 52.2% in Asia, 32.4% in the USA, 11.8% in Europe, 2% in Africa, and 1.6%
in Oceania [12]. The per hectare consumption of pesticides by country is highest for China,
followed by the UK, with the least in India [12]. Of the Indian states, Jammu and Kashmir
had the highest chemical pesticide consumption, followed by Andhra Pradesh [13,14].
Based on the statistics of chemical pesticide consumption in India alone, it is imperative to
seek alternative methods, especially to increase the use of biopesticides [15].

Biopesticides are naturally occurring compounds or agents that are obtained from
animals, plants, and microorganisms such as bacteria, cyanobacteria, and microalgae and
are used to control agricultural pests and pathogens. According to the US Environmental
Protection Agency, biopesticides are ‘derived from natural materials such as animals,
plants, bacteria and certain minerals’ [16]. Products such as genes or metabolites from these
biocontrol agents can be used to prevent crop damage [16]. The use of biopesticides is, by
far, more advantageous than the use of their counterparts, traditional chemical pesticides,
as they are eco-friendly and host specific [17]. The use and application of agro-based
chemicals in the agricultural sector to protect crop plants from invading and infecting pests
can be greatly improved by employing biopesticides [17,18].

This paper provides up-to-date information on various important biopesticides, in-
cluding types, advantages, and their utility in plant protection that would eventually lead
to their commercial acceptance. Furthermore, various potential sources and technology
involved in the production of biopesticides are briefly described.

2. Types of Biopesticides

There are many types of biopesticides, and they are classified according to their
extraction sources and the type of molecule/compound used for their preparation [19].
The categories are listed below.

2.1. Microbial Pesticides

These are derived from microorganisms including bacteria, fungi, and viruses. The
active molecules/compounds isolated from these organisms attack specific pest species or
entomopathogenic nematodes. Those known as bioinsecticides, target insects that harm
crops, while those that control weeds via microorganisms, such as fungi are referred to
as bioherbicides. Over the last decade, extensive research activities on microbial biopesti-
cides have led to the discovery and development of a good number of biopesticides and
have paved the way for their marketability [19]. The successful use of Bacillus thuringien-
sis (Bt) and some other microbial species led to the discovery of many new microbial
species and strains, and their valuable toxins and virulence factors that could be a boon
for the biopesticide industry, and some of these have been translated into commercial
products as well [19,20]. Major groups of bacterial entomopathogens include species of
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Pseudomonas, Yersinia, Chromobacterium, etc., while fungi comprise species of Beauveria,
Metarhizium, Verticillium, Lecanicillium, Hirsutella, Paecilomyces, etc. [18,21]. Other important
microbial pesticide producers are baculoviruses that are species specific and their infectivity
is associated with the crystalline occlusion bodies that are active against chewing insects
(Lepidopteran caterpillars) [18]. The baculoviral occlusion body is basically a virion that is
combined with the Bt toxin to produce recombinant baculovirus (ColorBtrus), producing
occlusion bodies that incorporate the Bt insecticidal Cry1Ac toxin protein for enhancing
the speed of action and pathogenicity with respect to its wild-type counterpart [18]. Ento-
mopathogenic nematodes (EPNs) used as biocontrol agents belong primarily to species in
the genera Heterorhabditis and Steinernema, associated with mutualistic symbiotic bacteria
of the genera Photorhabdus and Xenorhabdus and are safe to mammals, environment, and
nontarget organisms [18]. Their commercial development as biocontrol agents has been
convenient because of their ease in mass production, using in vivo or in vitro techniques,
and exemption from registration [18].

2.2. Biochemical Pesticides

Biochemical pesticides are naturally occurring products that are used to control pests
through nontoxic mechanisms, whereas chemical pesticides use synthetic molecules that
directly kill pests. Biochemical pesticides are further classified into different types depend-
ing upon whether they function in controlling infestations of insect pests by exploiting
pheromones (semiochemicals), plant extracts/oils, or natural insect growth regulators.

2.2.1. Insect Pheromones

These are chemicals produced by insects which are mimicked for use in controlling
insects in the integrated pest management programs. These chemicals are effective in
disrupting insect mating to prevent the success of mating, thus reducing the number of
insect progeny. The insects exploited in this process act as dispensers of pheromones that
become confused due to the presence of pheromone flumes diffused in the surroundings.
Insect pheromones are not true ‘insecticides’ since they do not kill insects but influence
their olfactory system to affect behaviour [22]. A detailed account of the mode of action
of pheromones is given by Ujváry [20]. In summary, the antennae of the perceiving insect
adsorb pheromones, which then diffuse into the interior of the sensilla through microscopic
pores in the cuticle. Once inside, these are transferred through the hydrophilic sensillum to
the chemosensory membranes by pheromone-binding proteins (PBPs). Subsequently, the
pheromone or pheromone–PBP complex interacts with a specific receptor protein, which
transduces the chemical signal into an amplified electric signal by a second messenger
system connected with neuronal machinery [23].

2.2.2. Plant-Based Extracts and Essential Oils

Over the last several years, plant-based extracts and essential oils have emerged
as attractive alternatives to synthetic insecticides for insect pest management. These
insecticides are naturally occurring insecticides as they are derived from plants and contain
a range of bioactive chemicals [24]. Depending on physiological characteristics of insect
species as well as the type of plant, plant extracts and essential oils (EOs) exhibit a wide
range of action against insects: they can act as repellents, attractants, or antifeedants;
they also may inhibit respiration, hamper the identification of host plants by insects,
inhibit oviposition and decrease adult emergence by ovicidal and larvicidal effects [25–27].
Their composition varies greatly. Well-known examples in this regard are neem and
lemongrass oil, which are very common in global herbal markets. A comprehensive
study by Halder et al. [26] showed that a combination of neem oil with entomopathogenic
microorganisms, including Beauveria bassiana, was very successful against vegetable sucking
pests. However, it is very important to determine the dose of azadirachtin content in neem
oil so as not to kill the nontarget organisms [28]. A similar strategy has to be established
for the entomopathogenic fungi that need to be supported by complementary laboratory
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bioassays, station, and/or field experiments for effective management of the target pests
without affecting nontarget insects [29]. As regards the marketability of essential oils, they
in fact, represent a market estimated at USD 700.00 million and a total world production
of 45,000 tons, and industries in the US are able to bring essential oil-based pesticides to
market in a shortened time period, as compared to the time taken in conventional pesticide
launch [30].

2.2.3. Insect Growth Regulators

Insect growth regulators (IGRs) inhibit certain fundamental processes required for
the survival of insects, thereby killing them. Furthermore, these compounds are highly
selective and less toxic to nontarget organisms [23]. Depending on the mode of action, IGRs
had been recently grouped in chitin synthesis inhibitors (CSIs) and substances that interfere
with the action of insect hormones (i.e., juvenile hormone analogues and ecdysteroids) [31].
IGRs can control many types of insects including fleas, cockroaches, and mosquitos even
though they are not so fatal for adult insects [31]. Although low in toxicity to humans,
they prevent reproduction, egg-hatch, and molting from one stage to the next in the young
insects, while mixing them with other insecticides is able to kill even the adult insects [31].

2.3. GMO Products

These substances are produced through genetically modified organisms (GMOs).
The genetic material is incorporated into the plant, which is then used as a source to
produce pesticidal compounds, also referred to as plant-incorporated protectants (PIPs).
Cry proteins are, by far the first-generation insecticidal PIPs that were introduced into the
GM crops containing transgenes from the soil bacterium Bt. [30]. PIPs also demand the state
of the research necessary for the ongoing environmental fate assessment of these molecules,
primarily the RNAi-based PIPs [30,32] that would be discussed in a separate section.

3. Mode of Action of Biopesticides

Biopesticides act in a variety of ways on microorganisms depending on their type and
nature. A few mechanisms through which biopesticides attack or kill pathogens are listed
as follows [8].

3.1. Microbial Biopesticides

Fungicides and bactericides. These biopesticides generally inhibit or disrupt the
process of translation and thus protein synthesis in numerous ways, including through
binding of 50S ribosomes in prokaryotes, to prevent the transfer of peptides and inhibit
chain elongation (such as blasticidin) [32,33]. Sometimes they interfere with the binding
of aminoacyl tRNA to 30S and 70S ribosomal subunit complexes and inhibit translation
(such as kasugamycin) [34]. In the case of streptomycin and mildiomycin, binding with the
30S ribosomal subunit causes abnormal synthesis of protein (nonfunctional) and blocks the
activity of peptidyltransferase, respectively [35,36].

They can also disrupt plasma membrane permeability and cause leakage of substances
(amino acids and electrolytes), thereby causing cell death (such as natamycin), and can
inhibit chitin synthase activity (polyoxins) and inhibit trehalase, preventing the formation
of glucose (validamycin) [31].

Insecticides upon reaching nerve endings, release gamma-aminobutyric acid (GABA),
which causes GABA-gated Cl-ion channels to open, thus working by hyperpolarising
the nerve membrane potential and blocking the electrical nerve conduction (avermectins
and emamectin) [35,36]. Polynactins can cause leakage of potassium ions from mitochon-
dria [36].

Herbicides inhibit phosphorylation in plants by blocking glutamine synthase, which
causes an increase in ammonia (bilanafos) [36].
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3.2. Biochemical Pesticides

These pesticides are derived from plants. Plants have evolved and developed many
compounds, which can help to combat pathogenic microorganisms during the course of
infection and attack. These compounds include steroids, alkaloids, phenylpropanoids,
phenolics, terpenoids, and nitrogenated compounds. For instance, nicotine was the first
insecticide obtained from tobacco leaves in the 17th-century that used to kill plum bee-
tles [37,38]. Nicotine in tobacco is toxic to most herbivore insects and pesticides derived
from them have been regarded as ‘green pesticides’ with high activity and low toxicity [38].
Duan et al. [38] have mentioned tobacco to be containing some useful ingredients, such
as solanesol and nicotine, which exhibit potent inhibitory activity against Staphylococcus
aureus, Bacillus subtilis, and Micrococcus lysodeikticus. Insecticides, such as azadirachtin and
nicotine, function by either disrupting respiratory enzymes or inhibiting insect growth
regulators, or by binding to sodium channels [39], while microbicides impair metabolic
function and disrupt the integrity of plasma membrane and inhibit conidial formation [40].

3.3. GMO-Based Biopesticides

These are produced when genes are transferred into a plant, which allows it to produce
compounds, such as Bt toxin, that can be used to combat pests. The delta endotoxins
produced by the bacterium B. thuringiensis are broken down into smaller toxins in the insect
gut by the action of proteases, which then bind to receptors in the midgut, causing cell
expansion, rupture, and ion leakage leading to cell death [40].

4. Biopesticides from Algal and Cyanobacterial Sources

Microalgae can be used as an alternative technology to increase productivity in sus-
tainable agricultural systems. A number of microalgae strains produce biologically active
compounds that include antimicrobial compounds with the potential to act as biopesti-
cides [40,41]. The biomass (extracts) can be applied as an alternative to chemical pesti-
cides [40,42] since it can enhance plant growth and protect agricultural crops [42]. The
filamentous cyanobacterium Nostoc piscinale and two single-celled green algae, Chlamy-
dopodium fusiforme and Chlorella vulgaris are reported to have biopesticide activity against
certain pathogens (Table 1). Some important microalgae have been exploited for their
beneficial biopesticide activity in the cultivation of spices [43].

Table 1. A broad description of some common biopesticides, their types, sources, and target crops with the authors who
published such reports.

Source Type Organism Pest Type Target Crop Reference(s)

Bacteria
Insecticide

Bacillus thuringiensis
var kurstaki

B. thuringiensis var
tenebrionis

caterpillars, fungi
(Botrytis)

Elm Leaf Beetle,
Alfalfa weevil

vegetables, fruits,
ornamentals, cereals

Potato

Koul [44]; Bravo
et al. [45]

Saberi et al. [46]

fungicide Bacillus subtilis Botrytis spp. vegetables, fruits,
and ornamentals

Koul [44]; Bravo
et al. [45]

Fungi

insecticide Beauveria bassiana Whitefly
protected edible and

ornamental plant
production

McGuire and
Northfield [47]

fungicide Coniothyrium minitans
Trichoderma harzianum

Sclerotinia spp.
S sclerotiorum.

outdoor edible and
nonedible crops and

protected crops
Starwberry crops

Gams et al. [48]
Dolatabadi et al. [49]

herbicide Chondrostereum
purpureum

cut stumps of
hardwood trees and

shrubs
Forestry Bailey [50]

nematicide Paecilomyces lilacinus plant-parasitic
nematodes in soil

vegetables, soft fruit,
citrus, ornamentals,

tobacco and turf

Moreno-Gavíra
et al. [51]
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Table 1. Cont.

Source Type Organism Pest Type Target Crop Reference(s)

Virus insecticide Cydia pomonella
granulovirus codling moth apples and pears Kadoić Balaško et al.

[52]

Oomycetes herbicide Phytophthora
palmivora Morenia orderata citrus crops Lala et al. [53]

Neem (Azadirachta
indica) insecticide Azadirachtin

aphids, scale, thrips,
whitefly, leafhoppers,

weevils

vegetables, fruits,
herbs, and

ornamental crops
Chaudhary et al. [54]

Plant extracts fungicide
Reynoutria

sachalinensis (giant
knotweed) extract

powdery mildew,
downy mildew,

Botrytis, late blight,
citrus canker

protected ornamental
and edible crops Marrone [55]

herbicide Plant essential oils Ragwort, many
arthropods Grassland Isman [56]

nematicide Quillaja saponaria plant parasitic
nematodes

vineyards, orchards,
field crops,

ornamentals and turf

Guerra and
Sepúlveda [57]

Talaromyces flavus;
Clitoria ternatea
(butterfly pea);

Trichoderma
harzianum; Bacillus

thuringiensis var.
tenebrionis;

Lactobacillus casei
fermentation

products

biopesticides

Glomerella cingulata
and Colletotrichum

acutatum; Helicoverpa
spp.; Fusarium

oxysporum Agelastica
alni; Spodoptera litura,
Helicoverpa armigera,

Aphis gossypii;
Xanthomonas fragariae;

Spodoptera littoralis
and others

Strawberry, Cotton,
Gladiolus hybrids,

alder leaf, and
hazelnut, other
economically

important plants and
trees

Ishikawa [58];
Mensah et al. [59].;

Kirk and Schafer [60]
Eski et al. [61].;

Dubois et al. [62];
Pavela et al. [63];

El-Abbassi et al. [64]

Semiochemical

attractant Citronellol tetranychid mites

apples, cucurbits,
grapes, hops, nuts,
pears, stone fruit,

nursery, and
ornamental crops

Mauchline et al. [65];
Mossa et al. [66]

attractant

Multi-component sex
pheromone, such as

(E,E)-8,10-
dodecadien-1-ol

codling moth Fruits, such as apples
and pears El-Sayed et al. [67]

Arbuscular
Mycorrhizal Fungi

Mutual inhabitant in
the roots Fungi

Fusarium
verticillioides;

pathogens affecting
below ground plant

organs

Zea mays

Olowe et al. [68];
Bharadwaj and

Sharma [69]; Mukerji
and Ciancio, [70]

Microalgae

Filamentous
cyanobacterium;

Single-celled green
algae

Nostoc piscinale;
Chlamydopodium

fusiforme; Chlorella
vulgaris

- - Ranglova et al. [41]

Anabaena laxa and
Calothrix elenkinii

Increase in fungicidal
activity

Coriander, cumin,
and fennel Kumar et al. [43]

Nanobiopesticide

Silver
nanobiopesticide None Alternaria alternata, A.

solani

Alternaria leaf blight
and leaf spot diseases

in tomato, pepper,
and potato

Narware et al. [71]

Sargassum muticum
derived NPs None Ariadne merione, a

Lepidopteran pest - Narware et al. [71];
Rodrigues et al. [72]

Caulerpa
scalpelliformis and

Mesocyclops
longisetus-derived

NPs

None Culex quinquefasciatus - Narware et al. [71]
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The use of chemical insecticides can result in numerous undesirable effects, including
(i) killing of beneficial and nontargeted organisms and sometimes resurgence; (ii) rapid
multiplication of secondary pests; (iii) development of pesticide resistance; (iv) contam-
ination of the environment/ecosystem; (v) accumulation of pesticide residues in food
materials; (vi) causing imbalanced ecological processes, such as pollination (pollinators
affected by pesticides) and harm to living beings; (vii) carcinogenic and teratogenic effects
in nature; and (viii) causing imbalances in hormone systems [8,73–75].

Several microorganisms have been explored for their potential in developing biopesti-
cides. Microalgae have proved to be an excellent source owing to their advantages over
traditional chemical pesticides. They produce a plethora of compounds with stimulating
activities, including biomass and compounds, which can be used in the preparation of
biopesticides, thereby enhancing crop protection [41]. Microalgae can be produced using
wastewater, as they require nitrogen, phosphorus, and carbon and ammonium, which are
abundant in wastewater, thus representing a nitrogen source. Chlorella vulgaris is generally
used in the treatment of wastewater and is able to tolerate ammonium levels effectively.
Ranglova et al. [41] assayed the efficacy of C. vulgaris against several phytopathogens, such
as Rhizoctonia solani, Fusarium oxysporum, Phytophthora capsica, Pythium ultimum, Clavibacter
michiganensis, Xanthomonas campestris, Pseudomonas syringae, and Pectobacterium carotovorum,
while observing its antibacterial and antifungal activity, which were higher when cultivated
in wastewater [41].

Gonçalves [3] argued that rice fields heavily sprayed with synthetic fertilisers to
promote better productivity and yield left many detrimental effects on the environment
and beneficial soil microflora, including decreased efficiency of fertiliser utilisation by the
promotion of rice diseases, inhibition of microbiological nitrogen fixation, and increased
nonpoint source pollution; importantly, they were also not cost effective. Furthermore, he
added that in developing green rice, Anabaena variabilis could be a potent biofertiliser and
biopesticide [3].

5. Biopesticide Activity from RNAi-Based Treatments

RNA interference technology is being used in the production of biopesticides due
to the increased sensitivity towards pests and pathogens. Many transgenic crops (maize,
soybean, and cotton) have been developed for resistance against particular pests [32]. Due
to the limited consumption of genetically modified crops, RNA interference (RNAi) can be
used as an alternative to overcome this problem. Studies carried out by Ratcliff et al. [76]
and Ruiz et al. [77] demonstrated that transgenes had a significant impact on the functioning
of plants upon viral infection through an RNAi mechanism. Similarly, Wang et al. [78]
produced a barley crop completely resistant to barley yellow dwarf virus [76–78].

The mechanism of RNAi includes the expression of transgene dsRNA, which induces
virus resistance and gene silencing in plants. Guide RNAs are formed as intermedi-
aries; these are around 25 nt long and guide target RNAs for their degradation [79–81].
Dalmay et al. [81] reported that the process involves the use of RNA-dependent RNA poly-
merase RDR6 to generate double-stranded RNA (dsRNA) from target transcripts in plants,
leading to the formation of small interfering RNA (siRNA) which, in turn, has silencing
potential [81]. The RNase III domain-containing enzyme responsible for dsRNA cleavage,
as observed in Drosophila, is called Dicer (also seen in plants and fungi) [82,83]. Following
this, RNA-induced silencing complex (RISC)—a member of the conserved Argonaute
family—is recruited, which mediates the cleavage of the target transcript [84,85], thus
conferring resistance to the host [86].

RNAi technology has been used as a promising tool to overcome the ill effects of pests
and pathogens. An RNAi method for oral application was developed by Baum et al. [85]
using an artificial diet or transgenic maize against western corn rootworm (Diabrotica
virgifera) to target V-ATPase subunits and alpha-tubulin [85]. Similarly, research conducted
by Mao et al. showed the induction of growth defects in Helicoverpa armigera, the cotton
bollworm, when given plant leaf material expressing a dsRNA specific to a cytochrome
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P450 gene [87]. The first commercial, genetically modified variety showing the expression
of dsRNA against an insect pest was developed in 2017 when Monsanto and Dow ap-
proved SmartStax PRO maize containing dsRNA against the western corn rootworm Snf7
gene [88]. Similarly, apple and potato expressing dsRNAs were approved for regulation
of endogenous gene expression for quality enhancement [88,89]. Apart from insects and
viruses, the mechanism of RNAi-mediated silencing has been used to control other plant
pests and pathogens, including bacteria such as Agrobacterium, fungi such as powdery
mildew, and root-knot nematodes [86,90]. The US environmental protection agency (EPA)
approved the first PIP called SmartStax Pro in June 2017 that will help US farmers control
corn rootworm, a devastating corn pest that has developed resistance to several other
pesticides [91].

6. Bacteria-Based Biopesticide

Pesticides formulated using microorganisms and their products are highly effec-
tive, species specific, and eco-friendly, leading to acceptance of their use in pest manage-
ment strategies worldwide [8–10,17]. Given their significance as stated [8–10,17], there
is enough scope for further development in their marketing and profitability for the
manufacturing industry.

The bacteria that are used as biopesticides can be divided into four categories [92],
namely, crystalliferous spore formers (such as Bacillus thuringiensis), obligate pathogens
(such as B. popilliae), potential pathogens (such as Serratia marcescens), and facultative
pathogens (such as Pseudomonas aeruginosa). Of these, spore-forming bacteria are the most
widely sought after for commercial use. The most commonly used bacteria, B. thuringiensis
and B. sphaericus, are highly specific, safe, and effective organisms for insect control [92].

The Cry family of crystalline proteins are produced by B. thuringiensis in the parasporal
crystals and encoded by the cry genes. The Cry proteins are globular molecules (65–145 kDa,
depending on the strain) with three structural domains connected by single linkers. The
Cry proteins belong to a single family that contains about 50 subgroups [92]. Further details
of the Cry protein and its mechanism of action have been elaborately discussed by Koul [44].
Finally, pests are killed by lethal septicaemia and starvation. An example of a Bacillus
sphaericus-based product has been known to contain a binary mosquito larvicidal toxin
comprising BinB (51.4 kDa) and BinA (41.9 kDa), which is commonly used for mosquito
control [44].

7. Biopesticides from Arbuscular Mycorrhizal Fungi (AMF)

Arbuscular mycorrhizal fungi (AMF) play a crucial role in enhancing the growth and
yield of crops [93,94]. They enhance the resistance of crops against pathogens by raising
their defences. The composition of AMF changes and its presence decreases depending
upon the soil type and crop, as well as the application of fertilisers and tillage [95,96]. Plants
have evolved many direct and indirect mechanisms to overcome herbivory; for example,
they produce chemicals such as nicotine, gossypol, and many other such compounds,
which can prevent herbivores from feeding on them. It has been observed that AMF
colonisation on crop plants is extremely helpful in providing a good defensive ability
in hosts by altering the gene expression patterns and directly or indirectly changing the
nutritional status of crops [97,98]. Some examples of the utility of AMF application in plant
biocontrol are mentioned in Table 1. More research needs to be carried out in this area.

8. Nanobiopesticides

The concept of ‘nano’ in biopesticides has revolutionised the field due to the size,
structure, and nature of substances, which are formed in a size range of 1–100 nm. These
small biologically active particles can prevent the growth of pathogens by either destroying
or repelling them [97–99]. Nanoencapsulation, nanocontainers, and nanocages, because
of their property of degradability, increase the stability and efficacy of pest control, and
lower amounts are used when delivering nanobiopesticides [99]. The damages caused
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by the phytopathogens can also be overcome by the application of nanobiopesticides,
primarily the metallic nanoparticles (NPs) of zinc, gold, silver, nickel, and titanium owing
to their inherent antimicrobial properties. These have some added advantages over other
biopesticides because of their increased solubilisation abilities and target-oriented delivery
of the compound with enhanced efficiency. Bacterial, fungal, and plant extracts are used
for the synthesis of NPs. It has been shown that silver nanobiopesticides (AgNPs) can be
synthesised using marine organisms such as Sargassum muticum, Mesocyclops longisetus, and
Caulerpa scalpelliformis [71]. The benefit of the use of microorganisms in the preparations of
NPs is that microorganisms can withstand high concentrations of metals over plants and
also their rate of production and management is much easier, as compared to the plants.
Needless to stress here that microorganisms being very tiny, have better penetration ability
than plants. Narware et al. [71] have mentioned a number of microorganism-derived NPs
that are very useful in pest control (Table 1).

Bioherbicides have also been used in the formulations of nanobioherbicides. The
efficacy of metabolites of Photorhabdus luminescence, an endosymbiotic bacterium of the
Heterorhabditis indica, entomopathogenic and parasitic nematodes, are controlled [98]. Simi-
larly, nanofungicides have also been prepared to control various pathogenic fungi which
include Bipolaris sorokiniana, Fusarium sp., Alternaria alternata, and many others through
AgNPs and Magnaporthe grisea and B. sorokiniana using metal nanoparticles. Apart from
their ability of being readily soluble, the nanofungicides are very economical, eco-friendly,
and safe [98].

9. Biopesticides from Aquatic Plants

Duckweed (Lemna minor), muskgrass (Chara spp.), water hyacinth (Eichhornia crassipes),
hydrilla (Hydrilla verticillate), water lettuce (Pistia stratiotes), and filamentous algae (Lyngbya
wollei) are some common aquatic plants. It is observed that some plants produce allelopathic
compounds which have the potential to prevent the growth, germination, survival, and
reproduction of surrounding organisms. Neem (Azadirachta indica) extract kills many
insects, while Eichhornia crassipes has the ability to inhibit the growth of Spodoptera litura,
a lepidopteran pest [100–103]. Similarly, Chenopodium album is inhibited by the presence
of duckweed and water lettuce [100]. These examples illustrate that similar plants (or
weeds) and their allelopathic chemicals have highly potent inhibitory properties against
the pathogens and hence can be substituted for conventional chemical pesticides [103].

10. Merits of Biopesticides over Chemical Pesticides

Biopesticides have several merits over conventional chemical pesticides. They are
environmentally friendly, target specific, and not deleterious to nontarget organisms and
hence potent enough to replace synthetic pesticides for pest management [46]. Table 2
provides an overview of the disadvantages of using conventional chemical pesticides
instead of biopesticides.

In recent years, the use of biopesticides is gaining momentum because they can
be efficiently used in sustainable agricultural practices [2,3]. Biopesticides are highly
effective in small amounts and decompose quickly without leaving problematic residues
and hence can reduce the use of conventional pesticides as an integral component of IPM
programs [102]. However, despite the merits of using biopesticides, their use has not been
as widespread as expected, for the following reasons:

1. High cost of pesticide production due to the costs involved in screening, developing,
and getting regulatory clearance for new biological agents;

2. Short shelf life due to the sensitivity of biopesticides to fluctuations in temperature
and humidity;

3. Limited field efficacy due to climatic/regional variations in temperature, humidity,
soil conditions, etc.;

4. Due to the high specificity of the biopesticides, i.e., they are only effective against
target pathogens and pests, farmers are disinterested in them. They need to use
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multiple biological agents to control different pathogens and pests in the field. These
agents are confusing, costly, and cumbersome, and are also not available for every
pest or pathogen.

Table 2. The various disadvantages of conventional chemical pesticides over biopesticides.

Conventional Chemical Pesticides Biopesticides

Synthesised or produced from artificial/chemicals Use naturally occurring compounds derived from living
organisms for the production

They cause environmental pollution and are not eco-friendly They do not cause environmental harm

Harmful to nontarget organisms Do not cause harm to nontarget organisms

Cost ineffective Cost efficient and cheaper, compared to chemical fertilisers

Microorganisms develop resistance gradually as the application
increases Pests do not develop resistance

High market value Not preferred in the market

Contaminate water and soil Cannot contaminate water sources

Lead to bioaccumulation Do not lead to bioaccumulation

11. Commercial Exploitation of Biopesticides

Currently, a majority (about 90%) of microbial biopesticides on the market are derived
from a single bacterium, Bacillus thuringiensis or Bt. Biopesticides make up a small share of
the crop protection market, with a value of about USD 3 billion worldwide, accounting
for just 5% of the total market [102]. In the United States market, more than 200 products
are available, while the European Union market has only 60 analogues [43]. Biopesticide
use at a global scale is increasing by almost 10% every year [43]. However, these pesticides
are going to contribute noticeably to their global market consumption needs, which are to
increase further in the future by substituting them for and thus reducing the over-reliance
on chemical pesticides. Biopesticides are assessed in the EU by the same regulations used
for the assessment of synthetic active substances, which require the addition of several new
provisions in the current legislation, and the preparation of new guidelines facilitates the
registration of prospective biopesticide products [78]. It is assumed that there are fewer
active substances of biopesticides registered in the EU than in the USA, India, Brazil, or
China [104]. It is expected that the use of biopesticides will be on par with synthetics by the
early 2050s, but major uncertainties regarding the rates of uptake, especially in areas such
as Africa and Southeast Asia, account for most of the flexibility in such projections [102].

12. Conclusions

The application of biofertilisers consisting of bacteria, cyanobacteria, or fungi can
improve and restore the fertility of the soil and ensure sustainable agricultural produc-
tion using green technology. Using microorganisms and microalgae as biopesticides can
reduce the demand for energy and consumption of synthetic fertilisers and restore the
efficiency of agroecosystems and wastelands. These organisms, when combined with the
use of biotechnical innovations such as RNAi technology, can play a significant role in the
production of secondary metabolites, biofertilisers, bioenergy, and bioprocessed products
that would be also useful in pest control. RNAi-based biopesticides have gained enough
momentum in recent years as a narrow-spectrum alternative to chemical-based control
measures for specific and accurate targeting of pests and pathogens. In this regard, the
use of bioinformatics-based dsRNA selection for effective RNAi design, coupled with
adequate experimental testing, will likely eliminate the adverse impacts of RNAi-based
biopesticides [86].

Considerable research on biological control agents, including biopesticides, is required
for the development of the biopesticide market in the future. Scientists from diverse
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research institutes around the world are engaged in enormous research efforts in the field,
but very few complete and systematic reports are available. Here, the utmost collaboration
among enterprises and research institutes is needed, without which a scenario whereby
biopesticides completely replace chemical pesticides seems impossible. In the current
scenario, the agricultural sector needs to rely on both biopesticides and chemical pesticides.
However, speeding up the practical application of laboratory results should facilitate
large-scale industrial development. The inflow of biopesticides, however, has considerably
reduced the use of synthetic chemicals because of stringent regulations [102]. Many
substances have been researched to demonstrate their utility as biopesticides (Table 1), but
extensive field research is required in order to assess their efficacy for precise pest problems
under diverse cropping systems.

Farmers and society at large should benefit from the mixed and judicious use of both
conventional chemical pesticides and biopesticides, while it is imperative to emphasise the
research in the area of biopesticides for reaping greater benefits from it in the future.
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Abstract: The current approaches to sustainable agricultural development aspire to use safer means
to control pests and pathogens. Photorhabdus bacteria that are insecticidal symbionts of ento-
mopathogenic nematodes in the genus Heterorhabditis can provide such a service with a treasure
trove of insecticidal compounds and an ability to cope with the insect immune system. This review
highlights the need of Photorhabdus-derived insecticidal, fungicidal, pharmaceutical, parasiticidal,
antimicrobial, and toxic materials to fit into current, or emerging, holistic strategies, mainly for
managing plant pests and pathogens. The widespread use of these bacteria, however, has been slow,
due to cost, natural presence within the uneven distribution of their nematode partners, and prob-
lems with trait stability during in vitro culture. Yet, progress has been made, showing an ability to
overcome these obstacles via offering affordable mass production and mastered genome sequencing,
while detecting more of their beneficial bacterial species/strains. Their high pathogenicity to a wide
range of arthropods, efficiency against diseases, and versatility, suggest future promising industrial
products. The many useful properties of these bacteria can facilitate their integration with other
pest/disease management tactics for crop protection.

Keywords: biocontrol; Heterorhabditis; pest and pathogen management; Photorhabdus; marketing

1. Introduction

In the agricultural sector, the current production practices are not sufficient to control
insect pests and pathogens safely and with 100% efficacy. Growing dissatisfaction with the
chemicals that are used for plant pest control has increased, due to their negative impacts
on human health and non-target organisms, contamination, toxicity to the environment,
and resistance development [1–3]. Thus, it has become imperative to decrease the use of
these unsafe pesticides and replace them with benign ecologically sound products for crop
pest control, in the context of sustainable agriculture.

Recently, the importance of using beneficial bacteria in integrated pest and pathogen
management programs has been emphasized. These bacteria can reduce the chemical
inputs used for plant protection, and stabilize ecological changes [4]. Conceivably, ento-
mopathogenic bacterial species of the genus Photorhabdus (Enterobacteriales: Morganel-
laceae) may be a favorable alternative for expanding the biocontrol of many plant pests
and pathogens, via their secretion of various arrays comprising effective bioactive metabo-
lites [2,5–9]. This concept is based on a huge number of Photorhabdus genes that encode for
producing relevant compounds, e.g., enzymes, toxins, antibiotics, and bacteriocins. They
are found in the form of pathogenicity islands on the bacterial chromosomes representing
different groups, e.g., the group of toxins is assorted to four prime groups. Additionally,
discoveries of novel species of Photorhabdus, with presumed additional genes encoding
for beneficial traits, are being discovered, and novel genes in the Photorhabdus species
that are already described are ongoing, and can further be exploited [1,8–11]. The goal
of this paper is to provide an overview on the pros and cons of Photorhabdus spp. as an
all-in-one resource for biocontrol. The aim is not only to focus on the related background
of the state-of-the-art knowledge, but also to highlight the modern biotechnology that can
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open further avenues of discovery that can be leveraged towards enhancing sustainable
agriculture. So, this review addresses recent findings on their diversity, new taxa, and use
in the existing or emerging programs to manage plant pests and pathogens.

2. Taxa, Diversity, and Lifestyle of Photorhabdus spp.

2.1. Their Taxa and Diversity

The number of Photorhabdus species has recently doubled, from four [12] to twenty [13].
An updated list of Photorhabdus, comprising the valid species/subspecies, is presented
(Table 1). Yet, they are expected to increase as, in addition to their importance, much focus is
directed to employ morphological, biochemical, physiological, and molecular approaches
to characterize and identify them as mutualistic/symbiotic bacteria of Heterorhabditis
spp. Some of Photorhabdus spp. are further divided into subspecies (Table 1). Using
the entire genome-established phylogenesis of the Photorhabdus taxa (species, subspecies,
strains, and isolates), a novel phylogenetic tree of the genus Photorhabdus, with new taxa,
has been reconstructed [13]. For instance, considering the recent sequence comparative
investigations of the related taxa, P. aegyptia was erected as a new species. Its type strain is
a symbiont of H. indica, originally collected from Egypt.

As heterorhabditid nematodes are found in many, and wide, geographical areas, their
symbionts, Photorhabdus spp., must have global distribution. An overall heterorhabditid
nematode geographic distribution was reviewed [5]. While the most widespread species,
H. bacteriophora, is found in zones having continental and Mediterranean climates, H.
indica is familiar to the subtropics and tropics. Heterorhabditis megidis generally has a more
northerly and more limited distribution than H. bacteriophora. The EPN species are found
worldwide; the only continent where these nematodes have not been found is Antarctica.
The longstanding recognition concerning the species-specific identification for the complex
of Photorhabdus-Heterorhabditis as a dyad in their mutualism, is still generally valid. Thus, it
can gain more knowledge regarding their distribution in space and diversity [14].

Basically, researchers have been trying to optimize EPN surveys and extraction meth-
ods [15,16] to discover novel species/strains that have adapted to local conditions, and to
boost the effective control of pests and pathogens. Therefore, it can be generally assumed
that the distribution of the EPN species is just an artefact of such sampling trials. However,
increased attention is mainly paid to these bacteria when applied to kill insect pests and
pathogens independently of their EPN partners.

Eventually, fueled by the gradual increase in the number of new Photorhabdus species/
strains and novel technological approaches to identify them, the Photorhabdus taxa have
become clearer and easier to study than before. Therefore, complete genome-constructed
phylogenetic trees, along with accurate sequence comparative investigations, could cor-
rectly determine their relationship and diversity. This identification could also contribute
to additional investigations of the relevant Photorhabdus spp.-bioactive compounds that
can be applied in industrial and agricultural products [2,13,17].

Table 1. Updated list of species/subspecies in the genus Photorhabdus and their mutualistic het-
erorhabditid nematodes.

Photorhabduss Species Heterorhabditis Species References

P. akhurstii H. indica [18,19]

P. asymbiotica undescribed species [18,20]

P. australis
subsp. Thailandensis

subsp. australis
H. gerrardi, H. indica [13,19,20]

P. bodei H. beicherriana [19]

P. caribbeanensis H. bacteriophora [19,21]
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Table 1. Cont.

Photorhabduss Species Heterorhabditis Species References

P. cinerea H. downesi, H. megidis,
H. bacteriophora [19,22]

P. hainanensis undescribed species [19,21]

P. heterorhabditis
subsp. Aluminescens
subsp. heterorhabditis

H. zealandica [13,23]

P. kayaii H. bacteriophora [19,24]

P. khanii H. bacteriophora [19,21]

subsp. guanajuatensis H. atacamensis [25]

P. kleinii H. georgiana, H. bacteriophora [19,26]

P. laumondii
subsp. clarkei

subsp. laumondii
H. bacteriophora [18,19]

P. luminescens H. bacteriophora, H. indica [27,28]

subsp. sonorensis H. sonorensis [29]

subsp. mexicana H. mexicana [25]

P. namnaonensis H. baujardi [19,30]

P. noenieputensis H. indica, Heterorhabditis sp. [19,31]

P. stackebrandtii H. bacteriophora, H. georgiana [19,32]

P. tasmanensis H. zealandica, H. marelatus [19,21]

P. temperata H. megidis, H. downesi,
H. zealandica [18,19]

P. thracensis H. bacteriophora [19,21,24]

P. aegyptia H. indica [13]

2.2. The Lifestyle of Photorhabdus spp.

All the species of Photorhabdus are exclusively found as symbionts of the Heterorhabditis
spp.-infective juvenile (IJ) stage [33]. As these bacteria have not been detected in free-
living form in nature, they had previously raised doubts of their competence to live and
infect insect pests and pathogens in the absence of their EPN partner. An exception is P.
asymbiotica, which is known to be a human pathogen, although it also infects insects [34].
This species causes ulcerated skin lesions, both at the initial infection foci and, later, at
disseminated distal sites [35]. Another featured difference to the other Photorhabdus spp. is
the typical coloration of grey with pink spots, acquired by the P. asymbiotica-infected insect
host, but that color for the other species of Photorhabdus is usually reddish [36].

During mutualism, these bacteria offer a few favors to the heterorhabditid nematodes,
in terms of killing insects that are invaded by the nematodes, and supplying nutrition
and defense to these entomopathogenic nematodes within the infected cadavers. The
nematodes pay back such favors by protecting the mutualistic bacteria outside their insect
host from harsh conditions, while enabling them to set off and multiply within the attacked
insect hosts. Notwithstanding the EPNs, as originally soil-inhabiting creatures, their free-
living stage, as IJ, harbors the bacteria in its intestinal lumen [33]. Due to their tripartite
association [37], Photorhabdus spp. are naturally found either in their infected insect hosts
or at the intestinal lumen (gut mucosa) of their nematode partner. As the IJs penetrate
their insect hosts via natural openings (spiracles, anus, or mouth) or the cuticle, they move
forward to the haemocoel, where they let out their mutualistic bacteria to multiply and
produce secondary metabolites that kill their infected arthropods and turn their bodies
into a nutrient soup. During this bioconversion, the nematode feed on the soup, in order to
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develop and reproduce while the bacteria produce antibiotics that keep the infected insect
away from further microbial attacks.

Referring to Photorhabdus is frequently accompanied by its counterpart Xenorhabdus
bacteria, because there is a great similarity between them in the general framework of
living. Xenorhabdus and Photorhabdus are symbionts of EPN-IJs, of the genera Steinernema
and Heterorhabditis, respectively. However, each of the two bacterial genera has its own
attributes that distinguish its character. Xenorhabdus spp. live within a specialized receptacle
at the front portion of the intestine, but Photorhabdus spp. are set at the gut mucosa of their
respective nematodes [38,39]. The IJs of Steinernema spp. develop into amphimictic females
and males. So, both sexes must infect the insect host and mate to reproduce in the insect
hemocele, but the Heterorhabditis–IJs mature to hermaphroditic females and then to the two
sexes. Thus, a single hermaphroditic Heterorhabditis–IJ can infect and multiply within the
insect host. Also, the colonization behavior of the two bacterial genera differs within their
nematode partners [39]. A significant trait that is used to distinguish between the two EPN
genera, in case of their presence within their insect host, is the pigment of the Photorhabdus
bacterium to color the host’s body in a reddish shade. Photorhabdus is capable of fluorescing
so often that the entire infected cadavers glow in unlighted places. Photorhabdus avoid the
immune system of the insect host by adjusting the lipopolysaccharide to withstand the
impact of the insect-derived antimicrobial produce of peptides, while Xenorhabdus disturbs
the induction of such peptide expression [38]. Their 16S rRNA genes are more than 94%
identical, though the genome of each genus may be disrupted by numerous deletions,
inversions, insertions, and translocations [40]. Photorhabdus bacteria can go through major
transcriptional reforming in the intestine of their EPN partner. They can induce general
starvation mechanisms, turn into the pentose phosphate pathway to cope with oxidative
stress and nutrition deficit, cellular acidification to slacken growth, and form biofilms
to safely remain in the EPN intestine until transmitting to the insect hemolymph [32].
Such bacterial strategies can sustain them within the nematode gut and ensure felicitous
transmission of the couple from one insect host to another. Interestingly, the Xenorhabdus
and Photorhabdus species are able to grow in vitro as free-living organisms, without their
partner EPNs, on artificial media under certain terms, i.e., adequate nutrient media with
no competition.

Until the beginnings of the current century, it was believed that the relationship
between EPNs and their mutualistic Photorhabdus bacteria was extremely specific, i.e., each
EPN species carries only a corresponding bacterial species or subspecies. Contrary to the
current findings [41–43], it was thought that the tight relatedness of the two taxonomic
groups conduces co-speciation between each pair of Photorhabdus spp. and Heterorhabditis
spp., i.e., the mutualism between Heterorhabditis and Photorhabdus had been previously
thought to be strictly one-to-one, in terms of co-speciation [33,44]. However, an opposite
opinion is exemplified in the cohabitation of mixed Photorhabdus species (P. cinerea and
P. temperata) within a single nematode host; Heterorhabditis downesi [45]. The latter authors
could further examine the aspects of competition between P. cinerea and P. temperata,
associated with H. downesi at two levels. Apparently, P. cinerea can better protect the
nematode against desiccation at the regional level, though P. temperata is superior to
P. cinerea in protecting the scavengers that utilize vision in foraging. Moreover, P. cinerea
surpasses P. temperate at the local level/within the infected insect host.

3. Pathogenicity of Photorhabdus spp.

3.1. Range and Magnitude of Pathogenicity

Basically, various Heterorhabditis-Photorhabdus partnerships, to infect and kill many
insect pests, have been commercially applied as biocontrol agents, with continuous sug-
gestions for developments, to prime them for effective alternative measures in plant
protection [37,46–48]. In such cases of the natural EPN–bacterium complex, the bacterial
host range is naturally confined to the ability of the IJs to find and penetrate the host, as a
pre-requisite for the exponential growth of Photorhabdus spp. to attain high cell densities
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within the insect host. The bacterial cells can convert the insect tissues into a biomass
that is necessary for the IJ development and reproduction. The pathogenicity relies on the
bacterial growth. Therefore, the Photorhabdus growth rate is closely correlated with the time
that is required for killing the insect. Admittedly, Photorhabdus spp. are highly virulent
pathogens of a wide range of insect larvae [49].

Detecting the ability of Photorhabdus bacteria to survive in soil and in fresh water
for 1 week, has probably fixed a time frame for their additional biocontrol applications,
independent of their mutualistic EPNs [50]. Hence, various formulations (Figure 1), mainly
based on just the bacteria and/or bacterial metabolites, have been recorded [2,4,12,51–57]. In this
regard, increased pathogenicity islands of the Photorhabdus chromosome, with many genes
encoding various insecticidal protein toxins, antibiotics, bacteriocins, and enzymes, were
reviewed [5,58,59], but more have still been further identified, e.g., [55,56,60,61]. For instance,
the insecticidal categories of protein toxins comprise toxin complexes (TCs), Photorhabdus
insect-related (Pir) proteins, makes caterpillars floppy (Mcf) toxins, Photorhabdus virulence
cassettes (Pvc), Photorhabdus insecticidal toxin (Pit), Photox, PaxAB, and Galtox [9]. While
TCs are large multi-component toxins, others, such as Photox, are a smaller 46 kDa binary.

Clearly, the above-mentioned traits of the bacteria—such as the ability to circumvent
the insect’s immune system, reforming and adapting to the surroundings, especially under
stressed conditions, and worldwide spread with a treasure trove of useful compounds—are
compelling for their relevant usage. They may be a rationale to reflect their capacity in
the broad and efficient biocontrol of plant pests and pathogens. Their impressive array
of primary and secondary metabolites may be so virulent that a single bacterial cell is
enough to kill the targeted host of some arthropods, within a relatively short period of
time [49]. Photorhabdus bacteria are, independently, quite eligible to control a broad range
of arthropod pests in numerous categories, especially in the orders Lepidoptera (butterflies
and moths), Diptera (flies, including insects that transmit human and plant diseases), and
Coleoptera (weevils and beetles) [2,7,62]. For instance, P. luminescens and its metabolites
were found to be lethal to the greater wax moth, Galleria mellonella, when applied in sand
media; the bacterium rapidly penetrated the G. mellonella hemocoele as it got contact with
the larval body. Its toxic metabolites caused more larval death than the P. luminescens
cells [63]. As the bacterial cells do have a free-living existence and can enter the insect
haemocoele in the absence of the EPN vector, those authors stressed that the bacterium, or
its toxic secretions, can be used for insect control, as an important component of various
integrated pest management (IPM) programs.

Yet, P. luminescens received much research work, due to the type of species of its genus,
with a worldwide distribution and high insecticidal activities. Such activities against the
diamondback moth, Plutella xylostella, pupae surpassed that of X. nematophila [64]. The two
bacterial species induced 60% and 40% mortality of P. xylostella pupae, with LC50 values of
5 × 104 and 5.5 × 105 cells/mL, respectively. The 48-h LC50 for toxin complex a (Tca) of
P. luminescens against neonates of the Colorado potato beetle, Leptinotarsa decemlineata, was
2.7 ppm, and the second instar larval growth that was exposed to Tca for 72 h was almost
fully inhibited at >0.5 ppm [65]. The strain K-1 of P. luminescens akhurstii, encapsulated in
sodium alginate beads (2.5 × 107 cells/bead) and mixed with sterilized soil, killed 100% of
the tobacco cutworm, Spodoptera litura, larvae in 48 h, though its partner (i.e., H. indica–IJs that
possess the bacteria in their gut) scored only 40% mortality after 72 h. Koch’s postulates for this
strain, without the symbiont nematode, were evident, as the bacteria could be re-isolated from
the dead insect. The LC50 dose of the strain K-1 was 1010 cells per S. litura sixth-instar larvae in
48 h [53]. A 100% mortality of both the fall armyworms, Spodoptera frugiperda and G. mellonella,
was also attained after 48 h of treatment with the strain P. luminescens akhurstii SL0708 at
1 × 103–1 × 104 CFU/larva [66]. On the other hand, P. temperata showed oral toxicity to the
olive moth, Prays oleae, with an LC50 of 58.1 × 106 cells/mL [67].
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Figure 1. Simplified illustration for possible scopes of application, mode of application and mechanism of action of
Photorhabdus bacteria to control various pests and pathogens.

Mohan et al. [51] tested the potential of P. luminescens to control the cabbage butterfly
(Pieris brassicae), which is a polyphagous pest of crops in the family Brassicae. The bac-
terial cultures were grown overnight, in nutrient broth at 28 ◦C, up to a concentration of
108 colony-forming units (CFU)/mL. The bacterial culture was mixed with paraffin oil at
10 l/mL, Tween-20 at 0.5 l/mL, and sucrose at 0.5%, as a phagostimulant adjuvant using
sterile water as the base before spraying. Initially, Mohan et al. [51] tested the survival and
retention of bacterial pathogenicity in combination with various components used in the
formulation. When the formulated P. luminescens, stored at 28 ◦C, was sprayed uniformly
on the foliage of ornamental nasturtium, Tropaeolum majus, which was heavily infested
with the 3–4 instar of P. brassicae, 100% mortality of the larvae was recorded within 24 h,
compared to no mortality in the control plot. Re-isolation of the bacteria from the dead
insects, and comparison with the original culture, proved Koch’s postulates. Such results
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proved the direct toxicity of P. luminescens to the insects, under natural conditions, when
used as a foliar spray. Also, Jallouli et al. [68] recorded promising insecticidal activity
of P. temperate K122 against a stored grain pest, the Mediterranean flour moth, Ephestia
kuehniella. At a high concentration of 12 × 108 cells/mL, 100% mortality of E. kuehniella
larvae could be reached. Jallouli et al. [68] concluded that the insect mortality was due to
toxaemia, as confirmed by the absence of variant small colonies, or P. temperata colonies, in
E. kuehniella tissue. The histopathological effect of P. temperata toxins on the gut of infected
E. kuehniella larvae indicated destruction of the gut epithelium, the appearance of large
cavities, and cellular disintegration.

In addition to using Photorhabdus-concentrated metabolites or bacterial broth treat-
ments, another avenue for pest or disease suppression is the development of bioactive
compounds that are responsible for bacterial toxicity. Various active compounds in Pho-
torhabdus spp. were reviewed [5]. For example, transcinnamic acid (TCA) was recently
reported to be a major active compound in P. luminescens’ suppressive activity against
Fusicladium effusum, and thus further research to develop TCA, as a potential control agent,
was suggested [69]. More research on the identification and activity of such bioactive
compounds is warranted. Furthermore, regardless of the type of treatment (bioactive
chemicals, metabolites and/or bacterial treatments), field testing and economic feasibility
analysis will be needed, as various biotic and abiotic factors outside the laboratory may
reduce the potency and longevity of the tested materials.

It appears that the arsenal of these bacteria still contains much that has yet to be
discovered, against a broad range of various pathogens. The detection and cloning of
other beneficial compounds from Photorhabdus bacteria are still ongoing [11]. Eventually,
the bacteria in this genus possess metabolites with the main characteristics of common
pesticides, i.e., their effect increases with an increase in the dose, and a negative correlation
exists between the number of eggs laid/insects that are female, percentage of hatching,
adult survival of the pest, and the bacterial dose [5]. Their toxins are so fatal that as low as
40 ng is sufficient to kill the tobacco hornworm Manduca sexta larvae [70].

3.2. Mode of Action of the Bacteria and Their Secreted Compounds

These bacteria are commonly known to kill insects via septicemia/toxemia, within
the context of the natural Photorhabdus–Heterorhabditis complex [54]. However, stand-alone
pathogenicity tests of the bacteria and/or their secreted compounds usually begin with
injecting them directly into the insect haemocoel, by artificial means [71]. Bacterial protein
toxins usually have oral and/or injectable toxicity to insects, with various modes of ac-
tion [72]. The increasing ambition to exploit Photorhabdus-derived compounds in industry
is due not only to their abundance, but also to their qualities that boost their functions.
Complete genome-sequencing investigations, which started in 2003 using P. luminescens as
a model [73,74], have been revealing the capacity of various Photorhabdus spp. to produce
numerous secondary metabolites, such as peptides, polyketides, toxins, and hybrids. For
instance, the parasiticidal material that is derived from P. luminescens metabolites is recog-
nized as a small molecule that is stable at both pH changes in the range 2–12 and heating.
This molecule can induce the trypanocidal activity via a mode of action that does not rely
on nitric oxide [56]. Likewise, P. luminescens materials, such as isopropylstilbene [75] and
the presumed GameXPeptides [76], demonstrated anti-Leishmania donovani, -Trypanosoma
cruzi, and -Plasmodium leverage, respectively [55].

Each of the above-mentioned categories of toxins has a possible function as a bio-
control material, via a specific mechanism against arthropod pests, pathogens, and/or
vector insects. While the Tcs damage epithelial cells at the insect intestine, for instance,
Mcf enhances hemocytes apoptosis in the insect hemocoel [77]. On the other hand, Pvc
can induce G. mellonella and Manduca sexta mortality, but Pir proteins of P. luminescens
laumondi (TT01 strain) are responsible for insect death [2]. As Pvc can show a self-contained
nanosyringe delivery mechanism, it can beat host cell membrane barriers and function
independently from its bacterium, to disrupt the cytoskeleton of the insect host [78]. Some
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Photorhabdus species can poison the intestinal epithelium of their insect hosts, via high-
molecular-weight Mcf toxin. It can enable Esherichia coli both to persist within, and kill, the
insect [79]. Thus, these toxins show bacterial strain-specific variations concerning toxicity
to their insect hosts [9,80]. Different features regarding the detailed structure, mode of
action, and putative function of the Tcs as ‘polymorphic’ toxins in the process of infection,
have been discussed [81,82], but the modes of action of some recently detected metabolic
compounds of Photorhabdus bacteria still need to be grasped, to enable their perfect use
in the management of agricultural pathogens and insect pests [8,9]. Photorhabdus bacteria
can also suppress important endoparasitic nematode species within plant roots, via their
toxins and antibiotic compounds [5]. Furthermore, the Tc toxins could be cloned into
Arabidopsis as a model plant, in order to offer protection from arthropod pests (Figure 1).
Thus, these toxins are proposed as a potential substitution to the Bt toxin [49], for which
insect resistance is developed [1].

The many examples of arthropod pest and pathogen mortalities that are caused by
Photorhabdus spp. [3,5,48,53,83–85], do not negate the differences in the immune response
between insect hosts. For instance, a cumulative percent mortality of 63% and 100% for
G. mellonella, but 10% and 93% for S. frugiperda, was achieved after 72 h of injecting intra-
or extra-cellular extracts of the strain P. luminescens akhurstii SL0708, respectively. These
differences also indicate the impact of extracellular factors in pathogenicity [66]. Those
authors detected proteases, esterases, ureases, hemolysins and siderophores as responsible
for the high pathogenicity/extra-cellular activities. Moreover, the variation in immune
response between host species may be due to both the evolutionary/environmental and
biologic/genetic factors that are assigned to each host–pathogen system. The different
system components, comprising induction, specificity, and memory of the immune system,
can define the cognate resistance mechanism of the targeted insect species/population [86].
Abd El-Zaher et al. [87] reported that physical parameters (i.e., temperature, pH, and
sodium chloride) variably affected the metabolite-induced mortality percentage for the
G. mellonella larvae. Shapiro-Ilan et al. [88] reported that implementations of the bacteria and
fermentation broth, to suppress pecan and peach pathogens, could be useful in reducing
costs and/or avoiding regulatory issues compared to applying concentrated metabolites
of these bacteria. However, they reported that the applications of bacterial broth could
only inhibit the lesion growth that is induced by Phytophthora cactorum of pecan leaves, but
its efficacy to the two other pathogens examined (F. effusum and Armillaria tabescens) was
not apparent. Therefore, they perceived that more broth rates would stimulate a response.
Alternatively, the toxicity of active compounds within the bacterial cell suspension, broth,
or cell-free filtrates could be enhanced through medium optimization (e.g., [87,89]).

4. Pros and Cons of Photorhabdus spp.

4.1. The Positive Aspects

The above-mentioned common issues that are related to many chemical pesticides,
as well as the costly and/or mixed performance of numerous existing biopesticides on
one hand and the high levels of Photorhabdus virulence towards a wide variety of insects
via just a few bacterial cells on the other, have been attracting commercial attention to use
these bacteria and their bioactive compounds as new biopesticides [9,12,52,54]. Remark-
ably, the bacteria’s recent inexpensive in vitro mass production [90] should increase the
interest of many researchers in related fields (microbiology, nematology, molecular biology,
pharmacology, etc.), for their beneficial applications. Collectively, Photorhabdus bacteria can
be adopted for large-scale application, due to some of their characteristics discussed in the
following section.

4.1.1. Cost-Effective Photorhabdus Mass Culture with Boosting Insecticidal Activity

In the recent past, many difficulties in the trait deterioration of Photorhabdus spp. were
apparent during their in vitro mass culture. Furthermore, researchers are challenged by a
cost and benefit tradeoff. Reduced costs with high bacterial yield, in terms of the scale-up of
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the mass production, are opposed by the requirement, to preserve beneficial Photorhabdus
traits during the process of culturing [91]. Such bacterial attributes are significant for
biocontrol programs, whether via Photorhabdus alone or the EPN–Photorhabdus complex.
Fortunately, these bacterial traits could be characterized and maintained during their
growth and metabolic phases of their inexpensive culturing [90]. Consequently, the full
Photorhabdus capacity could be employed for the insect pathogenicity. Some significant
advances in in vitro culture have been made. For example, Orozco-Hidalgo et al. [92]
found that bacterial inoculation of the culture for 36 h could offer the highest H. indica–IJ
yield. The authors stressed the merit of glucose as a substrate to increase/sustain the
bacteria, so that higher nematode recovery could be achieved. Recently, an important
discovery offers potentially the best conditions for enhancing the mass culture and the
insecticidal efficacy of P. temperata, using the wastewater of the food industry as a basis
for the medium [90]. The authors used both a special layout (Box–Behnken design) and
response surface methodology (RSM) to optimize the bacterial mass production. This layout
was based on three factors, carbon/nitrogen (C/N) ratio, sodium chloride concentration,
and bacterial inoculum size. Both insecticidal efficacy and bacterial mass culture were
tied to the media parameters. Furthermore, when wastewater from the food industry was
optimized for utilization, as an inexpensive raw material for P. temperate culturing, its
production costs were only USD 35 per kilogram medium [90], compared to the USD 679 per
kilogram medium that used yeast extract and glucose as the main components [93]. About
a 95% reduction in the total production cost was achieved, while the produced bacteria had
high insecticidal activity [90]. Thus, this technique for optimizing the important combined
factors via RSM, to yield a superior bioinsecticide with high bacterial mass production
in a short time (48 h incubation), should be expanded to other species of Photorhabdus.
This inexpensive technique should be considered for large-scale practice, as it also gives a
share in getting low-cost formulations that are able to compete with conventional chemical
compounds.

4.1.2. The Mounting Role of Photorhabdus Bacteria against Pests and Pathogens

The bacteria and their active metabolites show other merits that bode well for inclusion
in promising approaches of modern farming. Consequently, broad biocontrol application
is feasible against insects, fungi, oomycetes, mites, and bacteria infecting plants and, to
a lesser degree, animals. Some examples of the expanding utility of Photorhabdus spp.
include the following: (1) many Photorhabdus bacterial genes encode metabolites and
toxins mostly with low molecular weight. These toxins proved to have insecticidal [94,95],
antifungal, antibiotic [96], and antiparasitic [55,56] activities. They are effective, for instance,
against the mushroom mite Luciaphorus sp. [97], Venturia effusa (a fungus causing pecan
scab) [69,98], oomycetes that can severely limit the commercial productivity of pecans,
peaches, and other fruit and nut trees [7,84], antibiotic-resistant bacteria [8], and even
vector insects of human diseases, such as the mosquito species Aedes aegypti and Ae.
albopictus [2]. Further, da Silva et al. [2] have reviewed the dengue virus as the most serious
arbovirus, in reference to human morbidity and mortality. The viral serotypes can be
transmitted mainly by females of Ae. aegypti mosquitoes, where the toxic effect of Cry4Ba
that is derived from Bti against Ae. Aegypti could be enhanced by the Xenorhabdus and
Photorhabdus bacteria; (2) ongoing field and laboratory assays can offer these bacteria and
their nematode partners new positions for upgrading the control of additional pests via
IPM programs [37,48,99,100]. Also, six P. luminescens isolates had antibacterial activities;
each against one, two, or three of the tested bacterial species [101]. The metabolites or
cell filtrates of some Photorhabdus isolates may have superior toxicity, relative to others
tested as well [84]; (3) Photorhabdus species possess various toxins and compounds with
various modes of action and sophisticated secretion systems that offer specificity of the
cell surface receptor to dictate a specific interaction between the bacterial toxin and the
insect midgut [82]; (4) Photorhabdus luminescens is so effective against the diamondback
moth, Plutella xylostella, pupae that its pathogenic capability is superior to X. nematophila,
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though both bacterial species have a convergent lifestyle [64]; (5) Photorhabdus species could
operate more effectively against pests via additive or synergistic incorporation with other
advantageous inputs, such as another biocontrol agent [102,103]; (6) the toxic secretion of
P. luminescens can be efficiently used to control various challenging pest populations, such
as Galleria mellonella and subterranean termite Macrotermis spp. [85]. Shahina et al. [85]
speculated that commercial use of P. luminescens cell suspensions as pesticides may overrule
the problems of cost and reliability that are linked to the large-scale application of EPNs;
(7) some Photorhabdus spp. showed miticidal activities against the economically important
spider mite Tetranychus urticae, where the mortality rate increased as the bacterial dose or
time elapsed increased [6]; (8) the supernatants of the P. luminescens culture blocked the
nourishment of crickets, ants, and wasps [83,104]; (9) Photorhabdus toxin genes can generate
transgenic plants for insect resistance [105,106]. There is potential to commercially produce
an orally active agent from Photorhabdus bacteria for insect-resistant transgenic plant species.
The prolonged monoculture of Bt transgenic plant cultivars has led to developing insects
that are resistant against these cultivars, and the emergence of unforeseen pest problems [1].
Hence, Photorhabdus bacteria are being firmly suggested as an adequate alternative for
Bt [2,9]. However, progress toward transgenic Photorhabdus-based plants is slow, as the
current Bt transgenic strategies remain globally prevalent. Technical problems are usually
linked to expressing a large, multi-subunit protein toxin into the needed transgenic plants,
but small toxins of Photorhabdus and Xenorhabdus bacteria are among the best alternative
sources of such insecticidal protein toxins [14,74]; and (10) these bacteria can favorably
interact with plant roots as well [60]. The roots may attract EPNs that carry these bacteria
to help control plant pests and pathogens [107,108]. Bacterial suspensions of P. luminescens,
Xenorhabdus sp., and X. szentirmaii could significantly reduce the growth parameters of
the root-knot nematode Meloidogyne hapla. They decreased its reproduction factor (RF)
(55–62%), egg masses (48–68%), and number of galls (51–67%). Likewise, the cell-free
supernatant of these bacteria reduced the number of egg masses (72–83%), galls (51–74%),
and RF (62–72%) of the false root-knot nematode, Nacobbus aberrans [4,109]. Interestingly,
on many economically important crops, the costs of controlling plant parasitic nematodes
with these inexpensively produced bacteria [90] would generally be more economical than
using common chemical nematicides, such as Cadusafos and Oxamyl. This is evidenced by
the reported costs of using such chemicals on tomatoes [110], pepper [111], potatoes [112],
and eggplant [113]. In addition, the application of Photorhabdus bacteria may also score
a two-fold goal, i.e., control of the plant pathogens and insect pests simultaneously. Yet,
achieving such a two-fold goal will necessitate optimal application tactics to maximize
the field effectiveness of the Photorhabdus bacteria, e.g., a delivery system that is most
conducive for the favorable and effective control of crop pests and pathogens via biocontrol
agents. For example, various media/additions were found to potentiate Photorhabdus cell
suspensions and cell-free filtrates against insect pests [87,89]. Ultimately, these attributes
should be fully exploited by applying them in conventional and organic farming systems.

4.1.3. The Bacterial Metabolites as New Drugs for Diseases

Increased concern about controlling certain diseases has created much interest for
safer and more effective drugs than the currently used ones. For instance, the only ef-
fective approach to control insect-borne diseases, such as Zika, chikungunya, Chagas,
Leishmaniasis, and dengue, is to block the detrimental transmission of the disease-causal
organisms. However, the control of these insect vectors has demonstrated issues, due to
the expensive measures of their chemical and biological control. They frequently possess
low specificity for the targeted vectors/organisms, and may also be toxic to non-target and
beneficial organisms [2,56]. Additionally, evolved resistance was reported for common
insecticides in global resistance-breaking populations of Ae. albopictus and Ae. aegypti [2].
Further, da Silva et al. [2], therefore, speculated that a broad variety of biologicals and
chemicals should contribute to their control measure. They found entomopathogenic
bacteria, e.g., Photorhabdus and Xenorhabdus, to rank high in this respect, as numerous
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studies have demonstrated their relevant efficiency. Within this frame, a peptide that is
smaller than 3 kDa, secreted by P. luminescens, was aptly named as ‘Photorhabdus-derived
leishmanicidal toxin’. This compound evidenced potent leishmanicidal action to suppress
dimorphological forms (i.e., amastigote and promastigote forms) of Leishmania amazonensis.
Leishmania-toxic peptide(s) could be new drugs concerning the remedy for leishmania-
sis [55]. In another study, Trypanosoma cruzi, which gives rise to American trypanosomiasis
(or Chagas disease of human beings) could be controlled via metabolites that are secreted
by P. luminescens [56]. Recently, da Silva et al. [2] demonstrated the low specificity of the
chemicals that are used against Ae. aegypti and Ae. albopictus that transmit diseases such as
dengue, malaria, Zika, and chikungunya. On the contrary, they appreciated the value of
toxin complexes and metabolites produced by Photorhabdus and Xenorhabdus, to effectively
control such insect-borne diseases.

Some may mistakenly suspect that controlling these medical insects has no absolute, or
even marginal, relationship with plant health. However, their related chemical insecticides,
as the pyrethroids and organophosphate temephos, have become less effective, even against
plant pests, due to their widespread use that includes these medical insects as well [2].
Thus, the non-use of such pesticides as organophosphates against medicinal insects will
limit their over-application and avoid the pollution of the environment, plants, wildlife,
and groundwater. Additionally, their non-excessive use may generally slow down the
development of insect resistance.

4.1.4. Photorhabdus-Derived Natural Compounds as a Source for Industrial Products

The above-mentioned paradigms of Photorhabdus-derived insecticidal, fungicidal,
pharmaceutical, parasiticidal, antimicrobial, and toxic materials may still be expanded
to represent various types of expected industrial products. The richness of the relevant
interesting compounds is reflected by an increasing number of materials that have been,
and are still being, identified from these bacteria [5,8,11,55,56,61,69,94–96,98]. The targeted
testing for the bioactivity of molecules reflecting the bacterial secondary metabolite genes
and gene clusters are reported to be scarce, or mostly focused on medical applications [114].
Specifically, the molecule indole caused high levels of paralysis of plant-parasitic nema-
todes, such as Meloidogyne incognita and Bursaphelenchus spp., at a concentration of 100
to 300 mg/mL. Stock et al. [114] reviewed these bacterial metabolites in terms of their
nematicidal, antimycotic, antibacterial, and insecticidal activities Thus, such metabolites
may set up an inexhaustible mine of useful compounds, with multiple activities for new
industrial products, mainly for crop protection.

4.2. Avoiding Negative Aspects

As Photorhabdus bacteria are originally mutualistic of insecticidal nematodes and
highly efficient insect pathogens, via myriad toxins and small molecule effectors, cautious
strategies should be set up to integrate these bacteria and/or their bioactive compounds
into effective and safe management programs of crop insect pests. For instance, while some
insect pests have developed resistance against Bt toxin, employing Photorhabdus toxins with
alternate modes of action may resolve the issues of developed insect resistance. Practical
use of P. luminescens, in conjunction with B. thuringiensis kurstaki, inhibited the growth
of the Egyptian cotton leafworm Spodoptera littoralis. This synergism between the two
bioinsecticides could use B. thuringiensis as a delivery means for Photorhabdus bacteria to
infect the S. littoralis hemocoel and to reduce the risk of developing insect resistance [102].
Since Bt toxin occupies 90% of the bioinsecticide market [5], materializing this example can
significantly raise Photorhabdus marketing. Other economically important insect pests that
develop Bt resistance comprise Ostrinia nubilalis (European corn borer), Heliothis virescens
(tobacco budworm), Pectonophora gossypiella (pink bollworm moth), Culex quinquefasciatus
(mosquito), Ae. aegypti (yellow fever mosquito), Trichloro plusiani (tiger moth), Leptinotarsa
decemlineata (Colorado potato beetle), Spodoptera exigua (beet armyworm), and Chryosomela
scripta (cottonwood leaf beetle) [115,116]. Moreover, the toxin complex protein, TcaA toxin,
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showed toxicity against a wide range of agricultural pests, though the phylogenetic tree
that was erected for TcaA indicated that this toxin did not have any ancestral relationship
with BT toxins [116].

If so, the anticipated transgenic plants will be regulated by relevant legislation to
be certain that such plants with genes of Photorhabdus bacteria can be produced without
health or environmental risks [36]. No resistance to these bacteria has been reported in
insect populations so far, but this line of thinking should be followed with any relevant
toxins, as a means to avert or at least delay the development of insect/pathogen resistance.
Therefore, many more investigations should be conducted before the exclusive use of these
bacteria or their metabolites as a commercial tool to control crop insect pests and pathogens.
Studies that are needed to enable its wise utilization should address both fundamentals,
such as their molecular structure and mode of action, and applied aspects, such as their
environmental stability, toxicity of different bacterial species/isolates against various
insect pests and pathogens, and safety against non-target organisms. For example, Kumar
et al. [117] found that two P. luminescens isolates failed to infect both the diamondback
moth and the oriental leafworm moth (Spodoptera litura). On the contrary, Abdel-Razek [64]
and Rajagopal et al. [53] found other isolates of the same bacterial species to be effective
against the diamondback moth and the oriental leafworm moth, respectively. Likewise,
technical issues, regarding further stand-alone formulations of the bacteria, their shelf life,
and application, should be searched, particularly for their adequate integration into IPM
programs. Examples of their usage have been reported [51,52,68], but their expansion and
documentation should be attempted in earnest. Notably, a culture broth of P. temperate
temperata mixed with B. thuringiensis tenebrionis, named “Col-Kill”, proved efficacy in
controlling the coleopteran Phaedon brassicae (Coleoptera: Chrysomelidae) [118], but it
needs to be widely tested as a new, effective formulation. It could open another beneficial
tactic of synergism and avoid the prolonged monoculture of Bt transgenic plants that have
led to developing insect resistance.

Apart from the aforementioned concerns of P. asymbiotica, and occasional episodes
of allergy processes that are experienced by people who have had close contact with
Photorhabdus species and their symbiotic nematodes, these bacteria, similarly to EPNs,
have a very low risk to human health [36]. Mohan and Sabir [119] and Fand et al. [120]
reported other constraints, where P. luminescens harm Trichogramma parasitized insect eggs
and do kill coccinellids (key mealybug predators), respectively. Therefore, the integration
of the bacteria with other biocontrol agents should be utilized cautiously. Advances in
biotechnological approaches, and consolidation of the Photorhabdus data with their regional
and temporal efficacy and dynamics, may offer the holistic and sound knowledge that is
needed to establish and evaluate the real benefits and risks of EPNs and/or their mutualistic
bacteria in nature, in the long term. Given these basics, Abd-Elgawad [5] emphasized
that management projects should be decided on a case-by-case basis for attaining the best
Photorhabdus species or strain–pest (or pathogen) matching, without side effects to the
fauna and flora of definite sites. For instance, the bacteria could be harmful to definite
pollinators. Photorhabdus species may be able to digest the bee tissues effectively and offer
a supply of nutrients to the mutualistic nematodes [121].

5. Conclusions

The potential of using Photorhabdus spp. as biocontrol agents in sustainable agricul-
ture, against a broad range of insect pests and pathogens, is being boosted via various
approaches. The discovery of novel species/strains worldwide will continue to broaden the
pool of their bioactive compounds that are effective against economically important pests
and pathogens. Developing inexpensive methods for their commercial production may ex-
pedite their use in the existing or emerging programs to manage plant pests and pathogens.
Clearly, the toxins of these bacteria cause massive damage to the gut epithelium of insects,
resulting in rupture of the gut integrity and crossing of the gut barrier. They could be used
in foliar application or in the form of alginate beads; both as standalone insecticides for
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the most common management strategies. Furthermore, their long-acting strategies have
been proved via incorporating their toxin genes into transgenic plants to control insect
pests. Photorhabdus-derived insecticidal, fungicidal, parasiticidal, antimicrobial, and toxic
materials should be leveraged to fit into holistic crop protection strategies. These may
include their combination with other synergistic or additive compounds, to increase their
efficacy while preventing, or reducing, the likelihood of developing pesticide-resistant
pest/pathogen strains.
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Abstract: Plant-parasitic nematodes (PPNs) infect and cause substantial yield losses of many foods,
feed, and fiber crops. Increasing concern over chemical nematicides has increased interest in safe
alternative methods to minimize these losses. This review focuses on the use and potential of
current methods such as biologicals, botanicals, non-host crops, and related rotations, as well as
modern techniques against PPNs in sustainable agroecosystems. To evaluate their potential for
control, this review offers overviews of their interactions with other biotic and abiotic factors from
the standpoint of PPN management. The positive or negative roles of specific production practices
are assessed in the context of integrated pest management. Examples are given to reinforce PPN
control and increase crop yields via dual-purpose, sequential, and co-application of agricultural
inputs. The involved PPN control mechanisms were reviewed with suggestions to optimize their
gains. Using the biologicals would preferably be backed by agricultural conservation practices to face
issues related to their reliability, inconsistency, and slow activity against PPNs. These practices may
comprise offering supplementary resources, such as adequate organic matter, enhancing their habitat
quality via specific soil amendments, and reducing or avoiding negative influences of pesticides.
Soil microbiome and planted genotypes should be manipulated in specific nematode-suppressive
soils to conserve native biologicals that serve to control PPNs. Culture-dependent techniques may
be expanded to use promising microbial groups of the suppressive soils to recycle in their host
populations. Other modern techniques for PPN control are discussed to maximize their efficient use.

Keywords: nematode management; biological control; mechanisms; host plant resistance; synthetic
nematicide; botanicals; optimizing strategies

1. Introduction

Plant-parasitic nematodes (PPNs) can cause significant losses in the size and quality
of a wide range of economically important crops. Previously, regulatory and sanitation
measures entirely avoided their casual introduction, minimized their spread, and/or
reduced their damage. However, the current widespread and severe damage of PPNs
lead to the need for additional control measures. Synthetic nematicides have shown some
nematode control with consequent yield increase—but many of them have been restricted
or banned. This is due to their adverse effects on human health and the environment, as
well as damage to the durability of many agricultural ecosystems. Increasing concern over
such chemical nematicides has led to unprecedented and great efforts in various research
areas to manage these pests safely and effectively.

Current nematode research has addressed genetics and molecular patterns associated
with plant defense and damage in the event of nematode infection [1]. Research has
also addressed microbial priming [2], which has achieved tremendous progress. Various
techniques are being developed to fully grasp the interaction between PPNs and their
host and non-host plants via the elicitor-receptor reciprocal action [3,4]. These substantial
mechanisms are expected to provide us with the needed information to design durable
nematode resistance in plants. Moreover, the processes engaged in plant defense and
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protection against PPN can be activated by beneficial microbes and synthetic elicitors that
can be soundly and effectively exploited [4].

Various aspects of the current research focus on the fundamentals of the PPN–plant
relationship. However, there have been related opportunities to exploit the available
applications to safely control nematodes. Thus, benign alternative methods to chemical
nematicides are expected to make up many of the the durable crop protection strategies.
Abd-Elgawad [5] recently addressed the general strategies of using safe antagonists of
PPNs. They are generally based on either augmentation (inundative and inoculative) or
conservation biological control. This review extends and updates implementations of such
strategies. It highlights the use and potential of various strategies and tactics that can
contribute to PPN management. Such approaches may include biological control agents
(BCAs), the use of botanicals (e.g., antagonistic plants), host plant resistance to nematodes
with related crop rotations, and other advanced treatments. The desired outcome is not
only to avoid plant damage and yield losses caused by the nematodes and contribute as
best we can in sustainable agricultural ecosystems, but to summarize current progress
made in the research and application of these techniques. It also presents key factors
affecting their success and broader exploitation, as well as their merits and demerits, and
discusses agricultural practices that optimize PPN control.

2. Biological Control Agents

2.1. Their General Categorization and Effects

Fungal and bacterial organisms are currently considered the most efficient and major
biocontrol agents (BCAs) against PPNs [6,7]. Others, such as predaceous nematodes, mites,
viruses, protozoans, oligochaetes, collembola, algae, and turbellarians, are also BCAs,
but are less effective and less studied. Given the common occurrence of such numerous
BCAs and their bioactive compounds, it is uncertain whether they can routinely limit PPN
populations. To test their benefits, many hindrances must be overcome, including their
mass culture, formulation, application techniques, and interactions, as they are applied to
the seed, cultivated soil, or seedling medium for PPN control. The modes of action of these
BCAs may be categorized into two major groups, i.e., either direct antagonism against PPNs
or indirectly promoting operators of plant growth. However, BCAs and/or their bioactive
metabolites are responsible for PPN management via various mechanisms. For instance,
these fungi may be endoparasitic, toxin-producing, nematode-trapping, and/or parasites
of eggs, juveniles, or adults. The other main taxon of BCAs was recently reviewed and
shown to contain endophytic bacteria, rhizobacteria, obligate parasitic bacteria, symbiotic
bacteria, opportunistic parasitic bacteria, and cry protein-forming bacteria [5]. These BCAs
can also produce plant growth promotors for plant growth [8]. Directly, they can assist
plants by easing resource possession and production of active compounds and hormones
(e.g., gibberellins and cytokinin) necessary for plant growth. Indirectly, they can produce
lytic enzymes and antibiotics to suppress pests and pathogens. These BCAs can also prime
plants for PPN resistance. Molinari and Leonetti [2] have recently reported that BCAs
can interact with roots to prime plants against infection by root-knot nematodes (RKNs),
Meloidogyne spp., via upregulation of endogenous defense genes. They may comprise
salicylic acid-dependent pathogenesis-related genes of the systemic acquired resistance,
such as PR-1, PR-1b, PR-3, and PR-5. Moreover, related enzymes, e.g., endochitinase and
glucanase, showed elevated activities in roots of pre-treated inoculated plants, which may
open new avenues to novel PPN control.

2.2. Fungal and Bacterial Biocontrol

Fungal species related to genera, such as Trichoderma, Purpureocillium, Catenaria, Actylel-
lina, Dactylellina, Arthrobotrys, Aspergillus, Monacrosporium, Hirsutella, and Pochonia, are out-
standing BCAs against PPNs, especially for RKN control [6,9,10]. For example, endophytic
fungi of the genera Trichoderma, Fusarium, Alternaria, Purpureocillium, and Acremonium can
colonize plant roots and enhance plant defense via multiple factors [11]. They may repel

40



Plants 2021, 10, 1911

RKN second-stage juveniles (J2) away from roots, retard or attenuate PPN development, or
lower their fecundity. Species of Trichoderma and Purpureocillium can kill RKNs at different
life stages in the root systems or soil. Pochonia chlamydosporia can induce systemic resistance
against M. incognita. They can also target other important PPNs, such as the cyst nematodes,
Globodera spp., especially when combined with additional BCA [7,12]. Silva S. et al. [13]
screened 33 strains of P. chlamydosporia and Purpureocillium lilacinum and selected the most
promising ones, e.g., P. lilacinum (CG1042, CG1101) and P. chlamydosporia (CG1006, CG1044)
to be tested against Meloidogyne enterolobii, a relatively recently described but important
RKN species, especially for tomato and banana. Both P. lilacinum and P. chlamydosporia
caused 44 and 34% suppression in M. enterolobii eggs on tomato roots, respectively, whereas
34% suppression in M. enterolobii eggs was recorded on banana roots by P. chlamydosporia.
However, such efficacies were noted when inoculation level of M. enterolobii eggs was as
low as 500 eggs. Thus, applying both species, within the context of integrated pest manage-
ment (IPM) programs, is suggested when M. enterolobii population levels are low. Another
group of potential fungi is the arbuscular mycorrhizal fungi (AMF), which function as
obligate plant root symbionts. The plant offers photosynthetic carbon for the symbionts,
while the latter assist roots to uptake higher nutrients and boost both root growth and
structure. Moreover, they usually compete for nutrition and space with PPNs and induce
plant systemic resistance [14].

Likewise, numerous bacterial species of many genera, such as Pseudomonas, Serra-
tia, Bacillus, Pasteuria, Achromobacter, Variovorax, Rhizobium, Agrobacterium, Comamonas,
Arthrobacter, and Burkholderia, have shown nematicidal activities against PPNs [15–18].
Their modes of action against PPNs may vary even within a genus [7], but generally com-
prise antagonism, antibiotic production, and/or induced resistance. For instance, their
nematicidal operations against RKNs are based on toxic particles of cry proteins in Bacillus
thuringiensis, toxic antibiotics in B. subtilis and B. cereus, enzymatic activity in B. firmus,
and repelling RKN J2 by B. cereus after colonizing the roots. Strain efficacy may be more
specific; the B. cereus strain BCM2 could reduce M. incognita invasion on tomato roots by
67.1% relative to the control. The B. cereus strain that colonizes tomato roots could affect
the root exudates by raising the secretion of certain repellent M. incognita J2 substances [19].
Lee and Kim [20] found that chitinase and protease, produced by B. pumilus strain L1, were
responsible for M. arenaria antagonistic traits. They induced about 90% J2 mortality and
88% inhibition of egg hatch.

The obligate parasites, Pasteuria spp., are extremely safe BCAs to manage PPNs.
They can act on the nematodes under tough ecological conditions and with variable soil
temperature, pH, and moisture. Their spores usually attach to the cuticle surface of the
specific nematode species/race as they move about in the soil. Once adhered, they set
up germ tubes that break into the nematode’s interior body. The internal proliferation
of these cells and sporulation suppresses nematode multiplication and causes nematode
mortality. As they are species-specific, Pasteuria spp. do not hurt non-target organisms, e.g.,
as a RKN-specific parasite, P. penetrans can only infect the related J2. The attached spores
restrict the nematode movement and make them stick to the nearby nematodes. If the PPN
can mature, the female may produce a few or no eggs in host plants. Abd-Elgawad [5]
reviewed the attributes which allow Pasteuria spp. to integrate with other safe approaches,
e.g., crop rotation, soil amendments, and nematode-resistant cultivars, to manage PPNs.
Their endospores are resistant to mechanical shearing, drying, and heat. However, Pasteuria
isolates should be screened to select the most adequate one(s) for biocontrol in specific
agroecosystems because they are very specific and may only attack certain isolates of a
given species.

2.3. Nematode-Suppressive Soils

Suppressive soils were reviewed as those in which harmful pathogens and parasites,
herein PPNs, cannot set up or persist, found, but lead to no disease, or become established
and initiate a mild disease that soon recedes [21]. The biological activity of such a specific
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soil is documented when its suppressiveness: (1) is removed by biocides; (2) can be
conveyed to conducive soil with a modest volume of suppressive soil; (3) is specific to a
nematode species; (4) can reduce multiplication in root-knot and cyst nematodes in the root
zone; (5) can be detected by baiting methods; (6) is heat sensitive; (7) is density-dependent.
To achieve these attributes, the BCAs in nematode-suppressive soils can act directly as
nematode antagonists and/or they can indirectly prime plants and induce their defense
responses against PPNs. Antibiosis and parasitism by BCAs were also suggested in a
few soils with specific PPN suppressiveness. Topalović et al. [10] appraised fungi and
bacteria that were characterized in PPN-suppressive soils via next-generation sequencing
or extracted from dead or diseased PPNs. They noted that soil suppression may act
against the relevant PPN species as the microbiome may vary from one soil to another.
For instance, suppressive soil was more efficient in M. hapla than the M. incognita control.
Additionally, soil properties and plant species/cultivar can also influence the magnitude
of this suppression. Thus, to avoid the impact of soil physicochemical and nutritional
features, Topalovic et al. [9] altered the approach of transferring soil suppressiveness to the
conducive soil by using the microbial component of the suppressive soil only in a water
suspension. However, the soilless suspension could not cause mortality of any PPN species,
but it could in tomato-planted soil with the suspension [9].

The magnitudes of root colonization by BCAs and their possible metabolites and
induced resistance are impacted by plant genotype. Nematode-susceptible plants will
harbor more PPNs and need more BCAs to suppress them than poor host plants. Although
two isolates of P. chlamydosporia prompted systemic resistance against RKNs, the induction
was plant species-dependent. This reduced M. incognita female fecundity, infection, and
reproduction of tomatoes, but not cucumbers [21]. Moreover, in a separate monoculture
of different sugar beet cultivars in Heterodera schachti-infested soil, H. schachtii-tolerant
cv. “Pauletta” enabled suppressiveness to be set up without the initial yield decrease
noted in susceptible cv. “Beretta” [22]. Botelho et al. [23] speculated that the biological
and physicochemical attributes of the coffee rhizosphere could dictate their impact on
Meloidogyne exigua suppression under field conditions. Thus, such suppressive soils caused
about 83% M. exigua J2 mortality and attained the highest yields of coffee beans. Thus,
further plant–nematode–microbe interactions in suppressive soils require additional study
to be better understood to enable novel insights for the best exploitation of suppressiveness.
Westphal [5] reported a few methods to examine the biology of PPN soil suppressiveness.
They mostly rely on comparing PPN reproduction in sterilized vs. non-sterilized soils. A
drawback in this approach is that the growth parameters of plants are usually better in
sterilized soil, which impacts the PPN activities and other biologicals as well. Therefore, it
may bias the results [24]. While culture-independent methods on the related microbiome
have given a better understanding of the functional potential of many PPN suppressive
BCAs, culture-dependent techniques enabled the use of some microbial groups in specific
suppressive soils [10]. Both approaches should be timely and adequately used to adjust
recycling of the relevant microbiome in their host populations and expanded long-term
PPN suppression in other soils.

2.4. Evaluating Factors Affecting Their Success
2.4.1. Biological and Ecological Factors

Many factors can affect BCA–nematode interactions. Hence, the biology and ecology
of these BCAs should be grasped from the standpoint of pest management so that they
can be properly harnessed in biocontrol. Currently, facilitated-omics techniques should
contribute to the better holistic perception of biocontrol mechanisms with related colo-
nization processes at the rhizosphere and the relevant factors influencing them. In this
vein, Cámara-Almirón et al. [25] reviewed the molecular basis used by many bacteria to
antagonize plant pathogens and enhance plant growth and the structural units, necessary
for their biofilm setting, e.g., the formation of the bacterial biofilm often influences and
ensures a stable and effective biocontrol.
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Basically, the biological strain, dose, time, and application method that likely achieve
the best BCA(s)–nematode host matching should be optimized for the desired level of
PPN management. The best BCA that properly fits the properties of the targeted habitats,
cultivated crops, and PPNs to optimize the biocontrol gains should be selected. These
factors can modify, to varying degrees, the effects of BCAs on the PPN control programs.
Therefore, there is often a gap between BCA efficacy in the field and controlled experi-
mental conditions. Careful manipulation of these factors can improve the effects of BCAs,
especially in terms of their being more inconsistent, less effective, and/or slower-acting
than pest control via chemicals. Admittedly, as soil food webs, including PPNs, have a
cryptic nature, BCA ecology and their role in modifying nematode population levels and
dynamics are largely unknown and deserve further study. Hence, significant variables
can provide insights into how soil properties can be modulated to enhance biocontrol
by conserving and favoring specific settings or BCAs [9,10,22,26–28]. For example, soil
moisture and texture [29], salinity [30], mulching [31], and pH [32] were found to modulate
nematode populations directly or indirectly by influencing their hosts or enemies [33].

Manufacturers of biocontrol products must consider these factors and their outputs [5].
Otherwise, a biocontrol product may contain several genera or groups of BCAs to increase
its potency. Still, only one BCA in another product may be more effective than this
combination (e.g., NemOut® (contains Bacillus subtilis + B. licheniformis + Trichoderma
longibrachiatum) vs. Rizotec® (contains only Pochonia chlamydosporia)) [13].

Using BCAs is not an easy or routine task, but should be based on accurate, comple-
mentary data and a good conception of the possible involved factors. Therefore, sampling
and primary tests are prerequisites to obtain the data on the related factors for effective
IPM. Biological suppression may be assessed by comparing nematode reproduction in
both untreated and treated soils with a proper biocide or heat to eliminate BCAs [24]. This
test may take 1–3 months as targeted reproduction of PPNs is valued after at least one
nematode generation. To shorten this period, survival of only free-living stages of the
concerned PPNs may be assessed after several days in the untreated and treated soils.
This alternative test offers rapid conclusions but, as such, is limited to measuring the
effect of only BCAs on soil or migratory stages of PPNs. In the latter tests, other BCAs
specialized in parasitizing PPN eggs and/or nematode-sedentary stages are mistakenly
ignored. Furthermore, a PPN species not present in the field soil is preferably utilized
in both tests to determine the level of biosuppression to avert the confusing impact of
native nematodes, e.g., a host-specific parasite cannot be avoided. For instance, using the
reniform nematode, Rotylenchulus reniformis, to evaluate its biosuppression in the sting
nematode Belonolaimus longicaudatus-infested soil cannot detect a species-specific BCA, e.g.,
Candidatus Pasteuria usage, which is specific to parasitizing B. longicaudatus [34]. Mixing
a small amount of the field soil into disinfested soil may resolve the issue. In this case,
B. longicaudatus is conveyed with the field soil, and so other target PPNs can be added to
the soil with few influences. Notwithstanding the utility of endemic B. longicaudatus to
detect species-specific antagonists, the BCAs conveyed with the soil should have enough
time to multiply to suppressive levels. The test does not negate that biocontrol of PPNs
using an introduced BCA may not be as effective in various settings as that of indigenous
BCA, due to ecological validity [35]. Eventually, relevant bioassays that validate PPN
suppression in a specific agroecosystem should be carried out for the best BCA–PPN host
matching.

2.4.2. Agricultural Practices

The positive or negative role of specific production practices should be assessed
preferably in the context of IPM programs. Clearly, regulatory and phytosanitary measures
should be exercised to avoid PPN contamination of plant materials, cultivated media,
and used equipment [36,37]. Generally, fertilization and soil amendments can boost plant
growth with consequent possible increases in population levels of both plant parasites
and BCAs. However, significant exceptions should be considered [35]. Whenever possible,
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they must be manipulated to set up an adequate soil environment to boost and/or protect
BCAs for conservation biological control. This is important for stable agroecosystems, e.g.,
alfalfa, turfgrass, and perennial crops, that can likely favor this conservation for long-term
persistence of, especially indigenous, BCAs. In contrast, intensive production practices,
soil infestations by polyspecific nematodes, introducing seedlings infected with new PPNs,
and short crop sequences or sequential susceptible host plants may decrease the occurrence
and persistence of these BCAs.

It is important not only to recognize promising BCAs, but also to combine them with
conservation operations in the planted soil to enhance the efficacy, consistency, and dura-
tion of BCAs. These operations should manipulate the soil habitat to benefit the introduced
BCA and any other useful organisms at the expense of PPNs. Streptomyces-treated soil
showed a reduction in the total bacterial population that significantly changed the rhizo-
sphere microbiome. However, the Streptomyces population in the treated rhizosphere was
enhanced with less RKN damage to tomato roots [38]. Thus, the practices may comprise
offering extra resources to BCAs, enhancing their habitat quality, and reducing or avoiding
negative influences of pesticides on them. Resources, such as adequate organic matter, may
be added to elevate the existing BCA efficacy and persistence. Specific soil amendments
can boost the quality of particular soils [27]. On the contrary, pesticide usage, tillage, crop
rotation, and fallow periods can directly disrupt BCA populations. Surprisingly, BCAs
may be adversely affected if these practices can decrease their PPN hosts. Thus, these
practices should also be adjusted for the effective use of the introduced BCAs in case of
augmentation (inundative or inoculative) biological control. More selective pesticides
and careful spatial (horizontal and vertical) and temporal usage of nematicides should be
followed to evade or at least lessen their damage to BCAs [39].

The use of BCAs can also be optimized via sequential application or co-application
with compatible agricultural inputs. The co-usage of P. chlamydosporia and chitosan en-
abled more root colonization by the fungi and less RKN damage than either alone [40].
Abd-Elgawad and Askary [7] reviewed effective strategies that combine BCAs with other
cultural inputs to operate additively or synergistically in IPM. Optimistically, more recent
operations are still being explored with other microbes. Admittedly, one of the present
pressing issues is related to how to adequately address developing multi-dimensional
biocontrol programs. One trend is to simultaneously use closely related or compatible
species of BCAs that can offer optimum biocontrol efficacy, domination in the soil micro-
biome, and/or better root protection. Combining B. subtilis with B. pumilus gave more
average increments in growth parameters of M. incognita-infected cowpea plants than either
alone [41]. Thus, it is likely that different Bacillus species may present unlike anti-RKN
mechanisms, which open new avenues to improve the biocontrol efficacy. Another trend
is sequential usage. Dahlin et al. [42] found that fluopyram (a nematicide) reduced the
M. incognita population on tomatoes at planting and that adding the P. lilacinum strain
PL251 during the growing season could reinforce the reduction. The reductions in the
number of M. incognita-J2 were 56 and 68% when PL251 was applied alone and after flu-
opyram, respectively. Fewer M. incognita galls were found as B. firmus preceded synthetic
nematicides in consecutive tomato cycles. The galling severity assessed by the galling index
(scale of 0–10) was reduced from 7.7 in the control roots to 5.9, 4.3, and 4.0 for B. firmus,
B. firmus + oxamyl, and B. firmus + fosthiazate, respectively [43]. These favorable results
should be extended and documented as BCAs are compatible with other chemicals.

Dual-purpose BCAs should be utilized against more than one group of crop pests
whenever possible. For instance, three populations of entomopathogenic nematodes, used
as biocontrol agents against insect pests, could significantly (p < 0.05) reduce M. incognita
populations on watermelon at 7 and 21 days after treatments [44]. Moreover, the en-
tomopatogenic fungus Lecanicillium muscarium isolates (Lm1, Lm2, Lm3) were effective
against M. incognita on tomatoes [45]. The isolate Lm1 reduced M. incognita egg and gall
numbers by 90 and 80%, respectively. Thus, in these cases, it is assumed that BCAs could
control both insect pests and PPNs. Sharma and Sharma [46] demonstrated suppression
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in various M. incognita stages and reproduction on tomato roots caused by individual or
dual inoculations of AMF and plant growth-promoting rhizobacteria (PGPR). They found
that colonization of AMF (Rhizophagus irregularis) and PGPR (Pseudomonas jessenii strain
R62 and Pseudomonas synxantha strain R81) induced tomato resistance against RKN by
upregulating the defense genes.

Nonetheless, it is suggested herein to examine the effects of BCAs on a case-by-case
basis. This will allow us to monitor and optimize various techniques of PPN control
according to the existing variables. It would enable us to unravel the complexity of the
factors governing the activity and reproduction of PPNs and their associated BCAs in
general or specific suppressive soils. In a soil microbiome, factors that positively affect
specific BCAs that repel, suppress, or kill PPNs via competition, predation, or parasitism
should be utilized for better plant growth. Likewise, adding amendments or related
materials to the soil to release compounds that are toxic to the plant pathogens and/or
inducing the defense systems of the host plants should be thoroughly examined and
correctly adjusted [35,36]. Eventually, adopted recommendations to combat agricultural
pests by decision makers and governmental bodies should guide and enlighten growers
for optimizing practical use of bionematicides—especially in developing countries such as
Egypt [47].

3. Botanicals as Bionematicides

3.1. Antagonistic Cultivated Plants

During their growth, antagonistic cultivated plants produce antihelminthic com-
pounds that act as antagonists to the nematodes via various modes of action [48]. The
nematostatic or nematicide compounds in the plant organs may be freed into the soil or
operate within the plant to act as nematode traps or show unfavorable responses to PPNs.
The broad conception of these plants may include different groups that can adversely affect
various PPN populations, but poor and non-hosts will better be addressed separately [36]
hereafter in more detail.

Many antagonistic plant species are found, but the most famous ones that are utilized
against important PPNs include Tagetes spp., Azadirahta indica, Brassica spp., and Crotalaria
spp. [48]. Various species of the genus Tagetes (marigold) may reduce PPN populations via
different modes of action, e.g., by acting as a poor host or non-host, generate allelopathic
compounds, trap the nematodes, or induce nematode antagonistic flora/fauna. Derivatives
of bithienyl and alpha-terthienyl produced by marigold are toxic to the nematodes [49].
Species of marigold, such as T. patula, T. erecta, and T. minuta, are efficient, especially against
two nematode genera, Meloidogyne and Pratylenchus [48]. Contrary to a tomato–tomato
rotation, T. erecta, T. patula, and T. signata decreased RKN galling in subsequent susceptible
tomato plants. Although the neem (Azadirahta indica) tree is generally considered to be
antagonistic to many pests, the neem-based products are most commonly used in PPN
control. They could demonstrate good nematicidal activities. Moreover, many species of
Brassica (cruciferous plants), such as cabbage, broccoli, rape, canola, and mustard, can form
glucosinolates (GSLs). Hydrolysis of secondary metabolite GSLs results in volatile and
toxic isothiocynates (ITCs), which act as biofumigants against PPNs. Thus, the nematicidal
properties of ITCs released into the soil may be attributed to aromatic GSLs (roots), indole
GSLs (root and shoot), and aliphatic GSLs (seeds) when these repositories are rotated with
PPN-susceptible plant species or grown as cover crops [50]. The biofumigation range for
PPN control has been widened to include non-brassica antagonistic species. They can also
form volatile pathogen-suppressing molecules. The hydrolysis of antecedent cyanogenic
glycoside/dhurrin in the graminaceous plants (e.g., sudangrass (Sorghum × drummondi)
and sorghum (Sorghum bicolor)) may produce cyanides that can kill PPNs [27]. Sunn hemp
(Crotalaria juncea) as a cover crop and green manure is commonly utilized for its antagonistic
impacts on RKNs in numerous crops. Moreover, C. longirostrata is is incorporated into
the soil after growing as a cover crop to decrease RKN galling. Its effect concerning PPN
control may be due to toxins produced during microbial degradation, not by toxic exudates
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from the plant [36]. Other species were tested for PPN control activity [51]. Pratylenchus
brachyurus reproduction rates were lowered when maize (Zea mays) was intercropped
or rotated with bristle oats and oilseed radish [52]. Growth of maize was enhanced (up
to 34%) when intercropped with velvet bean (Mucuna pruriens) or jack bean (Canavalia
ensiformis), while Pratylenchus zeae population levels were suppressed by 32%. Yields of
maize intercropped with jack bean were raised (22–190%) under field conditions [51].

3.2. Plant-Related Materials and Compounds

Using the relevant compounds via extraction from the plants or incorporating plant
parts into the soil is another and more common tactic for PPN control than using the entire
plants. These materials are mainly extracted or formed from antagonistic plants. They may
be grouped under various terms, such as natural compounds, organic acids, essential oils
(EOs), and plant extracts and compounds. In contrast, not all of these groups are exclusively
related to plants. For instance, acetic acid is produced as secondary plant metabolites [53]
or as culture filtrates of the bacterium, Lactobacillus brevis, strain WiKim0069 [54]. This acid
can damage the cuticle of RKN J2, vacuolize the cytoplasm, and degrade the nuclei, causing
death [54]. Numerous organic acids, such as amino, propionic, formic, and butyric acids,
can exert toxic effects on PPN species [18]. They are formed via microbial decomposition of
other compounds in the soil, mostly those related to plant materials/residues, but may also
result from metabolites formed by soil organisms. Others, such as sesquiterpene heptalic
acid produced by the fungus, Trichoderma viride [7], and hydroxamic acids from the grass,
Secale cereale [55], have proved effective against important PPN species.

Neem’s natural compounds, such as azadirachtin, kaempferol, thionemone, nimbidin,
quercetin, nimbin, and salannin, also have nematicidal properties. Intercropped or treated
plant roots, via soil application, can absorb these materials. Moreover, many natural
nematicidal compounds have drawn the attention of the pesticide industry to develop their
extraction and related processes. Hence, other effective treatments of neem may comprise
root dipping in neem leaf extracts, soil amendment with its leaf extracts, mulching the
soil with dried or fresh leaves, seed coating or drenching the soil with neem extract or oil,
application of root exudates, or treating soil with seed or kernel powder [56]. Botanical
extracts have conspicuous merits over synthetic nematicides. For example, they contain
new compounds for PPN management [18,48]. Thus, nematodes are not yet able to develop
resistance or inactivate them. In addition to originating from natural resources and having
rapid biodegradation, they are always less concentrated and thus always less toxic than
pure materials. These traits support their use as ecologically benign alternative nematicides.

Moreover, EOs have been tested for PPN control. The differences are clear in their
related efficacies. Abd-Elgawad and Omer [57] tested the EOs of four medicinal plant
species in the family Lamiaceae for PPN control. Mentba spicata caused the highest PPN
mortality, followed by Thymus vulgaris, Majorana hortensis, and then Mentha longifolia.
The corresponding major oils in these plants were carvone, P-cymene, terpinen-4-ol, and
carvone, respectively. Generally, 0.1 oil solutions of each plant could inhibit more than
80% of M. incognita J2 relative to 3.5% at the untreated check. Among the PPNs tested,
Rotylenchulus reniformis was better controlled by the oil solutions than nematode species
related to the genera Criconemella and Hoplolaimus. Recently, only 14 out of 29 EOs could
have nematicidal efficacy in the range 8–100% at 1000 μg/mL, whereas the EO of Mexican
tea (Dysphania ambrosioides) was the most efficient [58]. Mexican tea EO eliminated 99.5 and
100% of galls and eggs on susceptible tomato plants, respectively. They found that p-
cymene (3.35%), E-ascaridole (8.45%), and (Z)-ascaridole (87.28%) formed 99.08% of the
total composition in D. ambrosioides oil.

Kalaiselvi et al. [59] found that the elevation at which the plants are cultivated may
affect their EOs in terms of quantity, chemical composition, nature, yield, and appearance.
When Artemisia nilagrica was grown in low and high lands, its extracted EOs showed
different lethal concentrations (LCs) against M. incognita on tomato. The LC50/48 h was
10.23 and 5.75 μg/mL for EOs of low- and high-altitude plants, respectively. The EOs of low-
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and high-level plants decreased M. incognita (J2 and eggs) per 10 g root by approximately
68 and 87%, respectively. These oils also enhanced plant growth differently.

Many studies tested plant extracts against PPNs. Recent focus has been placed
upon their compounds [9,10,60,61] as they are generally less toxic and safe alternatives to
synthetic chemicals that can also efficiently control PPNs. A plant extract may have both
acid and oil together, which can enhance nematode mortality as in vetiver grass Vetiveria
zizanioides [62]. Extracts of Paenoia rockii and Camellia oleifera could inhibit egg hatching and
J2 activity of M. incognita [63]. Nematicidal activity of aqueous and methanolic extracts
of Ricinus communis, Taxus baccata, Raphanus raphanistrum, Sinapis arvensis, and Peganum
harmala on M. incognita J2s was assessed at various exposure times and doses. Methanolic
extracts showed more influence than the aqueous ones. Moreover, methanolic extracts
of S. arvensis, P. harmala, and T. baccata had peak RKN mortality—86.6, 89.2, and 100%,
respectively [60].

3.3. Safety, Reliability, and Economics of the Related Nematicidal Products

Some botanical-based nematicides are being commercially marketed, while others are
still in the pipeline. For instance, numerous effective neem-based nematicidal formulations
have been marketed, such as Neemrich, Neemix, Neemazal, Neemgold, and Neemax. In
contrast, Nemastop is a commercial product with garlic (Allium sativum) extract (600 g
ground garlic cloves/1 water). This has been marketed for PPN control but is not as
effective as synthetic chemical nematicides or even other commercial biocontrol agents
on eggplant [64]. However, this does not negate PPN suppression by allicin (diallyl thio-
sulfinate), the effective nematicidal compound of garlic. Allicin could control M. incognita
and improve tomato yield [65]. Host range claims of bionematicidal products are often
taken from the manufacturer’s product labels. They have not necessarily been confirmed
in neutral trials [66]. Under favorable conditions, PPN control usually increases with
consequently elevated crop yield as a product concentration and/or exposure time is also
enhanced.

Three basic elements are required for the bionematicides, in general, to be successful:
(1) safety to the environment and human health, (2) reliable nematicidal effect, and (3) fa-
vorable economics. For instance, among synthetic chemical nematicides, ITCs are included
as active ingredients. Notwithstanding the utility of natural ITCs as biofumigants against
PPNs, they may share the same biochemical mechanism of action against the targeted
PPNs. Thus, negative effects of ITCs as in mustard biofumigants have caused vulnera-
bility and instability of soil food webs and suppression of beneficial organisms [27,67].
Ntalli and Caboni [50] speculated that non-target organisms are also adversely affected
because both synthetic and natural components of ITCs interact in a non-specific and
irreversible manner with amino acids and proteins. Hence, more studies harnessing their
safe utilization as integrants in pest management programs should be conducted. On
the contrary, azadirachtin compounds are relatively safe pesticides relevant to ecological
issues and environmental risk. They have faint potential mobility in soil and degrade
rapidly. Azadirachtin is non-mutagenic and pure azadirachtin is non-toxic to humans.
Additionally, it possesses relative selectivity. Thus, it is safe for beneficial insects and
can be utilized in IPM programs [48]. Tagetes spp. compounds in soil need to be further
examined to establish their fate or degradation periods in field situations. On the one
hand, researchers and stakeholders should consider that the notion of safety is relative and
should be quantified as these materials are still chemicals, but not synthetic ones. On the
other hand, several plant materials/extracts have been synthesized to ensure more safety
for human application than the commonly known synthetic chemical nematicides.

Sikora et al. [51] suggested that antagonistic plants are very attractive tools for PPN
control, but there are potentially new ones that could also be identified. Moreover, tech-
niques should be sought for efficient and multi-purpose applications. Other merits of
antagonistic plants are their effective operation in upgrading the soil characteristics. They
are used as organic matter and green cover to raise soil quality [68]. Specific groups of an-
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tagonistic plants may possess additional merits. A striking example is to boost the activity
of biocontrol agents against PPN in addition to their direct effect of reducing damage from
pests. Contrary to the bacteria associated with soybean roots, the rhizobacteria isolated
from the roots of antagonistic plant species Ricinus communis, Mucuna deeringiana, and
Canavalia ensiformis could significantly decrease both Meloidogyne incognita and Heterodera
glycines population densities on roots of soybean plants. Hence, Grubišić et al. [48] specu-
lated that these plants may retain a selective action within each pest class as they possess
multiple mechanisms with a wide spectrum. Additionally, these antagonists, related to
legumes, can fix the atmospheric nitrogen, which boosts soil fertility.

More research is direly needed to determine the optimum conditions for these bione-
maticides in general. To optimize PPN control, their incorporation into the soil should
target nematode-life stages and species that are most vulnerable. Variables, such as edaphic
factors, tillage systems, proper planting date, favorable plant species, and suitable growth
stage, should be examined to be best tailored for PPN control. Notwithstanding the nemati-
cidal activity of brassicas cover crops to suppress PPN populations in soil, they may not
provide consistent efficacy. Dutta et al. [27] stressed that temperatures may be too high for
such plants to adequately show their nematicidal activities under greenhouse conditions.

A study of economic feasibility for applying any of the botanicals to PPN control
should be conducted. If economic factors are not convenient, even a strategy involving
good nematicidal properties to the targeted PPNs is doomed to recede. Components of
economic success comprise the grower’s sense to avoid crop losses caused by the nematode
pests, the relative expenses of using this bionematicide compared to other options for
PPN control, the value of the commodity (e.g., per acre), and its price in the relevant
market. Thus, a grower should be enlightened about the indirect benefits of these safe
nematicides, e.g., their use to avoid ecological pollution and health hazards, as well as to
avoid nematode resistance of chemical nematicides. Such an agricultural extension would
encourage growers to use them. Other policies may lower costs and improve the success of
specific botanicals. Marigold seeds, for example, are costly relative to seeds of cover crops
because marigold has a high value as an ornamental plant. Therefore, Grubišić et al. [48]
suggested that the expenses of its seeds would be reasonably priced, or even lowered,
if they were commercialized on a large scale as cover cropping for PPN management
programs.

4. Exploiting Poor- or Non-Host Crops

As there are many nematode-susceptible plant species, we should make full use
of poor- or non-host genotypes [69–71]. These are species/cultivars with genotypes
that are immune, resistant, or tolerant to one or more of the PPN species. They are
marketed based on their yield—not as cover crops utilized for pasturage or soil amend-
ments/conservation [36]. Resistant or non-host plants can contribute to solving many
PPN-related issues. Ensuring adequate crop sequences using non-host crops is the most
effective method utilized for global RKN management. Such immune or resistant plant
cultivars can be employed to enhance crop yields, suppress PPN population levels, and
boost effective crop rotations [36]. Nematode-tolerant cultivars are usually called non-
hosts—although PPN can reproduce on them. However, they can withstand nematode
attack, and their crop yields are not significantly affected [71]. They can often enable less
nematode reproduction than susceptible cultivars [22].

Older, related conceptions must be updated. Resistance-breaking pathotypes or
populations of a nematode species may be able to reproduce on a cultivar that is known to
be resistant to this species. These virulent populations can emerge in the field via repeated
exposure to the resistance genes in the plants and may adversely affect resistance durability.
However, such populations usually show faint competitiveness and less reproductive
capacity on susceptible hosts than wild populations. In addition, virulent pathotypes
reproduce only on plants with the gene on which their selection happened [72].
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In a soil having a polyspecific nematode community, a non-host cultivar for one species
may also be the susceptible host for another species. Fortunately, reasonable rotation crops
for important PPN species with their host range size are listed [36]. It is justifiable to test
any of the listed non-hosts in the targeted soil before recommending them. Moreover, the
non-host cultivars would preferably be used in integrated PPN management strategies to
avoid continuous resistant cultivar cultivation. As resistance-breaking PPN pathotypes
may seriously result from this continuity, they can degrade sustainable crop production
systems. Moreover, resistance found in some tomato cultivars failed, due to heat instability
or sensitivity of the resistant Mi gene to high temperature. Incremental reductions in
RKN resistance started as the soil temperature was raised above 25.6 ◦C. Thus, at 32.8 ◦C,
resistance to RKN infection in these plants was fully broken [73]. Hence, such cultivars
may be restricted to regions or seasons with cool soil temperatures.

Resistant cultivars of major crops, such as RKN-resistant tomato, are globally available,
but emerging technical and economic issues with releasing others should be resolved [74].
Traditional techniques for host suitability designations of serious PPN species have been
reviewed [74–76], but biochemical and DNA markers have merits to complement their
phenotype screens [2,77]. Crucial factors affecting the phenotypic expression of the resis-
tance should be adequately examined. Thus, a multi-disciplinary approach combining
plant breeders, molecular biologists, and nematologists should investigate the level, nature,
and inheritance of resistance traits. They should explore any DNA recombination during
breeding cycles. Biochemical markers of genetic traits for PPN resistance should be sought
in genome-assisted breeding strategies for their introgression into elite cultivars.

5. Other Methods of PPN Management

5.1. Additional Soil Amendments and Treatments

The broad concept of soil amendments is to use not only plant materials as a cover
crop, compost, seed meal, and green manure, but also to mix them with other components.
Contrary to the above-mentioned botanicals, they may include, for instance, various animal
manures and/or nutrient salts to form different varieties of amendments. These additions
are mostly organic matter and have been used in multi-purpose agricultural practices.
They can suppress the population levels of many pathogens, pests, and weeds, enrich soil
fertility, boost soil structure, increase communities of beneficial organisms, and/or induce
systemic resistance of plant species [27]. Organic amendment herein refers to organic
material brought from outside to the inside of the soil, e.g., industrial waste products or
processing residues. This differs from the above-mentioned botanicals, which were added
as fresh crop residue or grown in the rotation, e.g., break, cover, trap, antagonistic or green
manure crops. Usually, merging large amounts of such organic material into the soil will
reduce PPN densities. These may include many materials, such as oil cakes, sawdust,
coffee husks, crustacean skeletons, chicken manure, paper waste, and crop residues, which
showed various degrees of PPN control [36]. This action was mostly associated with
corresponding increases in crop yields.

Moreover, an amendment that works well in soil with specific edaphic and biological
factors may not work at all in another soil. Optimizing the PPN control efficacy relies
on its compounds’ compositions, quality, and quantity of its associated and interacting
microbiome, and its ability to break down these compounds into elements that are suitable
for plant growth and/or harmful to the nematodes. Fresh compost enriched with beneficial
organisms and nutrients may show better efficacy against PPNs than aged compost. Abiotic
factors, such as soil moisture and temperature, usually influence the microbiome and
decomposition of these compounds. Soil amended with chicken manure and broccoli
at ≥25 ◦C was superior to the same at 20 ◦C in reducing M. incognita galls on tomato
roots [78]. Ntalli et al. [79] reviewed various soil amendments and their specific nematicidal
activities. They categorized amendments as Brassicaceae and Asteraceae species (for cover-
crop, biofumigation, rotation, and incorporation), biochars, composts, and vermicomposts
(applied as recycling wastes), and other self-made products, such as canola or orange peel
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meals, dried leaves of Canabis sativa, and marigold or pennycress seed powder. Examples of
safe strategies for applying various bionematicides or biocontrol methods against important
nematode species are given (Table 1). Nonetheless, some examples may need continuous
improvement to the above-mentioned aspects to improve their efficacy and reliability.

Table 1. Examples of various biocontrol agents and strategies against important nematode species.

Biological Control
Agent

Nematode Species
Type of
Study

Host Plant Reference

Bacteria

Bacillus firmus Meloidogyne
incognita In vivo tomato [43]

Pasteuria penetranse Meloidogyne exigua In vivo coffee [23]

PGPR: Pseudomonas
jessenii and P. synxantha M. incognita In vivo tomato [46]

Fungi

(A) Filamentous:
Trichoderma spp.

Rotylenchulus
reniformis, M.

javanica, M. incognita,
Heterodera cajani

In vivo

tomato, brinjal,
okra, soybean,

sugarbeet,
pigeonpea

[7]

AMF: Rhizophagus
irregularis M. incognita In vivo tomato [46]

Endophyte: Fusarium
oxysporum Radopholus similis In vivo banana [80]

(B) Mushrooms:
Lentinula edodes,
Macrocybe titans,
Pleurotus eryngii

M. javanica In vitro tomato [81]

(C) Yeasts:
Saccharomyces cerevisiae M. incognita In vivo eggplant [82]

Co-application:
Pochonia chlamydosporia

and Chitosan
M. javanica In vivo tomato [40]

Sequential application:
Fluopyram and

Purpureocillium lilacinum
M. incognita In vivo tomato [42]

Dual-purpose:
Heterorhabditis

bacteriophora EGG
M. incognita In vivo watermelon [44]

Algae: Chlorella vulgaris M. incognita In planta potato [83]

Nematode-suppressive
soil

M. hapla,
Pratylenchus

neglectus
In vivo tomato [9]

Botanicals: Tagetes spp. M. incognita, M.
javanica, M. acrita In vivo tomato and

eggplant [48]

Soil amendments M. incognita,
Heterodera glycines In vivo tomato and

soybean [79]

RNA interference via
stimulants of soil
streptomycetes

Heterodera avenae In planta wheat [84]

Using various composts as big sources of soil amendments should be further exploited.
They could be manipulated via fermentation processes to make them enriched in the
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desired microbial species and PPN antagonistic compounds, such as phenolics and humic
acids [85]. Composts can also enhance soil resident microbial antagonists, boost plant
resistance or tolerance to various stresses, such as PPN infection, and change soil profiles
to improper media for PPN reproduction. These gains should be optimized to improve
PPN control by grasping the related edaphic factors as well. Eventually, their processes
and components should be employed to obtain the desired PPN-suppressive soils.

Other treatments may be used when relevant factors and economic feasibility permit.
For high cash crops, heating the soil can effectively manage RKN in protected cultiva-
tion [86]. Soil solarization could be effective against PPNs. Tarping the soil surface,
especially in sunny regions, with transparent plastic sheets will raise soil temperatures
enough to kill many pests and pathogens [87]. Solarization is more effective against PPNs
in contained raised beds for cultivation in warm regions. Kokalis-Burelle et al. [88] found
that the number of RKN galls on roots of sunflowers, snapdragon, and larkspur were
less in steam-treated soil than in solarization alone. Steam treatment was as effective as
methyl bromide in controlling M. arenaria. They concluded that soil steaming followed by
solarization is so effective that it can be a safe alternative to chemical nematicides [88].

Biodisinfestation or biosolarization, that is, using soil amendments before solariza-
tion, could enhance the pest and pathogen suppression via rapid generation of harmful
compounds, such as acetic and butyric acids, ultraviolet radiation, and lack of oxygen,
due to microbial anaerobiosis [27]. However, lethal temperature and related duration may
vary from one pathogen species to another [87]. Thus, sustained low PPN populations
were sometimes not affected by fairly high temperatures (≤45 ◦C). In these cases, lasting
PPN populations at deeper depths away from the sun could recolonize and infect the plant
roots.

Ozonated water, O3wat, was reported to control M. incognita likely via modulated
antioxidant systems without phytotoxicity. Tomato plants treated with O3wat after or
before M. incognita inoculation showed a root galling index (on a scale of 0–10) of 1.9 or
1.6, respectively, compared to 3.9 in the check [89]. As it degrades to water in a short time,
O3wat could suppress RKN populations early in the growing season without adverse
effects.

5.2. Advanced Methods

Our targeted agroecosystems are facing real challenges that require advanced methods
and innovative thinking for safe and effective PPN control. Some of the biggest challenges
are the increased banning of numerous effective but synthetic chemical nematicides, vertical
and horizontal agricultural expansion to raise and improve food production, the frequent
appearance of resistance-breaking nematode pathotypes, global warming backing rapid
PPN reproduction and spread and discovery of new PPN species [26] (to name but a
few related to aggravated nematode damage). Hence, new PPN management tactics and
strategies should detect more resilient BCAs and related materials that can best match
these expected ecological windows of the pests and pathogens [90]. For instance, efficient
methods for better understanding biological and ecological factors that affect BCAs should
be employed [91]. This will enable bionematicides to effectively replace unsafe chemical
nematicides for sustainable agriculture (Figure 1). Moreover, specific wavelengths via
near-infrared spectroscopy could be used to detect soil nematode collections with different
functions assigned to definite sets of soil organic matter [92]. Furthermore, developing
bioactive compounds that have natural multifunctional derivatives, including nematicidal
activity, are in progress. One such derivative is the chitin oligosaccharide dithicyclobutane
(COSDTB) derivative. The 1, 3-dithicyclobutane-N-chitosan oligosaccharide could decrease
M. incognita egg hatching by up to 90% at 2 mg/mL and cause 94% mortality of M.
incognita J2 at 4 mg/mL [93]. The role of silicon to support plant resistance against a
variety of harmful bacterial and fungal invasions was recently reviewed [94]. As its salts
can also suppress Meloidogyne paranaensis populations on coffee seedlings [95], silicates
should be further tried in IPM programs in specific sites with various groups of pathogens.
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Formulating industrial wastes as value-added products for PPN control will also optimize
the gaining of the related industries. Waste such as orange bagasse, soybean hull, rice
husk, poultry litter, and common bean hull were assessed for M. javanica control in the
glasshouse [96]. Their mixtures, orange bagasse, soybean hulls, and powdered bean
hulls, had a range of 55–100% RKN control. Other promising BCAs or their metabolites
against PPNs are still under experimentation, e.g., Rhodoblastus acidophilus strain PSB-
01 [97] and Mortierella globalpina [98]. On the other hand, nanoparticles [99] have proved
to possess promising physical and chemical characteristics against nematodes. They have
demonstrated effective PPN control with a few possible demerits.

Figure 1. Effect of a chemical nematicide (upper trend) and a bionematicide (lower trend) on root-knot nematodes on
susceptible plants. When both nematicides were applied, the chemical has a rapid and significant effect, reducing the
nematode population. However, a few nematodes can escape its effect and reproduce to reach a damaging level, while the
bionematicide can work continuously to keep the nematode below the economic threshold level [91].

Although optimizing PPN sampling and extraction methods to avoid their misuse
and achieve cost-effective and efficient IPM programs are recently emphasized [100],
such advances for PPN control should biotechnologically keep up in parallel to these
improvements. The current research on genome sequencing technologies, small interfering
RNA techniques (RNAi), and targeted genome editing should be harnessed to better grasp
plant–nematode interaction mechanisms, and molecular enhancing of PPN-plant resistance
should be used to boost these programs [1].

Likewise, other approaches may include expanding targeted biological seed treatment,
remote sensing for specific nematicide applications, screening quarantine regulations,
minimum tillage to potentiate PPN antagonists, biochemical marker-orientated selection
for plant resistance, molecular monitoring and detection of PPNs, and indexing of PPN
biodiversity via metagenomics [36]. Their expansion should not negate the continuous
search for finding new BCA isolates or genetically engineered ones that are more persistent
and compatible with beneficial rhizosphere organisms. There are application techniques
that have not been tested on a large scale in earnest to develop them, e.g., spraying BCAs
around the base of plants, practical use of a slow-release system, or dipping root plugs into
BCA suspensions. Systematic experimentations and field trials testing the aforementioned
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techniques in various settings to show their worth with feasible, economical insights must
be a way forward in crop protection/pest management.

Numerous biological products have demonstrated promising BCA efficacies against
PPNs with low costs relative to other chemical nematicides. Table 2 lists examples of such
costs for both types of products with their application rates as authorized by the Egyptian
Ministry of Agriculture [47]. Thus, it is possible that using the BCA-listed products can
offer control comparable to but more economical than these synthetic chemicals (Table 2).
Hence, growers should be familiar with these products and their optimized usage, as well
as the above-mentioned relevant agricultural practices via agricultural extensions. The end
in view is that these bionematicides will ensure more safe applications, while promoting
crop yields.

Table 2. Examples of bionematicidal product costs and used rates as compared to chemical nemati-
cides in Egypt.

Active Ingredient Product Name
Application Rate

(Product Hectare −1) +
Price per
Hectare

Abamectin (soluble
concentrate at 20 g/L)

generated from the
fermentation process of
Streptomyces avermitilis

Tervigo 2% SC 5.95 L/Hectare USD 319

109 CFU/mL of Serratia sp.,
Pseudomonas sp., Azotobacter
sp., Bacillus circulans and B.

thuringiensis

Micronema 71.4 L/Hectare
(thrice)/year USD 40

108 units/mL Purpureocillium
lilacinus

Bio-Nematon 4.76 L/Hectare/year USD 78

109 bacterium cells of Serratia
marcescens/mL water

Nemaless 23.8 L/Hectare
(thrice)/year USD 95

Cadusafos (O-ethyl S,S-bis
(1-methylpropyl)

phosphorodithioate)
Rugby 10 G 57.14 Kg/Hectare USD 1028

Oxamyl (methyl
2-(dimethylamino)-N-

(methylcarbamoyloxy)-2
oxoethanimidothioate)

Vydate 24% SL 9.52 L/Hectare
(twice)/year USD 445

+ The rates are evenly applied to the soil (except oxamyl for foliar application). In some cases, these rates may be
incorporated into potting mix, field soil, or applied in greenhouses for which other doses may be used according
to the manufacturer’s product labels on different crops [47,101–104].

6. Conclusions

The current literature on using safe approaches to manage PPNs is extensive given
the considerable and negative effects of the synthetic chemical nematicides. These ap-
proaches may use various tactics and strategies, including different materials, such as
BCAs, botanicals, poor- or non-host crops, and other advanced methods. However, such
benign techniques mostly need to be further developed and/or optimized as many BCAs,
for example, are more inconsistent, less effective, and/or slower-acting in nematode control
than synthetic chemicals. Therefore, agricultural practices that favor the conservation bio-
control of PPNs should be recognized and earnestly applied. Moreover, bionematicides can
be included in IPM programs in various ways that make them complementary or superior
to these chemicals; they can exert synergistic or additive effects with other agricultural
inputs. As numerous bionematicides are or are likely to become widely available soon,
seeking their optimal performance is a continuous process. Hence, research priorities
for harnessing such relevant and advanced methods should be identified to boost soil
fertility within sustainable agricultural production systems. This will necessitate grasping
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the complex network of interactions among biotic and abiotic factors in intimate contact
with these bionematicides to maximize their gains. Thus, the biology and ecology of these
bionematicides can be seen as a research priority; they may even need to use previously
developed, sophisticated methodologies. Meanwhile, stakeholders, such as nematologists
and agronomists, can train, assist, and guide extension officers and farmers to optimize the
quality of their produce. This can be achieved by minimizing the adverse effect of the pests
in their crops via the improved and efficient application efficacy of these bionematicides.
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Abstract: Developing control measures of plant-parasitic nematodes (PPNs) rank high as they cause
big crop losses globally. The growing awareness of numerous unsafe chemical nematicides and the
defects found in their alternatives are calling for rational molecular control of the nematodes. This
control focuses on using genetically based plant resistance and exploiting molecular mechanisms un-
derlying plant–nematode interactions. Rapid and significant advances in molecular techniques such
as high-quality genome sequencing, interfering RNA (RNAi) and gene editing can offer a better grasp
of these interactions. Efficient tools and resources emanating from such interactions are highlighted
herein while issues in using them are summarized. Their revision clearly indicates the dire need to
further upgrade knowledge about the mechanisms involved in host-specific susceptibility/resistance
mediated by PPN effectors, resistance genes, or quantitative trait loci to boost their effective and
sustainable use in economically important plant species. Therefore, it is suggested herein to employ
the impacts of these techniques on a case-by-case basis. This will allow us to track and optimize PPN
control according to the actual variables. It would enable us to precisely fix the factors governing
the gene functions and expressions and combine them with other PPN control tactics into integrated
management.

Keywords: plant–nematode interactions; nematode effectors and control; plant resistance

1. Introduction

With the ongoing nature of the socio-economic importance of agriculture, the global
needs for sustainable and mounting food production to suffice the increased human pop-
ulation are evident. Thus, it is essential that issues associated with a full spectrum of
crop production restrictions and losses are soundly solved. Plant–parasitic nematodes
(PPNs) rank high among other crop pests and pathogens that constitute major constraints
to agricultural production. Estimates of crop losses due to PPNs for the 20 life-sustaining
crops averaged 12.6% of worldwide crop yield which equaled USD 215.77 billion of annual
yield. An additional 20 crops with significant values for food and export have also a 14.45%
annual yield loss which equaled USD 142.47 billion. The total 40 crops sustain an average
of 13.5% losses which are estimated at USD 358.24 billion annually [1]. Clearly, these
assessments will probably be elevated by adding other nematode-infected plant species
worldwide to the list. Hence, adopting adequate and effective measures for optimizing
PPN control tactics and strategies is a big challenge [2,3].

As PPNs are obligate parasites, they must feed on the roots or aerial parts of living
plants to develop and reproduce either sexually or via parthenogenesis, i.e., reproduction
without fertilization. While some PPN species have a restricted/narrow host range, others
are polyphagous, but most PPNs are subterranean pests. Their second stage juvenile
(J2) that hatches from the eggs is mostly the infective stage. It parasitizes plant roots of
susceptible hosts, attracted to the roots via root exudates in certain host species. On the
contrary, non-host/immune plants may have nematode-repellent materials in their roots.
Hence, plant–nematode interactions have various aspects and may virtually occur even
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before the nematode touches the root of the plant (Figure 1). Eggs of Globodera rostochiensis
need initial stimulation to hatch by chemical components in root exudates of their potato
host [4]. Usually, many economically important and serious PPN species can attack and
penetrate the plant roots and then migrate or develop feeding sites within them to secure
their development and reproduction [5]. Therefore, a brief account of PPN categories
is given in this review. Current PPN management measures to clarify their merits and
demerits. Mounting concern about the demerits of PPN control methods has sparked
broad interest in using resistant plant varieties/cultivars as safe, economic, and effective
alternatives, especially to unsafe nematicides. This review addresses the mechanisms of
natural resistance, especially against serious PPN species. It discusses current issues related
to using both resistant plant genes and nematodes-effector proteins. These effectors have
various functions, e.g., to detoxify enzymes in order to override the plant’s antimicrobial
compounds, master host immune signaling, and keep their sound feeding structure as well
as the essential processes for PPN development [6,7].

Figure 1. Categories of soil phytonematodes showing interactions with their host plants. Root
metabolites can also function as PPN repellents, attractants, killers, or inhibitors.

As a consequence of these issues, there is a desperate need to exploit modern molec-
ular technologies in developing such alternatives for PPN control strategies. Grasping
molecular plant–nematode interactions enables us to adopt crucial factors and harness
efficient tools and resources for use in these strategies. Although a few molecular mecha-
nisms of nematode infection during both plant–nematode compatible and incompatible
interactions have already been explored with favorable results, many gaps are still there
that pose difficulties in employing the related strategies [8–13]. Therefore, examples are
given herein to clarify future proposed directions of various approaches based on boosting
resistance in plants and/or suppressing nematode effectors. They address the most re-
cent developments regarding the molecular basis underlying plant–nematode interactions
with various techniques utilized to enhance plant protection against serious PPNs [13–20].
Their expansion in an integrated approach is presented to attain effective and durable
employment in nematode management.

2. General PPN Categories and Management Measures

Above-ground nematode parasites are less abundant and comprise stem and bulb
nematodes, seed gall nematodes, and foliar nematodes. For the subterranean phytonema-
todes, the mode of their parasitism may group them into four wide categories (Figure 1):
(i) Ectoparasites, such as species of the genus Helicotylenchus and other spiral nematodes.
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They do not enter the roots but parasitize the root apex and/or peripheral cells via in-
serting long and robust feeding stylets. They usually move in soil searching for plant
roots to parasitize. (ii) Migratory endoparasites, such as Pratylenchus spp. and Ditylenchus
dipsaci. They can penetrate into and move within plant roots to feed and quit it to enter
another one. After feeding, both ectoparasites and migratory endoparasites develop to
J3, J4, and finally the adult without sexual dimorphism. (iii) Semi-endoparasites, such
as Tylenchulus semipenetrans and Rotylenchulus reniformis, use only the nematode head to
penetrate the root, but its posterior part remains in the soil. They are settled at one place
on the root. The body of the female swells outside the roots. (iv) sedentary endoparasites,
such as root-knot nematode (RKN) species (Meloidogyne spp.) and cyst nematode (CN)
species (Heterodera and Globodera spp.). They enter and establish themselves within the
roots. Both semi-endoparasites and sedentary endoparasites have sexual dimorphism. The
swollen sedentary females sometimes protrude on the outside of the root. Migratory and
sedentary endoparasites can damage plant tissues during their invasion, migration, and
feeding on their susceptible hosts. Most of the studies on plant–nematode interactions
have been centered on RKNs and CNs as their species are the most widespread and cause
substantial crop losses in worldwide agricultural production. Launching and evolving
of sedentary endoparasites-feeding sites for RKNs differ from that of CNs. The RKN J2
forms its feeding site on reaching the differentiating vascular tissue of plant roots via a
few distinct giant/nurse cells, but cyst-forming J2 fixes it via setting syncytia close to the
vascular bundle, where a few cells combine by resolving their cell walls. Having organized
their feeding sites to transfer nutrients and solutes to the J2, the nematodes (RKN or CN)
develop until reaching adult females via subsequent molts. These females lay eggs that
hatch a new generation of J2s. Eventually, PPNs interact with their plant hosts in various
courses ranging from transient ectoparasites to intimate involvement with their hosts, e.g.,
sedentary endoparasites.

Currently, PPNs are commonly managed via various production practices (chemical
nematicides, bionematicides, resistant plants and crop rotation, soil amendments, fallow-
ing, flooding, solarization, tillage, and use of certified transplants). Because most PPNs
spend their lives within the soil or in plant roots, delivery of a chemical nematicide to
the immediate surroundings of PPNs is generally difficult [21]. Yet, chemical nematicides
are considered traditional means of effective PPN control (e.g., [22]). Unfortunately, the
potential threat of these chemicals to wildlife, humans, and the environment, as well as
the emergence of resistance-breaking nematode pathotypes/strains due to excessive use of
these chemicals, has enforced the search for efficient and safe alternatives. Bionematicides
are mostly safe alternatives, but they are frequently slower acting, less effective, and more
inconsistent than these chemicals [23]. Using crop rotation is an effective and safe method
for PPN control, were it not for the lack of PPN resistant/immune plant cultivars/varieties
needed in the rotation. Soil amendments can enhance plant growth, but with the possible
build-up in population densities of PPNs and BCAs, exceptions should be considered [24].
Related additions comprising botanical matrices and extracts, and purified secondary
metabolites have received much research interest, but registration-processing and time-
consuming issues have slowed their adoption [25]. Basic requirements for such materials
are their safety, reliability, and favorable economics [26]. Fallowing and flooding may be
used in PPN control but are not frequently economic for PPN control measures. Tillage is
useful against many pests, weeds, and pathogens but can directly disrupt populations of
PPN-antagonistic organisms and consequently increase nematode damage [24]. Certified
transplants are excellent practices, but the plants should not grow into PPN-infested field
soils, frequently an inevitable task. Eventually, the above-mentioned PPN chemical, cul-
tural, and biological control techniques are not perfectly accepted and need deep revisions
for safety and/or efficacy [19,27,28]. In addition, their demerits are frequently discourag-
ing with regard to the generally low precision and accuracy in sampling the nematodes’
subterranean and within plant life stages as well as a wide host range of PPNs and their
diverse and clumped distribution [29].
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Hada et al. [18] have recently emphasized that it is difficult to recommend a favorable
PPN management tactic that is reliable, economical, safe, and harmless to the nontargets.
Rather, farmers and stakeholders would turn to resistant varieties/cultivars and production
practices for PPN control, but, for numerous crops, these methods and resources are mostly
unavailable or unfavorable. Grasping molecular plant–nematode interactions may offer
novel approaches and resources to fill these gaps and assist in nematode control. If so,
the related multiplex mechanisms, especially for sedentary endoparasites, regarding their
feeding sites within the plant roots as well as cellular and sub-cellular responses in the
PPNs and their host plants should be fully understood and exploited.

3. The Mechanism of Natural Resistance

Contrary to compatible nematode–plant interactions in susceptible hosts, the single
dominant resistance genes from plants interact specifically with corresponding avirulence
(Avr) genes in the nematode, leading to an incompatible interaction. This incompati-
ble interaction commences a cascade of plant responses against the nematode—defense
strategies. Plants experience several modes of action for protection and immunity. A gen-
eral innate/basal immune system can recognize nematode-associated molecular patterns
(NAMPs) by pattern recognition receptors (PRRs) as the primary defense line ‘layer’ against
plant parasites. The extracellular receptor proteins (receptor-like kinases and receptor-like
proteins) may be initiation factors to elicit basal immunity, e.g., against RKNs [9]. A
conserved ascaroside (Asc#18) is reported as a NAMP of Heterodera glycines whereas the
Arabidopsis leucine-rich repeat (LRR) receptor-like kinase NILR1 is yet the only known cyst
nematode PRR. The activation of NAMP-triggered immunity (NTI) leads to a series of
immune responses such as the production of reactive oxygen species and secondary metabo-
lites, cell death around the PPN-migratory tract, and/or reinforcement of cell walls [30].
Such plant responses may decelerate the early stages of PPN infection. They can share in
effective defenses but only in non-host plants. In nematode-susceptible plants, PPNs can
overcome NTI via secreting effector proteins known as effector-triggered suppression (ETS)
to inhibit the basal immune responses. Cyst nematode effectors, such as Ha18764, GrVAP1,
RHA1B, and GrCEP12, are synthesized in nematode-esophageal glands and secreted into
the roots by the PPN stylet [13]. Suppressing the innate immune responses usually results
in establishing feeding sites (e.g., giant cells for RKNs and syncytia for CNs) necessary for
nematode development and multiplication on their susceptible hosts.

Contrary to the first line or innate immune defense system, another defense line ‘layer’
is found only in PPN-resistant plant genotypes. A widespread thought is that it is encoded
by single dominant resistance genes (R-genes) or quantitative trait loci (QTL) to manifest
a host-specific defense [7,13]. Yet, the thought should be boosted by the fact that the R-
gene may include a small gene family with highly homologous copies clustered together.
Relevant intracellular signaling pathways must also exist to enable the expression of the re-
sistant response. Although a single gene in the cluster may determine resistance, multi-gene
families are common for plant R-genes. For instance, Mi-1 comprises a small gene family
with seven highly homologous copies clustered together on the short arm of chromosome
6 on resistant tomato [31], but several other Mi genes have been found, different from Mi-1
in genetic locations, functional characteristics, and specificity [32,33]. Although ten genes
are recognized for resistance to Meloidogyne spp. In tomatoes, only seven genes (Mi-2, Mi-3,
Mi-4, Mi-5, Mi-6, Mi-9, and MI-HT) can operate at high temperatures, e.g., above 32 ◦C [9].
Likewise, for the cyst nematode, genome sequencing combined with fine mapping could
indicate that the H1 locus harbors a cluster of intracellular nucleotide-binding (NB)-LRR
proteins (NLR) candidate genes, revealing that the H1 gene is also a classical single domi-
nant R-gene [34]. The most common class of intracellular proteins related to these R-genes
usually encodes NLR to activate the host-specific defense.

The R-genes operate via two modes of nematode interaction. The first mode has a
direct pathway relying on a direct gene-for-gene interaction where the receptor protein
of the resistant plant interacts with the nematode effectors mastered by avirulence (Avr)
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genes. Striking output of this incompatible reaction is a localized programmed cell death
so that no nematode-feeding site is formed. For instance, Avr genes of RKN produce
effectors that trigger the production and the expression of plant Mi-resistant genes in
tomato plants resulting in a type of hypersensitive response (HR) after the nematode enters
the plant root [35]. Likewise, single dominant R-gene H1 from potato plant can award
resistance against avirulent Globodera rostochiensis populations [36]. The second mode of
the host-specific defense is named the guard hypothesis. Its mechanism starts as nematode
effectors trigger the plant-virulence factors (protein) which stimulates R-gene [37]. The Avr
genes of nematodes interact with tomato accessory protein, for example, leading to some
modification of this plant protein, enabling the recognition by plant nucleotide-binding
site (NBS)-LRR proteins that monitor for infection. Consequently, RKN development is
indirectly prohibited via inhibiting the formation of feeding sites.

While nematode effectors are intra- and extracellularly recognized by immune recep-
tors, these latter, encoded by R-genes, have the same structural type as PRRs. However,
enforced by R-genes, these PRRs can activate higher (specific) defense responses, upon di-
rect/indirect recognition of apoplastic effectors produced by designated nematode strain(s)
than defense by basal immunity. Yet, there are various modifications of the resistance
mechanisms. While HR-induced resistance can cause necrosis of the nematode-feeding
sites within two days post-infection, another resistance mechanism is not based on HR
but rather disintegration of these sites at almost two weeks post-infection. This latter, the
delayed disintegration of the feeding site, is noted in a broad variety of incompatible plant–
nematode interactions, e.g., M. incognita-pepper, H. schachtii-sugar beet, H. glycines-soybean,
H. avenae-cereals, and Globodera spp.-potato [38].

Even the same crop, such as pepper, may carry two resistance genes, Me-3 and Me-1,
for a quick HR soon after nematode inoculation and for delayed degradation of giant cells,
respectively. Fewer RKN juveniles develop and reproduce on Me-1 than Me-3-resistant
hosts. Interestingly, a large number of resistance genes to RKNs are recorded to be located
on the P9 chromosome of pepper [34]. Therefore, Abd-Elgawad [39] noted the importance
of resistant pepper varieties as they can suppress RKN populations to low levels in soil
with high fruit yield under high initial RKN pressure. Yet, careful manipulation of RKN
resistance in pepper should be based on the fact that the resistance response is the result of
the specific R-gene-Meloidogyne species and the plant genotype together. In other words,
there are diverse mechanisms of resistance and therefore the plant defenses rely on activat-
ing many known and unknown R-genes or QTLs, especially for the economically impactful
RKNs and CNs [14,15,40].

4. Successes and Difficulties in Using R-Genes

Comprehensive references have addressed PPNs in temperate [41] and subtropical
and tropical [5] agriculture materializing the successful use of naturally resistant plant
species/cultivars. Although there are a good number of resistant genotypes, an urgent
need is apparent for more ones to reduce PPN losses. Moreover, the majority of plant
resistance genes used are effective against only the above-mentioned sedentary nematode
category [30,33,42]. Hence, introgression of R-genes to confer nematode resistance to
susceptible plants via classical genetic breeding can offer potent steps change in crop
productivity [43–45]. Admittedly, plant genes responsible for PPN resistance are very
useful in lowering PPN population levels, enhancing crop yields, and developing effective
crop sequences.

In contrast to classical breeding for resistance, recognition and cloning of such genes
found in a plant species can allow the transfer of resistance directly into other susceptible
cultivar(s) with desirable traits of the same species, or even into cultivars of different species.
Such genetic manipulations have the merits of avoiding linkage drag and scope to transfer
resistance into genetic constitutions that prevent introgression by cross-breeding. Genes for
nematode resistance could be cloned and transferred from some plant cultivars to others.
The Mi-1.2 from tomato against RKN (Meloidogyne incognita), Hs1pro−1 from Beta procumbens
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against beet CN (Heterodera schachtii), Gpa-2 from potato against potato CN (Globodera
pallida) and Hero A from tomato against potato CNs (G. pallida and G. rostochiensis) and Cre
loci from Aegilops spp. against cereal CN (H. avenae) in wheat are apparent examples [28,46].
The arsenal of nematode-resistant genes, especially for major PPNs, still has additional
favorable ones, e.g., Me in pepper, Rk in cowpea, Rhg1 in soybean, Ma in Prunus spp., and
Mex1 in coffee. Their benefits may be exemplified in the enhanced resistance to RKNs that
was achieved via cloning and transferring the full genomic region of the Mi-1 gene found
in tomato into a distant plant species, lettuce, Lactuca sativa [47].

Conversely, the lack of novel resources to back certain resistant plant species in
controlling a few species of key nematode pests is consistently increasing due to the
slow decline that could be noticed in their R-gene effectiveness. A remarkable example is
the current problem of using resistance derived from plant introduction accession 88788 in
95–98% of the soybean cyst nematode (H. glycines)-resistant soybean varieties cultivated in
the USA. Although H. glycines is the most important pest of the soybean there, the related
plant resistance encoded by a high copy number of the rhg1-b allele has already started to
decrease. Therefore, Kahn et al. [48] added Bacillus thuringiensis delta-endotoxin (Cry14Ab)
as a plant-incorporated protectant. Consequently, genetically engineered soybean plants
expressing Cry14Ab showed a decrease in H. glycines cyst and egg counts relative to control
plants, demonstrating excellent potential of Cry14Ab to control PPNs in soybean. Another
type of issue is related to the gene construct itself, e.g., single or dual genes. Tomato plants
genetically engineered using double structure (PjCHI-1 and CeCPI) genes with synthetic
promoters could generate transgenic lines that displayed a better decrease in RKN infection
and reproduction than transgenic tomatoes with a single gene [49].

Additional cases are related to elements and components mediating R-genes. It is well
established that salicylic acid (SA) and jasmonic acid (JA) can play a critical role in the
signaling/expression of both innate and R-gene-mediated defense responses against pests
and pathogens [50]. Remarkably, SA is involved in PPN-plant resistance, especially against
sedentary forms. Therefore, the suppression of plant defense by PPNs is usually accom-
panied by the downregulation of the genes involved in SA-mediated defense. However,
the SA-dependent pathogenesis-related protein genes PR-1 (P6) were elevated rapidly in
plant roots of susceptible tomatoes to levels comparable to that in resistant tomatoes; plants
infected by Globodera rostochiensis showed similar free SA levels in the incompatible and
compatible interactions [51]. Notwithstanding the utility of SA to enhance plant resistance,
free SA levels in roots of infected susceptible plants may be impacted differently according
to the attacking PPN species/genus. Molinari [7] speculated that the early and abundant
necrosis caused by G. rostochiensis may trigger the noticed early but transient rise of SA
with stimulation of SA signaling in susceptible tomato. Clearly, this level of stimulation
for SA signaling does not occur in Meloidogyne-plant compatible interaction as RKN move
intercellularly, causing less tissue damage.

Ultimately, plants can still be immunized against nematode attacks via pre-treatments
with auxins that mediate defense reactions, e.g., SA. The beneficial rhizosphere microor-
ganisms, such as arbuscular mycorrhizal fungi and biocontrol agents, e.g., Trichoderma spp.,
can induce systemic acquired resistance-like responses against RKN [52–54]. This does not
negate the fact that more investigations on recognition/signaling pathways interacting
with components or genes required for R functions are direly needed.

5. Common Issues of Natural Plant Resistance

5.1. Resistance Breaking Nematode Pathotypes

The development of resistance-breaking pathotypes has been extensively studied and
reported (e.g., [9,33,55,56]). Although the above-mentioned selection pressure is a com-
mon cause to generate these pathotypes or virulent populations, an intriguing study [57]
partitioned virulent RKN populations into (a) populations extracted from a field with
grown resistant tomatoes, (b) natural virulent populations isolated from fields without
grown resistant tomatoes, and (c) virulent populations selected from laboratory-avirulent
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populations. They concluded that the genetic events resulting in the acquisition of virulence
against the Mi-gene differ between selected and natural virulent populations. Moreover,
selection pressure for virulence could accompany gaining additional function enabling
these PPNs to circumvent the host response, e.g., by enhancing antioxidant enzyme activi-
ties [58]. These virulent populations are becoming of wide occurrence [9]. Although they
are especially found in monoculture systems which may support the selection pressure
events, the exact reasons for their occurrence are unclear. It may also be due to ecological
factors, e.g., temperature and changes in PPN populations. Ultimately, such virulent PPN
populations, which can develop on resistant crops, would turn nematode resistance in
sustainable agriculture into elusive strategies.

5.2. Genetics of Virulence in Nematodes

Certain nematode reproduction usually undergoes obligate mitotic parthenogenesis
(i.e., M. javanica, M. incognita, and M. arenaria) in the tropics. Others, such as M. chitwoodi,
M. hapla, and M. fallax, generally reproduce by facultative meiotic parthenogenesis in
temperate climates. Cyst nematodes are largely amphimictic. Their species with faculta-
tive reproduction usually have a narrower host range than the asexual species. However,
sexual reproduction boosts adaptability and heterogeneity among and within PPN pop-
ulations [33]. Accordingly, virulent populations may be more inducible in those species
of sexual multiplication. These populations were detected from avirulent strains too in
resistant tomato fields with a monocropping system [9]. On the other hand, caution should
be exercised for these virulent nematode populations, as it is well known that natural
nematode resistance may be encoded not only by single dominant genes but also in a poly-
genic manner [33]. In this vein, sound use of statistics in nematology could be a helping
tool. Therefore, high-quality sequencing and assembly via joining long-read sequencing
to utilize high-density genetic mapping can boost the detection and characterization of
PPN-virulent genes. This novel scheme can support our grasp of the plant–PPN interaction.

5.3. The Temperature Factor

A remarkable example is the Mi-1 gene of tomato used against RKNs. This gene
cannot operate at temperatures above 28 ◦C for more than a few, maximum 48, hours
after infection [35]. The RKN juveniles can establish their feeding site, relying on the
temperature-dependent setback of resistance. Thereafter, resistance is not set any longer
even at the permissive temperature. Therefore, HR-mediated resistance does not work
to disrupt nematode growth and multiplication of the individuals that could form their
feeding sites. Several factors were also reported to overcome Mi-1-mediated resistance.
Populations of M. javanica and M. incognita that can infect and reproduce on tomato plants
carrying Mi-1 were documented [59]. Moreover, high population levels of M. incognita
can seriously affect the resistance of the Mi-1 gene [60]. On the contrary, Mi-9-mediated
resistance is operating at high temperatures and is localized to the short arm of chromosome
6 of tomato [32]. Temperature is a pivotal factor as it impacts tomato resistance and the
metabolic and PPN multiplication rates.

5.4. Improper Research Methods and Tools

There are some molecular methods that should be dealt with carefully because
they are based on materials that may be suitable for controlling a specific nematode
genus but not others. Therefore, more studies with adequate tools and updated meth-
ods may be preferably directed towards nature, and structure of PPN-feeding tubes, the
nematode-derived compounds, and consequent plant responses involved in such plant–
nematode interactions for determining the molecular efficacy against the target nematode
genus/species [9,10,12,16,27,61]. In this respect, as PPNs have a stylet orifice while feeding;
it acts as a molecular sieve to uptake certain molecules and exclude others while feeding on
tomato roots that express a nematicidal Bacillus thuringiensis crystal protein. The ultrastruc-
ture of these feeding tubes revealed that RKNs, but not CNs, can ingest larger transgenic
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proteins [62,63]. Thus, transgenic 54 kDa Cry6A and Cry5B proteins were ingested by and
negatively affected M. incognita reproduction in tomato hairy roots [63,64]. On the contrary,
resistance to cyst nematodes in roots expressing Cry5B protein from Bacillus thuringiensis
is not conferred, i.e., the large 54 kDa Cry6A protein could not be ingested by H. schachtii
due to the narrow orifice of the feeding tube; its size is limited to about 23 kDa [65]. This
restriction severely limits the use of transgenic Cry proteins against some serious CNs.

Until not so long ago, there were many defects and flaws—now somewhat reduced—
in the molecular tools and devices used. Remarkably, the quantitative polymerase chain
reaction (qPCR) is superior to the frequently used PCR as the former enables not only
the qualitative detection of target PPNs but also their quantification. It could be a faster
and better alternative to the longstanding use of microscopy in PPN identification and
counting during the study of nematode–host interactions, especially in developing coun-
tries. Although various qPCR diagnostic assays have been developed based on the internal
transcribed spacer (ITS) of rDNA in many PPN species, related defects may arise. For
instance, the high variability of ITS sequences in Pratylenchus spp. could enhance the risk
of getting false-positive reactions (fragments from unidentified species) or false-negative re-
actions (variation existing between individuals). Moreover, imprecise quantification might
also occur as some gene sequences are found in multiple copies in individual cells [66].
Furthermore, gene copy numbers can vary not only from one species to another but also
amongst different PPN developmental stages [29]. Such confusing data may contribute to
obtaining imprecise or unsound molecular nematode–host relationships. The main limit
of qPCR is due to its failure to detect species that do not match the used primer/probes.
Alternately, metagenomic methods can offer a reliable device, whether a PPN is found in
databases, e.g., Genbank [67]. Based on the merits/demerits of each method, researchers
should decide the approach that fulfills the intended goal(s).

Iqbal et al. [68] reviewed RNA interference (RNAi) of PPN genes as a now-common
method. It involves engineering host plants to generate tall hairpin RNAs matching essen-
tial PPN genes. These genes are then processed into short interfering RNAs (siRNA) that
trigger silencing as nematodes feed on cytoplasmic contents of the target plants [69]. They
emphasized that the delivery of double-stranded RNA (dsRNA) to PPNs via host-induced
gene silencing is more practical than spraying or any other method for a nematode-control
strategy. Furthermore, they found that many of the tested genes reacted to RNAi knock-
down differently [68]. Thus, they suggested that the original goal, types, R phenotypes of
PPN strains, and current integration merits of RNAi should further be addressed; presum-
ably, something more complex is occurring.

Common methods for transcriptome analysis of sedentary nematodes may rely on
either isolating the nematodes from the plant tissue prior to RNA-sequencing (RNA-seq)
or using dual RNA-seq where the plant roots and their invading nematodes are sequenced
at the same time. The latter technique could have the merit of enabling PPN effector gene
discovery and comparing the transcriptomic datasets between pre-parasitic and parasitic
Meloidogyne chitwoodi juveniles on potato [62]. Thus, the dual RNA-seq could produce
a substantial analysis of M. chitwoodi genes expressed during parasitism and encoded
foreseen secreted proteins. This technique also considerably reduced the large list of genes
in the M. chitwoodi secretome reported by the former method [70], isolating the nematodes
from the roots led to recording genes not related to parasitism. While it is really difficult to
functionally characterize ≥ 300 genes via a traditional method [70], dual RNA-seq could
analyze the expression of fewer genes specifically at the early parasitic life stages of M.
chitwoodi too [61].

6. General Approaches to Solve the Related Issues

Basically, genetic improvement of plants for nematode resistance to enhance their
productivity via traditional breeding or genetic engineering is likely only if the desired
alleles are present in the gene pools of the targeted plants. A notable example of RKN
resistance in tomato is that all its current resistant varieties originated from just the Mi
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gene. Resistance resulted from hybridizing the wild tomato plant (as a single resistance
gene source) with the commercial one [9]. Breeders and stakeholders have worked on
enhancing the effectiveness of resistant strains. Some of the related genes could work at
high temperatures, e.g., Mi-HT, Mi-2, Mi-4, Mi-3, Mi-5, Mi-6, and Mi-9 are heat stable. Yet,
further surveys of other diverse habitats may find new and indigenous PPN-resistance
genes—R-genes that do not rely on Mi-genes.

Optimizing strategies for the efficient employment of durable resistant crops also
requires a good knowledge of population genetics. As heat-stable resistance gene Mi-9 is
found in Solannum arcanum, resistance genes pyramiding in commercial varieties and ge-
netic adjustments might enhance resistance durability. This could be done via manipulating
plant metabolites that may comprise phenols, amino acids, and lipophilic molecules [71].
Furthermore, there is still much to grasp regarding resistance gene expression and func-
tion for various plant species and under different environments. Because there is great
specificity of the virulent nematodes to the R-gene on which they were selected, the gene
transfer or priming plants for immunization to counteract this virulence should be done
using adequate molecular methods [7,33]. Moreover, durability could possibly be main-
tained via transferring multiple resistance genes to specific cultivar(s) within integrated
nematode management systems. In such systems, using crop rotation and/or safe chemical
nematicides can assist in reducing pressure on resistant cultivars/varieties to alleviate
the emergence of virulent populations. BCAs can also offer a significant contribution to
at least some of these systems. Trichoderma asperellum T34 reduced the number of eggs
per plant of the virulent M. incognita population in both resistant and susceptible tomato
cultivars. Fortunately, this fungal impact was additive with the Mi-1.2 resistance gene of
tomato [72]. Cloning and overexpressing the genes responsible for the biocontrol process
from Paecilomyces javanicus may reinforce the plant immune response against RKN infec-
tion [16]. Likewise, engineered nanomaterials could show promising physical and chemical
characteristics against nematodes [73].

Admittedly, examining the related biochemical, histological, and physiological aspects
of plant–nematode interactions using sophisticated tools and devices may lead to novel and
effective PPN management tools. A clear aim is to grasp molecular regulatory processes
underlying PPN parasitism that could result in developing reliable PPN control strategies
based on nematode genetic and plant-resistant backgrounds. In this respect, both the
comprehensive secretome (different molecular proteins secreted via the nematode stylet that
is repeatedly thrust into the cells of the plant roots) profiles and the whole-genome sequence
of economically important PPN species have attained significant progress for important
PPN species. For example, high-quality genome sequences of serious PPN species such as
major RKN species [14,74–76] as well as less distributed ones, e.g., Meloidogyne luci [77], M.
enterolobii [78], M. exigua [79], M. chitwoodi [80], and M. graminicola [81] are now available.
Their availability should be harnessed not only to facilitate better comparative studies and
phylogenomics on the related species but also help to recognize genomic variabilities and
their main role in adaptability against different environmental factors and plant hosts, via
examining the functional genomics. In this respect, a whole-genome shotgun study could
reveal the long-read-based high-quality assembly of M. arenaria that may open new avenues
to identify virulence-related genes [75]. These genes are frequently found in repeat-rich
or highly variable regions in the genome. At hand, genome and transcriptome datasets
are helpful in characterizing various PPN effector proteins and other genes involved in
nematode parasitism. Additionally, more knowledge is still accumulating about these
effector proteins to elucidate their significant roles during the penetration and migration
within tissues of their plant hosts as well as parasitism comprising the adequate formation
and maintenance of their feeding sites (e.g., nurse or giant cells for RKNs and syncytia for
CNs), and deactivation of defense responses by their susceptible hosts [9,12,27].

Clearly, comparative secretome analyses among PPN species/strains/isolates are
being investigated. They can determine which molecules are critical in inducing specific
aspects of the disease and governing nematode virulence in the host plants. Thus, specific
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genes involved in the RNA interference pathways of the PPN species could be correctly
targeted for nematode control [68]. Furthermore, combinatorial silencing of more than one
functional gene at the same time could be more effective in PPN control [18]. Additionally,
RNAi technology is being addressed to define specific PPN effectors to adapt them for
effective nematode pest control. For instance, four isolates of the pinewood nematode, Bur-
saphelenchus xylophilus, with different levels of nematode virulence were recently compared
to distinguish virulence determinants. These determinants, highly secreted by virulent B.
xylophilus isolates, comprised Bx-CAT1 and Bx-CAT2 (as two C1A family cysteine pepti-
dases), Bx-lip1 (lipase), and Bx-GH30 (glycoside hydrolase family 30). To quantitatively
assess these four determinants at the transcript level at three stages, i.e., pre-inoculation,
3 days after inoculation (dai), and 7 dai into pine seedlings. Shinya et al. [20] used real-
time reverse-transcription polymerase chain reaction analysis. They recorded significantly
higher transcript levels of Bx-GH30, Bx-CAT2, and Bx-CAT1 in virulent isolates than in
avirulent isolates at both pre-inoculation and 3 dai. While Bx-GH30 candidate virulent
factor caused cell death in the plant, Bx-CAT2 was occupied in supplying nutrients for
fungal feeding through soaking-mediated RNA interference. Shinya et al. [20] concluded
that Bx-GH30 and Bx-CAT2 participate in the isolate virulence on host trees and may be
engaged in pine wilt disease. Such nematode effectors can subsequently render themselves
as potential candidate genes for nematode management. In this respect, RNAi may be
utilized as a cellular procedure to degrade messenger RNA (mRNA), which plays the main
role in protein synthesizing and consequently gene function. Thus, targeting ‘candidate’ ef-
fector genes of PPN species that cause successful infection of the host plant using the RNAi
strategy could adequately suppress the genes responsible for this success [9,17–19,27,82].
The RNAi approach, for example, was utilized to knock down related effector genes of
Meloidogyne incognita (e.g., msp-16, msp-33, msp-20, msp-24, and msp-18) that normally inter-
act with plant transcription factors to express key cell wall-degrading enzymes (CWDE).
The phenotypic plant data indicated that RNAi caused suppression of the targeted genes
with a transcriptional shift in CWDE genes of the nematode [83].

7. Approaches to Strengthen Molecular PPN Control

Three main genetic classes for plant protection against PPNs have been used in a
historical sequence, with overlapping between them. Traditional plant breeding for PPN
resistance has long been used [84]. It has undoubtedly been progressing via genetic
engineering too. This latter, the second class, aims at the general insertion of genetic
material into a host genome. The latest class aims at genome editing in which DNA is
inserted, deleted, modified, or replaced in the PPN genome. It aims at inserting genes to
site-specific locations [85]. Ibrahim et al. [16] reported four main techniques of gene editing
in order to boost the global breeding of cultivars resistant to RKN in a broad range of crops,
namely recombinase-mediated site-specific gene integration, homologous recombination-
dependent gene targeting, nuclease-mediated site-specific genome modifications, and
oligonucleotide-directed mutagenesis. These techniques are expected to contribute to the
rapid progress in grasping the plant–nematode interaction mechanisms and consequently
ameliorate plant resistance against nematodes.

Rajput et al. [86] reviewed the related technologies, viz., the clustered regularly in-
terspaced short palindromic repeat (CRISPR)/CRISPR-associated protein (CRISPR/Cas),
as a strong device for accurately targeted modification of almost all crops’ genomes to
produce variation and expedite breeding plans. O’Halloran [87] provided a soft program,
CRISPR-PN2, as a conclusive web-based stage that offers elastic use and control over the
automated design of specific guide RNA sequences for CRISPR experiments in parasitic
nematodes. The effective use of CRISPR/Cas9-directed genome editing in plant species
has also been reviewed by Ibrahim et al. [16] in chickpea, the legume models Medicago
truncatula and Glycine max. Its technology permits high-throughput gene editing at the
genomic scale. The editing may assist in enhancing desired traits in plants with a restricted
genetic pool and insufficient resistance sources.
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7.1. Expanding the Use of Marker-Assisted Selection

Basically, marker-assisted selection (MAS) refers to utilizing a binding pattern of
linked molecular (DNA) markers in order to indirectly select the desirable plant phenotype.
Molecular markers are beneficial tools that can be used not only to set the introgression
of genes related to economically desired traits but also to facilitate grasping molecular
nematode–host interactions, as chromosome landmarks. Consequently, MAS are used
for gene incorporation and stacking, as in tomato cultivars for multiple disease resistance
traits. A striking example is Mi-1 homologs that can grant resistance against a broad range
of pests and pathogens, comprising the most common root-knot nematodes (Meloidogyne
javanica, M. incognita, and M. arenaria), insects, i.e., potato aphids (Macrosiphum euphor-
biae), and sweet potato whitefly (Bemisia tabaci), and oomycetes (Phytophthora infestans) in
tomato plants [9,43]. Thus, various approaches relying on molecular markers for PPN
resistance such as amplified fragment length polymorphisms (AFLPs), random amplified
polymorphic DNA (RAPDs), restriction amplified length polymorphisms (RALPs), cleaved
amplified polymorphic sequence (CAPS), reverse-transcription polymerase chain reaction
(RT-PCR), single nucleotide polymorphisms (SNPs), sequenced characterized amplified
regions (SCAR), sequence tagged site (STS), and simple sequence repeats (SSRs) are being
developed [88,89]. They can be used to select a broad range of economically important
plant species/cultivars for resistance against serious nematode pests (Table 1).

The readiness of marker application and affordability of marker genotyping, make
MAS a good breeding option for many traits in most breeding programs. Moreover,
marker development is advancing towards more reliable and efficient regeneration and
genetic transformation systems with predictable and reproducible results. Very recently, the
nematode resistance could be adequately addressed via using a genome-wide association
study (GWAS) of single nucleotide polymorphism (SNP) markers with the PPN resistance.
Thus, SNPs linked to resistance and the genes identified can establish a significant tool for
introgression of resistance to Heterodera glycines, by marker-assisted selection in common
bean (Phaseolus vulgaris) breeding programs [90]. Likewise, a locus on chromosome 13,
comprising multiple TIR-NB-LRR genes and SNPs linked to Meloidogyne javanica resistance
in soybean, was characterized by utilizing a combination of GWASs, resequencing, genetic
mapping, and expression profiling [91]. Such technological progress would authorize a
better understanding of gene function and expression with possible accredit of accurate
genetic adjustment for PPN control and crop improvement [89].

Table 1. Examples of molecular markers for screening nematode resistance in main crops.

Crop Nematode Species Resistance Genes Marker Type References

Tomato Meloidogyne incognita Mi 3 RAPD and RFLP [92]

Eggplant Meloidogyne javanica Mi-1.2 RT-PCR [93]

Wheat Heterodera avenae CreX and CreY SCAR [94]

Pepper M. incognita, M. arenaria, M. javanica Me3 and Me4 RAPD and AFLP [95]

Potato Globodera rostochinensis H1 RFLP [96]

Soybean Heterodera glycines Rhg1 and Rhg4 SNPs [97]

Cucumber M. javanica mj AFLP [98]

Cotton M. incognita qMi-C14 SSR [99]

Cotton Rotylenchulus reniformis Renari SSR [100]

Peanut Meloidogyne arenaria Rma CAPS, SSR, AFLP [101]

7.2. Utilizing Proteinase Inhibitor Coding Genes

Proteinase inhibitors (PIs) can hinder the function of proteinases/proteases released
by the nematodes. As PPNs invade plants, these PIs become active against all nematode
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proteinases; aspartic, cysteine, metalloproteinases, and serine. Ali et al. [27] reviewed
various applications of PIs against PPNs. They emphasized that simultaneous use of
different PIs could have an additive effect as it combines specificity with a broad range of
resistance. Pyramiding genes of taro cystatin and fungal chitinase with a synthetic promoter
could also increase resistance to RKNs in tomato [49]. These and similar approaches of
combining more than one biocontrol measure/agent [27,102,103] can form featured bases
for elevating transgenic plant resistance. Cystatins from various plant species rank high
among other PIs in boosting nematode resistance in a variety of crops.

Abd-Elgawad [104] affirmed the importance of cystatins in increasing the nematode
resistance within a plan that can upgrade eggplant production. Njom et al. [105] examined
cysteine proteinases of the papain family (CPs) that attack nematodes and identified
their specific molecular target(s). They concluded that multiple cuticle targets for these
proteinases are found which probably make nematode resistance to these novel CPs slow
to evolve. Thus, PIs have a future as a promising molecular control method against PPNs.

7.3. Use of RNA Interference

RNA interference is triggered by double-stranded RNA (dsRNA) inside the cell to de-
grade mRNA, the key to protein synthesis, and hence nematode-gene function. Therefore,
the technique basically serves as a significant and robust device to analyze gene function
in nematodes. Three classes of PPN-specific genes are being utilized as targets for RNAi
techniques. These are genes enabling PPN parasitism, PPN developmental genes, and
housekeeping genes [16]. As a genetically based approach, RNAi application has various
aspects for effective and integrated control of PPNs. Its use to control plant infection with
multiple plant pathogens proved to be promising [16,106]. This does not negate that the
successful trials were solely based on single gene silencing for PPN control [82,83]. How-
ever, PPNs can masterly use several genes for accomplishing a specific function [18,19]. The
nematode effectors found and expressed in subventral gland cells have many genes that
can serve in nematode management as they are involved in the related nematode activities,
e.g., penetration migration, and feeding within plant tissue. About 37 putative M. incognita
esophageal gland secretory genes have been reported [83,107]. Nematode neuropeptides
also serve in related processes such as host recognition, infection, and reproduction. This
adds merit to the simultaneous silencing of genes as a promising tool in the control of
PPNs. A dual gene construct of cysteine PI and a fungal chitinase with a synthetic promoter
in transgenic tomato plants demonstrated considerably more reduction in RKN infection
and reproduction than plants transformed with an individual gene [49]. Moreover, three
M. incognita effectors, Mi-msp1, Mi-msp16, and Mi-msp20 as fusion cassettes-1 and two
FMRFamide-like peptides, Mi-flp14, Mi-flp18, and Mi-msp20 as fusion cassettes-2 were
successfully combined as targets of RNAi for nematode management. Their quantitative
expression showed a significant decrease in mRNA abundance of target genes in M. incog-
nita females in transgenic Nicotiana tabacum plants. The constructs, fusion 1 and fusion 2,
granted up to an 85% decrease in M. incognita reproduction [18].

7.4. Nematicidal Proteins

Anti-nematode proteins such as some antibodies, lectins, and Bt Cry proteins can
inhibit PPN development in plants. Yet, their mechanisms of inhibition vary and should
be harnessed to optimize PPN control. Toxic lectins can block nematode-intestinal func-
tion [108]. The mechanism displayed by the lectins is crucial since several lectins bind with
glycans. Overexpression of a Galanthus nivalis agglutinin (GNA)-related lectin driven by
cauliflower mosaic virus promoter (CaMV35S) is exploited to offer anti-nematode efficacy
in plants such as potato, oilseed rape (Brassica napus), and Arabidopsis concerning CNs,
RKNs, and Pratylenchus spp. [27]. Some antibodies, known as plantibodies, are effective
against PPNs in compatible plant–nematode interactions. They can oppose the active
PPN-secreted proteins. They could, for example, react with secreted products of G. pallida
and adversely affect the movement and invasion of this species to potato roots [109]. Bacil-
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lus thuringiensis (Bt) toxins, known as Cry proteins, could directly reduce the M. javanica
population on tomato roots by adding bacterial suspension or spore/crystal mixture [110]
or indirectly induce resistance against H. glycines in transgenic soybean plants [48].

7.5. Chemodisruptive Peptides

Usually, PPNs use chemoreceptive neurons to approach their host plants or get away
from their non-host. These neurons discern certain chemical stimuli for attacking the plants.
Acetylcholinesterase (AChE) and/or nicotinic acetylcholine receptors are usually used for
adequate operation of their nervous systems. A few peptides, at such low concentrations,
can bind with these receptors and consequently disrupt the PPN ability of chemoreception
by hindering their reaction to chemical signals [111]. A peptide secreted by transgenic
potato plants could inhibit G. pallida-AchE resulting in the disorientation of attacking
nematode. This led to a 52% reduction in the number of G. pallida females [112].

These peptides could also offer the prospect of an integrated nematode control strategy.
A repellant peptide precisely directed at the sites of G. pallida invasion via a root tip-specific
promoter from an Arabidopsis gene could be combined with the transgenic expression
of a rice cystatin in potato to maintain a high degree of potato plant resistance against
this CN [113]. Transgenic maize plants demonstrated good PPN control via combining
digestive protease inhibitor cystatin with synthetic nematode repellent peptides [114,115].
Likewise, using chemo-disruptive peptides alone or integrated with cystatins into various
plant species has been documented to show high levels of resistance against RKNs with a
consequent increase in crop yields [27,116].

7.6. Employing Plant Resistance Mechanisms

Fundamentally, the above-mentioned two layers of plant-induced resistance and
their related mechanisms against pests and pathogens should be fully employed. For
instance, seeds or roots of some plants can release PPN-killing or repelling compounds in
their exudates [3]. Proteomic methods detected 63 exuded proteins from soybean seeds,
comprising a trypsin inhibitor, a β-1,3-glucanase, a lipoxygenase, a lectin, and a chitinase,
all can contribute to plant defense. These exudates were able to suppress the hatching
of Meloidogyne incognita eggs and to cause full mortality of the J2. Pretreatment of J2
with these exudates resulted in a 90% decrease in the gall number on plant roots [117].
While such findings should be exploited, caution should be exercised in other cases, e.g.,
a new chemo-attractant synthesized on Arabidopsis seeds could attract different RKN
species to invade the freshly emerged seedling roots [118]. Phytohormones have significant
roles in plant–nematode interactions since sedentary PPNs can alter auxin homeostasis
via multiple strategies. Recent functional analyses indicated that PPNs have developed
multiple approaches to manipulate indole-3-acetic acid (IAA) homeostasis to set an effective
parasitic relation with their susceptible plants [119]. In contrast, the role of other hormones,
such as salicylic acid, could also be exploited to boost plant resistance against PPNs [7,33].

As yet, more information needs to be generated for the related genes and defense
mechanisms to encompass various aspects of host-specific resistance to optimize their
efficacy and durability in field crops. Such information is expected to circumvent or
overcome many of the above-mentioned issues causing a lack of developing sufficient
nematode-resistant plant species/varieties. Otherwise, the two general schemes used to
transfer a PPN-resistance gene, i.e., from one plant species to another or from a cultivar to
another one within the same plant species, may face unexpected difficulties. For instance,
the fact that backcrossing of an Hs1pro−1 as a CN-resistant genotype and a susceptible
sugarbeet plant did not lead to a resistance phenotype in the next generations is still raising
an unsolved case [13]. Trials to transfer the Mi-1 gene to Arabidopsis or tobacco were
also ineffectual [33]. Conversely, favorable transfers of R-genes in heterologous species
with monogenic resistance may result in resistance-breaking field pathotypes due to the
imposed selection pressure. Other issues are related to the transfer of multiple disease
resistance traits. These types are reflected in genetically transformed plants that share
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mixed characteristics of resistance and susceptibility. An outstanding example is the Mi-1
gene transfer to eggplant from tomato. It could considerably lower RKN reproduction, but
aphid resistance, displayed by the same transferred gene in tomato, was not attained [93].
This may raise the question of possible pleiotropic effects on the gene expressions. Another
case of R-gene transformation raised the low level of resistance in the transformed plants as
a result of the evident dosage impact of the R-gene copy number [33]. For such an impact,
some authors assumed that expression of the resistance is more effective in homozygous
than heterozygous genotypes of the tomato Mi-1.2 gene, but others found the opposite for
both the tomato Mi-1.2 and the pepper Me3 genes when the R-gene was introduced into
homogeneous genetic backgrounds [120]. The authors assumed that transposable elements
have a role in the creation and maintenance of R-genes-containing clusters in solanaceous
crops as these elements are correlated with both large-scale genomic rearrangements and
these genomic clusters. For instance, the sequencing of the P9 chromosome of pepper
(carrying the Me gene cluster) showed how genome expansion due to these elements and
duplication results in the advent of novel genes and functions or ‘neofunctionalisation’. The
frequent clustering of R-genes may ease the harmony of plant defenses against simultaneous
pathogenic species and the development of new specificities to target an ever-changing
array of pathogens [120,121].

Admittedly, the genetic background into which these genes are introduced is of
supreme significance to the expression of PPN resistance and its durability, as shown
with other pathosystems. Therefore, genetic constitutions of susceptible plants selected
for the manipulations should possess an additional proper set of intracellular signaling
pathways in order to employ the transferred R-gene(s) in proper resistance mechanisms.
If so, molecular plant–nematode interactions can effectively serve this direction for other
R-genes conferring PPN resistance for which the relevant signaling pathways are still
insufficient.

7.7. Related Molecular Tools

Computational tools, bioinformatics technology, sound statistical methodology [121],
and availability of increased molecular databases would ease grasping of the various types
of nematode parasitism as well as the gene proteins, and recognizing pathways probably
involved in plant–nematode interactions. These facilities, backed by reference genomes
and novel genomic tools, comprising genotyping-by-sequencing (GBS), bulked-segregant
analysis combined with whole-genome resequencing (BSA-seq), genome-wide association
study (GWAS), and genomic selection (GS), will rapidly progress molecular PPN control
to a high rank among other control measurements. This molecular PPN control can prefer-
ably be comprehensive in terms of addressing the management of polyspecific nematode
populations [9]. Furthermore, the resistance to multiple PPN species should preferably be
transferred into cultivars with resistance to other important pests. Clearly, researchers of
relevant disciplines should better approach and apply the positive trends and standardization
that serve this type for molecular control of PPNs. In this respect, novel plans to optimize
nematode sampling [122] and focusing on recently recognized roles and tools to get better
findings in the nematode realm are direly needed [16,123]. Such strategies can develop robust
pest management programs able to efficiently replace unsafe nematicides while blocking
the above-mentioned defects in the other control measures. Thus, sound integrated PPN
management will combine molecular control and cultivation practices that lead to sustainable
and high crop production techniques to keep the R-genes and sustain their durability.

Eventually, the regulatory picture for relevant transgenic plants is unclear and will stay
so for the near future, as the scientific and social consequences of their release are debated.
Meanwhile, there are recent references explaining the importance of using such modern meth-
ods to control PPNs on important crops such as tomatoes [124], and potatoes [125]. Although
approaches to transgenic PPN control can be categorized as operating on nematode targets,
nematode–plant interface, and plant response [126], the three classes might be interrelated to
achieve the eventual control goal. Expression quantitative trait locus (eQTL) mapping-based
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approach to identify interacting sets of hosts and pathogen genes may further address how the
PPN species can set gene expression differently on the account of their host’s genotypes [127].
Moreover, on the nematode side, exploration of our current understanding of plant–pathogen
molecular interactions and how they differ among different life strategies of various PPN
genera and species should be further boosted. There are many putative control targets in the
PPN-life cycles that can be exploited as illustrated by Perry and Moens [128]. Comparative
genomics will upgrade our understanding of their parasitic strategies and lifestyles as well
as the vulnerable life stages. Addressing incompatible nematode-host interactions is direly
needed for crop species with limited availability of genetic and genomic resources, e.g., near-
isogenic and mutant lines, completed genome and transcriptome sequences, and commercial
full genome arrays [129]. Yet, practical use of this information for environmentally safe PPN
management options is challenging.

Hence, favorable research avenues to overcome these difficulties should rationally fore-
cast them to bring significant productivity to commercial agriculture. Ultimately, rational
molecular control of the nematodes would be better integrated with other pest management
measures to maximize crop production. Finally, the above-mentioned approaches should
be integrated into PPN management in real time. For instance, there is no evidence that the
novel strains of BCA have favorable traits without hard and tiring screening focusing on
their virulence and versatility [130]. The alternate method is a directed search of mediums
where BCAs will have had to develop the needed traits. This approach requires close
academic–industry partnerships and a change in mindset away from the mold of using the
traditional pesticide model to timely achieve tremendous strides.

In conclusion, PPNs are causing global crop losses while their classical control methods
are not sufficient. Grasping the molecular basis of their interactions with plants can assist in
developing new methods for PPN-molecular control for better nematode management. Omics
technologies based on genes and proteins involved in the nematode activities and the plant
resistance responses are key factors to evolve this control. Techniques such as next-generation
sequencing of genomes and transcriptomes, RNAi, PIs, MAS, chemo-disruptive peptides,
and genetic transformation systems with reproducible results must be available within PPN
control strategies to enhance crop yields. Linking long-read sequencing to the use of high-
density genetic mapping can also support the detection and characterization of PPN-virulent
genes. Progress in computational biology, bioinformatics, and analyzing the omics large-scale
data can efficiently boost these techniques to offer accurate recognition of components and
pathways engaged in PPN parasitism and plant response. Updated genome-editing devices
will serve classical plant breeding and precisely translate how gene actions are linked to
phenotypic performances. Yet, these methods must be cautiously used to avoid unwanted
effects such as PPN virulence and pleiotropic impacts on qualitative and quantitative crop
yields. Definite issues such as those related to the transfer of multiple disease resistance traits,
gene original construct, and specificity of the virulent nematodes to the R-gene may arise in
particular cases. Therefore, employing the outcomes of these techniques on a case-by-case
basis is proposed. This will enable us to monitor and improve PPN management according to
the given variables. Eventually, molecular control methods of PPNs should be combined with
other control tactics for integrated management as a way forward in crop protection/pest
management.
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Abstract: Plant protection in contemporary agriculture requires intensive pesticide application. Their
use has enabled the increase in yields, simplifying cultivation systems and crop protection strategies,
through successful control of harmful organisms. However, it has led to the accumulation of pesticides
in agricultural products and the environment, contaminating the ecosystem and causing adverse
health effects. Therefore, finding new possibilities for plant protection and effective control of pests
without consequences for humans and the environment is imperative for agricultural production.
The most important alternatives to the use of chemical plant protection products are biopesticides.
However, in order to increase their application and availability, it is necessary to improve efficacy
and stability through new active substances and improved formulations. This paper represents an
overview of the recent knowledge in the field of biopesticides and discusses the possibilities of the
use of some new active substances and the improvement of formulations.

Keywords: biopesticides; organic waste; formulation; improvement

1. Introduction

It is estimated that by 2050, agricultural production will have to increase by 70% in
order to feed the growing population [1]. However, food production is a great challenge
due to climate change, lack of fresh water, reduction of arable land, and particularly the
presence of pests and diseases [2–8]. In order to achieve these goals, appropriate plant
protection is required. At the same time, growing concerns about food safety, the trend
of organic agricultural production, the presence of resistant pest populations, and the
disruption of biodiversity as a result of intensive use of chemical pesticides are some of the
main challenges of modern science.

A particularly important issue in contemporary agriculture, from the aspect of plant
protection, is the control of invasive species. Due to global travel and trade, pests appear
earlier in the season and away from their native environments where they have not been
introduced naturally [2]. In newly introduced habitats they can cause great damage to
indigenous plant species and the environment. As a result of invasive expansion in the
past, insects such as grape phylloxera (Daktulosphaira vitifoliae (Fitch)) [9] and the Colorado
potato beetle (Leptinotarsa decemlineata (Say)) [10] were introduced from the United States
into Europe, where they originally never appeared before. More recently, newly introduced
species are Drosophila suzukii, native to East Asia [11], and the brown marmorated stink
bug Halyomorpha halys (Stål) [12] and Lycorma delicatula (White), originating from northern
China, which pose a serious threat to vines, apple, plum, and pear, but also to ornamental
and forestry production [13]. Some of the examples of pathogens with a strong negative
impact are the fungi Phytophthora infestans ([Mont] de Bary) [14] and Puccinia graminis f. sp.
tritici (Pgt) [15]. Although a native species to Europe, the small bacteria, Flavescence
Dorée phytoplasma [16], has in recent decades come to be considered an invasive and
quarantined pest in European viticulture. The introduction of the American grapevine
leafhopper (Scaphoideus titanus (Ball)), a vector whose life cycle is closely linked to the vine,
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has allowed rapid spread, and a negative impact on viticulture had been reported. The
reduction of crop yield is also affected by weeds. Although weeds are a habitat for some
beneficial organisms, a food source for pollinators, and contribute to reducing soil erosion,
they are defined as “unwanted plants”, which makes weeds necessary to eliminate from
agricultural ecosystems. One of the typical examples is the spread of allochthonous species
Ambrosia artemisiifolia L., Cuscuta campestris Yunk., Erigeron canadensis L., and others [17].
In addition to insects, plant pathogens, and weeds, extensive damage to crops can also be
caused by nematodes.

Besides the direct impact on yield, the side effects of pests manifest after harvesting as
well as a result of the presence of mycotoxins in food and feed, which can seriously endanger
human and animal health [18]. The presence of pathogens, weed seeds, eggs, and larvae of
insects, nematodes, etc., endanger agricultural products as well. Although these are just some
examples, they confirm the significance and magnitude of the resulting damage.

All the above-mentioned require intensive crop protection. However, modern agri-
culture almost completely relies on the use of chemical compounds, i.e., pesticides. Their
use has enabled the increase in yields, simplifying cultivation systems and crop protection
strategies through the successful control of harmful organisms. If pesticides would be
totally forbidden, in only one year diseases, pests, and weeds would reduce world food
production by 17–20% [19]. Nevertheless, their long-term use has led to a situation in which
farmers have almost completely stopped using traditional methods of plant protection and
replaced them with pesticides.

However, the intensive and/or inappropriate use of chemicals causes ecosystem
contamination and adverse health effects; pesticide residues in food endanger human
health [20,21], along with their accumulation in the environment, affect non-target organ-
isms in a negative way [22], and endanger the future of plant production by the develop-
ment of pest resistance [23]. Moreover, the impossibility of applying synthetic pesticides
during the ripening and harvesting period (especially in greenhouses) complicates plant
protection even more. These are only some of the side effects of pesticide application.
Despite this, the exporting of synthetic pesticides banned in the European Union (EU)
to developing countries is still a big issue that needs to be addressed, especially given
the fact that these chemicals pose serious and long-term risks to human health and the
environment [24]. Therefore, there is a need to find new possibilities for plant protection
and effective control of pests without consequences for humans and the environment,
as imperative for agricultural production. The most important alternative to the use of
chemical plant protection products are biopesticides, naturally originated compounds with
pesticide activity.

Biopesticides are also an important part of sustainable agriculture, which fulfills the
United Nations 2030 agenda [25]. However, in order to increase their application and
availability, it is necessary to improve efficacy and stability through new active substances
and advanced formulations.

This paper represents an overview of the recent knowledge in the field of biopesticides
with the main objective being to highlight the possibilities of the use of some new active
substances and formulations.

2. Biopesticides—Advantages and Disadvantages

The term biopesticides refers to the application of microbiological, biochemical, and
macrobiological plant protection products for the control of pests, weeds, and disease-
causing agents (Table 1). Microbiological pesticides contain selected genres of specific
species or mixtures of different bacteria, fungi, viruses, or protozoa. These beneficial organ-
isms produce toxins, vitamins, enzymes, and plant hormones that can act antagonistically
on disease-causing, harmful insects, nematodes, and weeds. Additionally, beneficial mi-
croorganisms produce vitamins, enzymes, and plant hormones that can have an effect on
plants’ immune systems by increasing their resistance. They are widely used and account
for about 30% of the total production and sale of biopesticides. The specific mode of action
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of microorganism-based biopesticides relies on the competence for space and food, direct
antagonism in relation to the growth of the target organism, and immunization of the
host plant [26]. Microorganisms in plant protection products must have strong power
to compete with the autochthonous microbial population and a high degree of ability to
survive and adapt to the newly created conditions in which they should achieve their
best efficiency.

Table 1. Biopesticides.

Microbiological
Pesticides

Biochemical
Pesticides

Macrobiological
Pesticides

Bacteria Plants Insects
Fungi Animals Mites
Virus Minerals Nematodes

Protozoa Insects

Biochemical pesticides are substances of natural origin that control harmful organisms
through non-toxic mechanisms. They are produced by plants, animals, minerals, insects,
etc. The most important biochemical pesticides are botanical pesticides, such as plant
extracts and essential oils, i.e., plant derivatives. Plant extracts are chemicals or mixtures of
chemicals obtained from higher plants. They usually contain various types of metabolites,
including alkaloids, phenols, terpenoids, and secondary substances developed by plants
in order to help them in the protection from the harmful insect. These products are
characterized by a variety of compositions and modes of action, which have an influence
on insects by repelling or exhibiting insecticidal effects. Plant extracts offer an unlimited
resource of biodegradable, economical, and renewable alternative pest control measures.
Essential oils are natural substances, a complex mixture of lipophilic, liquid, fragrant, and
volatile components located in the secretory structures of aromatic plants, which are often
responsible for the characteristic smell or taste. They exhibit physiological functions with
hormonal action, keep coenzymes in a reduced form, and represent a source of energy.
They also have an ecological function that is reflected in the reduction of respiration,
creating a specific microclimate that protects plants from excessive transpiration, reflection,
and refraction of light and participates in the plant–plant, plant–animal, and plant–insect
interactions. These compounds are responsible for attracting insects, which is important
for pollination. They can inhibit the germination of seeds of other and their own species,
protect the plant from insect and animal attacks, and protect the plant from infection by
microorganisms. Essential oils accumulate in all types of vegetative organs such as flowers,
leaves, bark, tree, roots, rhizomes, fruits, and seeds. So far, thousands of compounds from
the terpene class in essential oils have been identified [27].

Even macrobiological pesticides must not be left out. Macrobiological pesticides
include zoophagous species such as insects, mites, and nematodes, which, depending on
their way of life, are divided into predators, parasites, and parasitoids, also called natural
enemies. Although natural enemies are already present in the environment, often for their
successful activity in agroecosystems, it is necessary to introduce or apply them regularly
when the need arises.

Can biopesticides suppress the use of chemical pesticides as the dominant strategy for
the control of harmful pests in the future? Unrealistic expectations, problems with quality
control, short shelf life, lack of awareness of their importance, and relatively high costs
compared to the pesticide used in conventional agriculture are the main reasons for their
insufficient application.

Despite this, the market of biopesticides has grown significantly in recent years due
to increased awareness of their potential and focused attention on environmental and
health risks associated with the use of synthetic pesticides. Biopesticides are only 4–5%
of the global pesticide market, but it is estimated that this percentage could increase up
to 20% in the near future [28], while according to some authors, by 2050 the importance
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of biopesticides in agricultural production will be equal to chemical pesticides [29]. It
is difficult to achieve a complete replacement of chemical pesticides with biopesticides,
considering the large number of harmful pests, invasive species, pesticide resistance,
as well as climate change. However, it is reasonable to expect that biopesticides along
with conventional pesticides will be included in the Integrated Plant Protection System
(IPM). One example of Good Agricultural Practices is the integration of microbiological
biopesticides into IPM with the aim of increasing the efficacy of natural agents, known as
bio-intensive plant protection (BIPM) [30]. It has been proven that their efficacy increases
in combination with other methods of integrated plant protection. To protect plants
with the lowest risk, the use of biopesticides as an alternative to chemical pesticides is
required. Plants, microorganisms, insects, and certain minerals are well-known sources of
biopesticides, and according to the EPA, nowadays biopesticides include plant-incorporated
protectants (PIPs) as well [31].

The most used biopesticides belong to the neem derivatives (azadirachtin) and
Bacillus thuringiensis (Berliner), a Gram-positive bacteria with the capacity to produce a
toxin that is completely harmless to humans, plants, and other animals but has great potential
to be fatal to a wide range of insect pests, and the latest data indicate that 75% of biopesticides
are based on B. thuringiensis [32]. Neem is a widespread botanical biopesticide [33]; however,
due to its instability in the environment, its effectiveness is temporary.

It is estimated that due to difficulties in isolating new organisms/compounds, the
types of biopesticides will change. The intensive use of biopesticides in plant protection is
limited by a number of risks—limited spectrum, short supply of products, interaction with
non-target organisms, the virulence of strains, etc. Registration of bioinsecticides requires
demanding protocols, causing a low rate of research in the field of biopesticides.

In the European Union, the development of non-chemical alternatives to synthetic
pesticides has been recognized and defined by the law with the aim of achieving their
sustainable use and reduction of side effects on human health and the environment
(2009/128/EC) [34]. However, only a few countries recognize biopesticides as a sepa-
rate group of pesticides, which has led to inappropriate methods for assessing their efficacy
and safety [35].

The main steps in biopesticides development are the selection of biocontrol agents
and formulation technology [36]. This requires a continuous and comprehensive study of
the living organisms’ responses (beneficial and side effects), both on various agrochemicals
and biotechnology products, the discovery of new bioactive compounds, improvements of
formulations, and mandatory risk assessment, not only for humans and animals but also
for the environment.

3. Sources of Biopesticides

Recently, renewable resources of biopesticides have been recognized as the potential
to overcome resource limitations and environmental pollution. Within a circular economy,
organic solid wastes are considered to be a useful resource for obtaining value-added
products [37–39].

3.1. Agricultural and Forest Waste as a Source of Biopesticide Compounds

The use of agricultural and forest waste as a potential bio-resource for the production
of pesticide compounds has been enabled by thermochemical processing (Table 2). From
the aspect of sustainable use of waste and biomass, pyrolysis technology is being actively
studied. This technology is not novel, since the use of pyrolysis products dates way back
to the Middle Paleolithic times [40]. Depending on the process, pyrolysis can be slow or
fast, resulting in liquid (bio-oil), solid (bio-char), and gaseous (syngas) products. However,
there is insufficient scientific evidence for supporting claims regarding the efficacy and
toxicological assessment of the used products.

Bio-oil obtained by lignin pyrolysis at 450 and 550 ◦C shows insecticidal, fungici-
dal, and bactericidal activity [41]. Birchwood, pyrolyzed at 380 ◦C, in the form of birch
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tar oil mixed with Vaseline® has a strong repellent effect against mollusks [42], which
makes it an effective, cheap, and simple method for controlling mollusks. Furthermore,
the pesticide activity of liquids obtained from slow pyrolysis (pyroligneous acids) and
hydrothermal carbonization (HTC) products has been stated [40,41,43,44]. However, there
are numerous challenges in the development of new biocontrol technologies and barriers
to their commercialization. The characterization of pyrolysis liquid showed that polycyclic
aromatic hydrocarbons (PAHs) mainly contribute to pesticide activity [41,43]. They are
major environmental pollutants with toxic, mutagenic, and carcinogenic effects on various
organisms; thus, their release into the environment is highly restricted. Nevertheless, by
reducing the temperature for the separation of liquids during pyrolysis below 300 ◦C, the
appearance of PAHs and tar is reduced, which can be one of the possible directions for
development and potential application [45,46]. Studying the pesticidal activity of various
liquids obtained by slow pyrolysis of pine bark, pine forest waste, wheat straw, willow, and
hydrothermally carbonized (HTC) willow, at temperatures of 280 ◦C and 260 ◦C, showed
high efficiency of slow pyrolysis liquid from willow on Arianta arbustorum (L.) (repellent
action), Brassica rapa (L.) (herbicidal action), and Rhopalosiphum padi (L.) (insecticidal ac-
tion) [47]. A slightly lower efficacy was found in the liquid from wheat, bark, and forest
residues. The pesticide activity of PAH-free liquids from slow pyrolysis originates from
simple organic volatile compounds and numerous phenolic compounds. The main rea-
sons for the higher pesticide activity of willow-derived pyrolysis liquid are high levels of
acetic and other carboxylic acids, as well as the presence of dozens of different phenolic
compounds. Thus, slow pyrolysis liquids represent a potential source of biopesticides, but
there is a necessity for the optimization of technology production.

As already stated, an important source of bioactive compounds are plants’ secondary
metabolites. The biological activities of phenolic and polyphenolic compounds in olive mill
wastewater have already been confirmed for the control of several insect pests, mostly due
to the presence of polyphenol oleuropein [48–52]. These compounds have potent bioactive
properties as insecticides and growth regulators and can be successfully used for the control
of the Mediterranean fruit fly Ceratitis capitata (Wiedemann) [53], a highly invasive species.

A valuable agricultural by-product is grape pomace. In wine production, at least
20% of the fruit weight is discarded as this substance [54]. Grape pomace is used for the
production of spirits and liquors, as fertilizer or animal feed, and even as composting
material [55]. However, the presence of bioactive compounds, such as stilbenes resveratrol,
in pomace extracts, indicates that grape pomace is a valuable source of biopesticides [56].
Due to its ability to inhibit the growth of bacteria, fungi, and viruses, resveratrol has been
intensively studied [57,58]. Recently, resveratrol was proven to be effective in the control of
Botrytis cinerea (Pers.), suppressing mycelial growth and conidia germination [59,60].

Table 2. Organic waste as a source of biopesticide compounds.

Source of Biopesticide Authors

Bio-oil
(fast pyrolysis of biomass) [41]

Birch tar oil (fast pyrolysis of biomass) [42]

Pyroligneous acids (slow pyrolysis of pine bark, pine forest waste, wheat straw) [40,41,43,44]

Olive mill wastewater [48–53]

Grape pomace [54,56–60]

3.2. Solid Waste as a Medium for Microbial-Based Pesticides

Microbial-based biopesticides require a rich nutrient commercial medium for de-
veloping microbial species. In the process of production, this is a cost-consuming step.
Production of microbial biopesticides using nonhazardous solid biodegradable waste,
instead of commercial media, can contribute to solving the problem of increased waste
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production [61]. As an alternative to conventional media, kitchen waste could be used as a
substrate for bio-pesticide production. Results showed that kitchen waste in a combination
with wheat bran, soybean cake power, grain hulls, and mixed ions is suitable for the growth
of B. thuringiensis [62,63], the most used biocontrol agent worldwide.

Biodegradable wastes from agriculture, industry, and households are being studied in
order to obtain biopesticides through solid-state fermentation. At the laboratory level, it
was confirmed that biowaste (source-selected organic fraction of municipal solid waste) is
a substrate suitable for B. thuringiensis growth under non-sterile conditions [39,64]. Some
authors provided results of using chicken feathers as a medium for the production of ento-
mopathogenic bacteria (Bacillus thuringiensis serovar israelensis (Bti) and Bacillus sphaericus
(Meyer and Neide) (Bs)) [65].

Furthermore, fungal-based biocontrol agents, such as the genus Beauveria and Tricho-
derma, are also highly promising alternatives to traditional chemical pesticides. Optimiza-
tion of the fermentation process would allow the use of agroindustrial waste, rice husk, as
a source of fungal production [66].

As a potential source of biopesticides and biofertilizers, some authors state the use
of microalgae due to the production of biologically active compounds with antimicrobial
activity [67,68]. An added value represents the possibility of using wastewater as a growing
medium given that they require nitrogen, phosphorus, carbon, and ammonium [69].

The release of huge amounts of bioorganic waste from the food industry, poultries,
and fisheries [65] is an opportunity for biopesticide production, either as a medium or as a
source of bioactive compounds.

4. Advances in Formulations

Biopesticides are considered a powerful tool for developing a more rational strategy
for the use of pesticides, which should lead to the improvement of the balance between
efficacy, production costs, and application [70]. The history of biopesticides, classification,
and mode of action are well known and extensively studied [71–74]. However, in order
to ensure its successful application, the efficacy and achievement of higher formulation
stability still have to be improved.

The formulation of biopesticides needs to ensure the stability of the organism, i.e.,
the compounds included in the preparation composition during production, distribution,
storage, handling, and application of the preparation. Moreover, it is necessary to protect
the biological agent/compound from the external environment influence, as well as enable
an increase of the organism’s activity during its reproduction, contact, or interaction
with the target organisms. All of the above are achieved by adding proper non-pesticide
compounds [31].

The formulation of such products poses a challenge, considering that such formulations
must meet a number of objectives such as satisfactory efficiency, environmental acceptability,
constancy after application, and uniform distribution throughout the treated object.

The fact that inert ingredients enhance biopesticide activity has opened new opportu-
nities for further development in this field. A suitable formulation can improve the stability
of the plant protection product and increase or expand the activity with a reduction of the
influence of external factors [75].

For example, essential oils, regardless of origin, can be phytotoxic if applied to plants in
high concentrations. Compared to conventional insecticides, insecticides based on essential
oils are less effective and therefore must be applied at relatively high concentrations, often
in the range of 0.5–1.5%. However, the procedure for bioinsecticide registration must
include an assessment of the phytotoxic effects on the crops with special care. Little or no
residues are expected in the agricultural product after the application of essential oil-based
pesticides, and the potential impact on the organoleptic quality of the treated products has
not been studied in detail to date [28].
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A relatively new area that finds its use in agriculture and the food industry is nan-
otechnology [76]. This technology has enabled the development of controlled-release
formulations, such as nanoemulsions, nanosuspensions, nanocapsule suspensions, etc. [77].

Besides the improvement of the bioactivity of synthetic pesticides, the use of nano-
technologies in plant protection enables the limitations of biopesticides to be overcome [78].
Due to their unique properties, nanomaterials are considered suitable carriers for stabilizing
fertilizers and pesticides, as well as for facilitating the controlled transfer of nutrients and
increasing plant protection. Thus, stability, persistence in the environment, and toxicity to
target organisms would be improved, while the side effects and phytotoxicity would be
reduced [79]. At the same time, nanotechnology-based pesticides, especially biosynthesized
and bioinspired materials, make a huge contribution to sustainable development [80] due
to their controlled release of the active ingredients [81], ensuring their efficacy in long-term
use with the possibility of resolving the issue of accumulation of pesticide residues [82].

Despite the promising and well-known pesticidal activity of botanical pesticides, only
a few essential oil-based biopesticides are available [28,82,83]. The main disadvantage of the
commercialization of these biopesticides as plant protection products is their high volatility,
which limits application with a relatively short activity in the field, requiring repeated
applications [84]. The possible ways to overcome these limitations can be achieved with
nanotechnologies; the essential oil needs to be enclosed within nanoparticles or nanoemul-
sions, which allow their stability and dispersibility in water [85]. Nanoencapsulation is
based on encapsulating EOs in materials in the order of nanometers.

Along with botanical pesticides, microbial pesticides could express better pesticide
activity for some pests in the field; however, they show activity against only one type of pest.
This is one of the biggest disadvantages of microbial pesticides [86]. Environmental factors
such as desiccation, heat, light, and UV reduce the activity of microbial pesticides, causing
continuous crop destruction [87]. Among the newer technologies for the production of
biopesticides based on microorganisms is bioencapsulation technology. Encapsulation of
microorganisms in microcapsules has significant survival benefits, while also ensuring the
controlled release of these bacteria throughout the growing season [75,88–90]. Encapsu-
lation involves the active ingredient being enclosed within the polymer. The size of the
capsule, which provides controlled release of the active ingredient after plant protection
product application, varies from 2–50 μm, or 1–2 μm [91,92]. For encapsulation of micro-
organisms, various materials are used, including natural and synthetic polymers such as
agar and agarose, starch, corn syrup, polyacrylamide, and polyurethane from artificial
materials [93,94]. The capsule does not erode during the release process. The pores close
again when the capsule is exposed to osmotic stress/dehydration. Capsules can be stored
at room temperature, and storage time can be significantly extended by adding nutrients to
the capsule.

However, sustainable nanotechnology requires a science-based environmental risk
assessment [95]. The production of nanoparticles needs hazardous materials and advanced,
modern equipment and exhibit side effects on the environment. Based on several toxicolog-
ical studies, concerns have emerged about the safety of nanomaterials and the side effects
on the environment [96]. Micro/nanoemulsions are stable systems with the possibility
of spreading on the plant surface, which increases bioactivity, but at the same time, this
increases phytotoxicity [97]. Therefore, over the last decade, research has shifted towards
environmentally friendly and sustainable, more economical, “green” synthesis with the
aim of supporting the growing use of nanoparticles in various industries. Green synthesis,
as part of bioinspired protocols, provides reliable and sustainable methods for nanopar-
ticle bio-synthesis using a wide range of microorganisms rather than current synthetic
processes [98].

A good example is a formulation of nanoemulsions based on commercial essential
oils (EO) using polyoxyethylene sorbitan monooleate and water [82]. By adding distilled
water and agarose to the EO-based nano-formulations, followed by the addition of sodium
polyacrylate, EO-based nanogels can be formulated. The results proved optimal physical
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characteristics of essential oil-based nanoemulsions and insecticidal activity against the test
insect Tribolium confusum (Jacquelin du Val).

The application of biosynthesis as a tool for the design and development of many nano-
materials has become a sustainable and eco-friendly method [80]. Myco-nanotechnology,
based on the development of nanoparticles employing fungi [94], and many other biological
systems, such as bacteria, yeast, actinomycetes, and plant parts, have shown promising
suitability for nanomaterial biosynthesis and represent a greener alternative to chemically
synthesized nanoparticles [99].

One of the main limiting factors of biopesticide application is UV sensitivity. In the
formulation of biopesticides based on baculovirus as an active ingredient, this limitation
was overcome using titanium dioxide as a UV absorbent. Sensitive viral DNA was protected
by the ENTOSTAT wax capsule, which dissolved in the alkaline intestines of insects to
release the virus. Moreover, this prolongs the efficacy and stability of biopesticides without
side effects on crops [75].

Improvements in the formulation of biopesticides based on Bacillus thuringiensis using
starch-producing industry wastewater could be successfully carried out with the addition
of a soybean medium [100].

5. Perspectives

In order to make the agricultural system safer and more sustainable, the European
Commission announced plans to reduce the use and risk of chemical and more hazardous
pesticides by 50% by 2030 [101]. In order to reduce the use of pesticides, in addition to
numerous preventive measures, it is necessary to introduce biopesticides in plant protection.
Currently, 60 biopesticide active substances are available on the EU market, while the
number in the United States market is over 200 [102]. Such a small number of registered
biopesticide plant protection products is a consequence of limited resources of bioactive
agents, demanding registration procedures, etc.

In order to fulfill the goal, it is necessary to intensify the development of biopesticides
and overcome their main shortcomings by choosing proper active agents and improv-
ing formulations. This primarily refers to increasing the specificity and longevity of the
plant protection product, reducing the effective dose, and improving the speed of activity.
A shorter shelf-life not only reduces the efficacy of biopesticides but also reduces their
competitiveness with chemicals.

Although biopesticides include a wide range of living organisms, products of their
metabolism, and compounds of plant origin, they have completely different characteristics
and activities in specific ecosystems. This requires extensive scientific research in order
to create the conditions for the transition to the phase of commercialization and wider
use of such preparations [103]. At the same time, the main limitation of biopesticides
commercialization is the strict regulations concerning their placement on the market. Long-
term demanding procedures with insufficiently defined or maladapted principles are the
main obstacles to the more significant development of the biological products industry
for plant protection. In addition, not recognizing the difference between living organ-
isms and bioactive compounds represents one of the biggest problems when registering
biopesticides [104].

In view of the above stated reasons, the imperative is finding an optimal solution
that would simplify the procedures and enable the development of new biopesticides,
followed by the release of plant protection products on the market with a competitive price
acceptable to agricultural producers [102], and thus an increase in their application [77].

Until the categories of “basic substances” and “low-risk substances” were introduced,
biopesticides did not have a regulatory category [105]. Today, for basic substances not
primarily intended for plant protection products, but which may provide crop protection
possibilities, an application authorization is granted for the whole EU for an indefinite
period. Specific to low-risk substances is that their application can be partially approved
based on data from the literature and scientifically justified opinions. In this case, it is
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assessed whether microbiological and semiochemical products (e.g., pheromones) comply
with low-risk criteria, in an assessment that only lasts for 120 days, while the approval
may be valid for 15 years instead of 10 years. For many biopesticides, the components of
the formulation are inert or not toxicologically significant, and the risk assessment can be
based only on the active substance and on scientific evidence.

Limited sources of biopesticides are one of the most significant challenges. Finding
new sources of bioactive compounds with an emphasis on renewable sources is imperative
for modern plant protection. However, most of the research conducted in the field of bio-
control has provided only empirical results at the laboratory level. Many of these research
studies will never be continued in real environmental conditions, primarily because the
commercialization of biopesticide products requires a continuous and easily accessible
source of bioactive components and a suitable formulation.

Furthermore, the formulation of biopesticides represents another crucial challenge.
Production of biopesticides is more expensive, and their use is often more technically
complex than the chemical ones. Thus, it is the main barrier to biopesticide placement
on the market. However, research on their production, formulation, and application
could greatly help in the commercialization of biopesticides. With the development and
improvement of biopesticide formulations, the balance between efficiency, production costs,
and application will be improved [70], which will lead to intensifying their application in
the future.

6. Conclusions

The finding of alternative sources of compounds with pesticide activity is the most
challenging issue in the field of plant protection. To overcome resource limitations and
environmental pollution, renewable resources play an important role. Aside from plants
as a source of bioactive compounds, the use of different types of waste as a medium for
microbial growth is a significant source of biopesticides. This also could contribute to
solving the problem of increased waste production. Although significant progress has been
made in the development of the formulations and methods of application, further research
is necessary regarding the use of biopesticides in plant protection. This is especially aimed
at the need for a legal framework that would regulate nanomaterials placed on the food
market. Future research will aim at the improvement of techniques and multidisciplinary
research that will provide good, safe, effective, and inexpensive plant protection products.
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Abstract: Synthetic fungicides have been the main control of phytopathogenic fungi. However,
they cause harm to humans, animals, and the environment, as well as generating resistance in
phytopathogenic fungi. In the last few decades, the use of microorganisms as biocontrol agents of
phytopathogenic fungi has been an alternative to synthetic fungicide application. Actinomycetes
isolated from terrestrial, marine, wetland, saline, and endophyte environments have been used
for phytopathogenic fungus biocontrol. At present, there is a need for searching new secondary
compounds and metabolites of different isolation sources of actinomycetes; however, little information
is available on those isolated from other environments as biocontrol agents in agriculture. Therefore,
the objective of this review is to compare the antifungal activity and the main mechanisms of
action in actinomycetes isolated from different environments and to describe recent achievements
of their application in agriculture. Although actinomycetes have potential as biocontrol agents of
phytopathogenic fungi, few studies of actinomycetes are available of those from marine, saline, and
wetland environments, which have equal or greater potential as biocontrol agents than isolates of
actinomycetes from terrestrial environments.

Keywords: antifungal activity; marine; saline; wetland; post-harvest

1. Introduction

One of the key problems in agriculture is the damage caused by phytopathogenic
fungi [1]. Conventional methods to control phytopathogenic fungi have been carried out by
using synthetic fungicides; however, their application causes resistance in microorganisms
and harm to human, animal, and environmental health [2]. With the objective of achieving
food production efficiency from an ecological and economic points of view, the search for an
alternative to decrease the use of synthetic fungicides in agriculture is a global priority [3].

In recent years, the use of actinomycetes as a biocontrol agent on phytopathogenic
fungi has been an alternative to the application of synthetic fungicides [4]. Actinomycetes
are Gram-positive bacteria found in different habitats, humidity, pH, and temperature [5].
Actinomycetes have been isolated from different environments, such as terrestrial, marine,
hypersaline, wetlands, and plant endophytes, among others [6,7].

The main antagonistic mechanisms of actinomycetes to control phytopathogenic
fungi are competence for space and nutrients [8], antibiotics [9], siderophores [10], lytic
enzymes [11], volatile organic compounds (VOCs) [12], and host resistance induction [13].
Additionally, actinomycetes promote plant growth and development through the synthesis
of phytohormones, atmospheric nitrogen fixation, and mineral solubilization, among
others [14]. Several studies of actinomycetes have been reported; however, few studies have
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focused on actinomycetes, isolated from different environments, used as biocontrol agents
due to their effect in agriculture and antagonistic mechanisms to phytopathogenic fungi.

2. General Characteristics of Actinomycetes

Actinomycetes form vegetative or aerial mycelia and are capable of reproducing by
binary fission [15]. In vitro culture and the natural environment have a typical smell of
humid soil because of the production of two geosmin and 2-methylisoborneol volatile
organic compounds [16]. Spore production is a result of nutrient depletion, allowing
actinomycetes to remain latent until they find favorable conditions for growth [14]. Ad-
ditionally, filamentous and sporulating natures allow them to compete more efficiently
against other organisms found in the rhizosphere [17]. Their cell wall is a rigid structure
formed by complex compounds, such as peptidoglycan, teichoic and teichuronic acids,
and polysaccharides. Actinomycetes also have a high guanine and cytosine content in
DNA [18].

3. Actinomycetes as Biocontrol Agents

The importance of the use of actinomycetes as biocontrol agents is explained by
inherent positive characteristics: (1) they are not harmful to human and animal health;
(2) they are not toxic to plants; (3) they improve plant yield; and (4) they decrease the use of
synthetic fungicides [19,20]. Among the different genera, Streptomyces has been investigated
extensively because it is easy to isolate [21]. Actinomycetes have a slower growth than
bacteria. Thus, growth improvement techniques should be applied to obtain desirable
actinomycetes in culture media. These techniques are based on selective isolation media
and the pretreatment of samples, such as: soil with calcium carbonate, both by drying and
heating, wet, and chemical pretreatments, among others [22]. One of the ways to stimulate
actinomycete populations in soil is by adding biostimulants and organic fertilizers, such as
compost and vermicompost. S. sampsonii and S. flavovariabilis isolates from soil amended
with vermicompost showed the highest antagonistic activity towards Rhizoctonia solani,
Alternaria tenuissima, Aspergillus niger, and Penicillium expansum [23]. In addition, soil
amended with Brassica napus and Brassica rapa leaf residues promoted the increase in
actinomycete populations in the soil. The increase in the actinomycete population showed
a strong correlation with the suppression of the R. solani wilt disease [24]. Different
actinomycetes have been studied as biocontrol agents on phytopathogenic fungi and as
mechanisms of action (Table 1).

Table 1. Antagonistic mechanisms of actinomycetes for the control of phytopathogenic fungi.

Actinomycete Phytopathogen Host
In Vivo

Inhibition
Antagonistic
Mechanisms

Reference

Streptomyces sp. Colletotrichum fragariae Strawberry 100% Secondary metabolites [19]

S. sampsonii Sclerotinia sclerotiorum Green bean 100% Secondary metabolites [11]

Streptomyces sp. Ralstonia solanacearum Tomato 97% Induction of host resistance [13]

S. sichuanensis Fusarium oxysporum Banana 51% Siderophores [25]

Amycolatopsis sp. F. graminearum Maize 79% Lytic enzyme [26]

Arthrobacter humicola A. alternata Tomato 31% Secondary metabolites [27]

Nocardiopsis dassonvillei Bipolaris sorokiniana Wheat 72% Siderophores and lytic enzyme [28]

S. rameus R. bataticola Bean 70% Siderophores and lytic enzyme [10]

S. globisporous R. solani Tomato 50% Induction of host resistance [29]
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4. Main Actinomycete Antagonistic Mechanisms to Phytopathogenic Fungi

Biocontrol agents use a combination of several antagonistic mechanisms of action to
control phytopathogenic fungi [30]. The main antagonistic mechanisms of actinomycetes
are their competence for space and nutrients, antibiotics, siderophores, lytic enzymes,
and induction of host resistance, among others [1,13,19] (Figure 1). Understanding the
mechanisms of action of biocontrol agents is essential in order to improve their viability
and increase their potential [31].

Figure 1. Main actinomycete antagonistic mechanisms to phytopathogenic fungi.

4.1. Competence for Space and Nutrients

Competition is an indirect mechanism of actinomycetes for the growth inhibition of
phytopathogenic fungi [8]. Competence between two or more microorganisms begins for
the same carbon source (carbohydrates such as sucrose, glucose, maltose, and fructose)
or space for their growth [32,33]. The ecological plasticity and fast growth of antagonistic
microorganisms allow them to assimilate the available nutrients in the host at a greater
amount than phytopathogenic fungi; thus, the spore germination stage and infection
processes to the host are reduced [34]. Competence is also an effective biocontrol mechanism
when the antagonist is found in sufficient volumes and assimilates nutrients faster and in
greater quantity than phytopathogenic fungi [30].

4.2. Antibiotic Production

Actinomycetes produce secondary metabolites with antifungal properties [1]. Approx-
imately 80% of antibiotics, such as streptomycin, spectinomycin, neomycin, tetracycline,
erythromycin, and nystatin, are produced by actinomycetes [35].

Furthermore, many metabolites have been discovered with antimicrobial properties
similar to phytopathogenic fungi, such as amphotericin B, macrolides, actinomycin D,
natamycin, antimycin, and neopeptine [36–38]. Macrolides are a group of antibiotics
produced by actinomycetes that inhibit fungus protein synthesis [39]. Amphotericin B joins
selectively to ergosterol in the fungal cell membrane, producing changes in permeability
and inducing cell lysis [40]. Moreover, actinomycin D production by Streptomyces sp.
strains limit microbial growth and RNA synthesis [9]. Antimycin inhibits the mitochondrial
electron transport chain between cytochromes b and c [41]. Natamycin blocks fungal
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growth when it joins to the ergosterol of the fungus cell membrane [42]. Neopeptine is
an inhibitor of the microbial cell wall biosynthesis at the enzymatic level [37]. Another
important process that involves antibiotic production is symbiosis between actinomycetes
and plants, as the antibiotic protects the plant from phytopathogenic fungi, and the plant
exudates allow actinomycete development [43].

4.3. Siderophore Production

Siderophores are molecules that perform sequestration on low-molecular weight irons
(500–1000 Da) and link with Fe3+ ions to be transported to the cell and secreted in re-
sponse to low Fe3+ availability [44]. Siderophores are classified as: phenolate, catecholate,
hydroxamate, and carboxylate; some have a group mix (mixed types) [45]. Siderophore
production has been demonstrated by Streptomyces strains that produce hydroxamate-
type siderophores known as deferoxamine [20]. Moreover, heterobactins are catecholate-
hydroximate mixed-type siderophores that have been found in Rhodococcus erythropolis [46],
and albisporachelin is a hydroxamate-type siderophore produced by Amycolatopsis albis-
pora [47]. A sufficient amount of siderophore production by biocontrol agents limits Fe3+

availability for phytopathogenic fungi. Thus, growth and virulence are limited because
microorganisms without iron in their environment cannot perform vital processes, such
as synthesis and repair of nucleic acids, respiration, photosynthetic transport, and nitrate
reduction or free radical detoxification [48].

4.4. Lytic Enzyme Production

Actinomycetes produce lytic enzymes, such as chitinase, β-1,3-glucanase, and protease
that degrade the fungal cell wall [26] and cause loss of membrane integrity, set intracellular
material free, and cell death [1]. The fungus cell wall is responsible for a cell’s physical
integrity, formed by chitin, β-1,3-glucan, and protein [49]. The β-1,3 glucanase hydrolyze
β-D-glycosidic bonds of β-1,3 glucan, and chitinases hydrolyze chitin β-1,4 N-acetyl-β-
D-glycosamide bonds, breaking fungal cell walls [31,50]. Proteases hydrolyze proteins,
specifically mannoproteins, make up the phytopathogenic fungi cell wall [51].

4.5. Volatile Organic Compounds (VOCs)

Volatile organic compounds (VOCs) are low molecular weight compounds that evapo-
rate easily at a normal temperature and pressure, which gives them the ability to diffuse
through the atmosphere and soil [52]. Most VOCs are lipid-soluble and thus have low
water solubility. These organic compounds travel great distances in structurally hetero-
geneous environments, as well as in solid, liquid, or gaseous compounds [31]. VOCs
produced by actinomycetes inhibit the growth of phytopathogenic fungi, promote plant
growth, possess nematocidal activity, and induce systemic resistance in plants [11,12]. They
inhibit the mycelia, causing swelling, conidia collapse, and structural alterations in the
fungal cell wall [53]. The Streptomyces species produces 2-ethyl-5-methylpyrazine and
dimethyl disulfide that inhibit mycelial growth and spore germination [12]. VOCs such
as S-methyl ethanethioate, 1,2-dimethyldisulfane, 2-methyl propanoic acid, acetic acid,
3-methyl-butanoic acid, undecan-2-one, nonan-2-one, and 2-isopropyl-5-methylcyclohexan-
1-ol have been reported from the actinomycetes Nocardiopsis sp., which inhibit mycelial
growth of fungi [54].

4.6. Induction of Host Resistance

Induced resistance in plants is activated by antagonist actinomycetes that cause a
defense response in the host through several chemical or biochemical reactions [13]. Sys-
temic acquired resistance (SAR) and induced systemic resistance (ISR) are two forms of
induced resistance, characterized based on signaling pathways [30]. SAR stimulates a rapid
response in the phytopathogens and actinomycetes, stimulating a special ISR state called
“priming”, for faster and stronger defense responses [55,56]. Actinomycetes are capable of
inducing defense responses in plants through the overproduction of: (1) enzymes related to
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defense, which strengthen the cell wall structure, avoiding the entrance of phytopathogenic
fungi, their colonization toward the plant, and catalyzing phenolic compound oxidation
to quinones that are toxic for fungi [29]; (2) proteins (PR) related to pathogenesis, such as
chitinase hydrolytic enzymes, and β-1,3-glucanase that break the phytopathogenic fungi
cell wall structure [57]; (3) phytoalexins, which are toxic for phytopathogenic fungi, inhibit
germ tube elongation and growth, decrease mycelial growth and limit glucose absorp-
tion [30,58]; (4) lignification promotion that contributes to plant cell wall hardening [59];
and (5) callus formation induction that isolates stress (biotic and abiotic) in the tissue,
locally, by depositing a physical barrier [56,60].

5. Actinomycete Isolation from Different Environments

Actinomycetes have been isolated from different environments, such as terrestrial,
marine, hypersaline, wetland, as well as plant endophytes, among others. Marine envi-
ronments cover more than 67% of terrestrial surface, and only 1% of the microorganisms
have been studied [61]. Marine actinomycetes living in extreme environmental conditions
are ideal for the synthesis of new secondary metabolites because of their adaptation to
reproduce, grow, and feed [5]. Endophyte actinomycetes are microorganisms that inhabit
plant tissues during the totality or part of the life cycle and do not cause negative effects in
the host [17]. Additionally, molecules produce functions as growth promoter metabolites,
antimicrobials to phytopathogenic fungi, improve gene expression of plant defense that
codify enzymes, such as phenylalanine ammonia-lyase (PAL), and improve nutrient absorp-
tion [62]. Wetlands are biologically important ecosystems that provide habitat, food, and
spawning areas for a number of plants and animals [7]. Hypersaline environments are ex-
treme habitats with high concentrations of salt, alkalinity, and low oxygen. Actinomycetes
have been isolated from different hypersaline environments, such as salt lakes, salt flats, salt
mines, and brine wells; however, these environments remain unexplored [6]. Compounds
and secondary metabolites of terrestrial microorganisms have been studied extensively,
hence the importance of searching for new isolation sources for actinomycetes [33].

6. Antifungal In Vitro Activity of Actinomycetes Isolated in Different Environments

The Streptomyces, Micromonospora, and Nocardiopsis species are within the main acti-
nomycetes that have been studied for their antifungal in vitro activity [63,64] and isolated
from different environments, such as terrestrial, marine, saline, and wetland (Figure 2).

Actinomycetes of terrestrial origin, such as Streptomyces sp., have demonstrated to
reduce the mycelial growth of R. bataticola by 65.3% [10]. Similar results were obtained for
Streptomyces sp. isolated from a terrestrial environment, reducing the mycelial growth of
Botrytis cinerea by 77% [59]. The antifungal activity of Streptomyces sp. VOCs of terrestrial
origin inhibited the mycelial growth of F. solani by 69% [53]. In addition, in another
investigation, Streptomyces sp. VOCs reduced the mycelial growth of C. acutatum by
77% [64]. Endophytic actinomycetes from marine and wetland environments have also
inhibited the growth of phytopathogenic fungi under in vitro conditions. A study of
S. polychromogenes endophytes from date palm roots inhibited the mycelial growth of
F. solani; the in vitro antifungal activity was associated with the production of lytic enzymes
that degrade the cell wall [1]. A Streptomyces sp. Extract of marine origin containing
oligomycin A inhibited the growth of Pyricularia oryzae hyphae by 83%, which damaged
the fungal membrane, inhibited conidial germination and appressoria formation [65].
Streptomyces spp. From marine environments have also inhibited the growth of Penicillum
digitatum, A. niger and F. solani by 92, 73, and 72%, respectively [66]. Actinomycetes from
marine environments, such as Streptomyces sp. And N. lucentensis, inhibited the mycelial
growth of F. solani by 72 and 68%, respectively, and Streptomyces sp. showed no significant
differences with the synthetic fungicide [67].
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Figure 2. Antifungal activity (% growth inhibition *) in vitro of actinomycetes isolated from different
environments [1,3,4,6,10,19–21,53,59,60,64–85].

7. Antifungal Activity of Actinomycetes In Vivo Isolated from Different Environments

The diseases transmitted by soil phytopathogenic fungi are difficult to control with
synthetic fungicides [21]. Plant diseases cause a yield loss of 50%, particularly in de-
veloping countries [86]. The antifungal activity of actinomycetes isolated from different
environmental conditions has been demonstrated in vitro conditions. However, research
in actinomycetes as biocontrol agents in vivo conditions has been limited to the study of
terrestrial actinomycete isolates (Figure 3) due to difficulties in sampling and culturing
microorganisms of marine, saline, and wetland environments, among others [5]. Neverthe-
less, interest still exists in finding more efficient strains that differ considerably with respect
to their biocontrol efficiency [19].

Streptomyces species from terrestrial environments have been shown to significantly
reduce the incidence of B. cinerea disease on chickpea plants by 47%, compared to the
control, and induce resistance in the host plant through antioxidant enzymes and phenolic
compounds [59]. The antifungal activity of the S. sichuanensis strain from terrestrial environ-
ments towards F. oxysporum was associated with siderophore production and whose extracts
induced apoptosis of phytopathogen cells. In the greenhouse experiment, the S. sichuanensis
strain significantly inhibited F. oxysporum infection in roots and bulbs of banana seedlings
and reduced the disease index by 51% [25].
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Figure 3. Antifungal activity (% growth inhibition *) of actinomycetes in vivo isolated from different
environments [1,4,10,21,25,29,59,60,63,69–71,73,74,77,78,80,83,85,87–97].

Moreover, the actinomycete endophytes of date palms decreased the sudden decline
syndrome (SDS) disease, caused by F. solani, by 86% under greenhouse conditions; these ef-
fects are related to the production of antifungal metabolites of the S. coeruleoprunus strain [1].
Studies of Streptomyces sp. extracts from marine environments have shown that the disease
index of F. oxyspoum significantly decreased by 80%. This effect could have been associated
with secondary metabolites causing the loss of osmotic balance, cell membrane rupture and
leakage of cellular components of F. oxyspoum [85]. Similarly, the application of S. vinaceus-
drappus from the marine environment on tomato plants showed a disease reduction (71%) of
root rot caused by R. solani compared to the untreated control [73]. In detached tomato leaves,
co-inoculation of A. solani with S. puniceus extract from wetland environments reduced the
disease by 98%, relative to the control, due to the presence of antifungal metabolites, such as
Alteramide A [77]. These investigations confirm the potential of actinomycetes isolated from
different environments, not only terrestrial, in plant disease management.

8. Antifungal Activity of Actinomycetes Isolated in Different Environments in
Postharvest Fruit

The main losses in post-harvest fruit are caused by phytopathogenic fungi, which
represent more than 50% of agricultural production [98]. In post-harvest fruit manage-
ment, antagonists are subjected to changes in pH, temperature, and humidity because in
these conditions the efficiency of biocontrol agents can be affected [99]. Actinomycetes
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from marine, saline, hypersaline, and wetland environments are subjected to extreme
environmental conditions that allow them to adapt to the changes in temperature, pH, and
humidity that occur post-harvest [19,100]. However, in most of the studies of actinomycetes
and biocontrol of phytopathogenic fungi in post-harvest fruit, the isolates provided are
from terrestrial environments (Figure 4). More studies should be performed with these
microorganisms isolated from different environments.

In the post-harvest trial on strawberries inoculated with B. cinerea, VOCs from Strepto-
myces sp. isolated from terrestrial environment inhibited the development of gray mold
symptoms on fruit by more than 87% compared to untreated control strawberries. In ad-
dition, B. cinerea conidia showed symptoms of swelling and crumbling and the fungal
mycelium showed structural alterations [53]. Moreover, incubation of apples infected
with C. acutatum in semi-closed boxes with Streptomyces sp. strains showed that the VOCs
produced by Streptomyces sp. reduced the rotting areas of the apples by 66% in relation to
the control treatment [64].

Marine actinomycetes, such as S. chumphonensis, reduced citrus green mold disease
caused by P. digitatum by 93%. The authors suggest that this effect may be related to the
production of antimicrobial substances [101]. Furthermore, Streptomyces sp. species from
marine environments and their metabolites showed high efficacy in the control of C. fragariae
in strawberry fruit, reducing the severity of anthracnose disease by 76%, in addition, fruit
hardness and color were maintained [80].

Figure 4. Antifungal activity (% growth inhibition *) of actinomycetes in post-harvest isolated from
different environments [3,19,20,53,64,68,84,102–109].
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9. Commercial Products Based on Actinomycetes

The main problem in obtaining commercial products based on microorganisms is that
their biocontrol capacity is different in in vitro trials and field experiments. In addition,
developing a commercial microorganism product is a complex, time-consuming, costly and
interactive process. The success of a biocontrol agent is its formulation, which must include
a specific concentration of the new microorganisms and a set of other inert ingredients
to produce a commercial product for its use in field conditions, and must show repeated
positive results, reasonable prices and easy handling [17]. The efficiency of these biocontrol
agents is affected by environmental factors, such as temperature, humidity, precipitation,
among other abiotic aspects which synthetic fungicides have overcome [33].

The factors outlined above all make the transfer of an effective biocontrol agent
under controlled laboratory conditions to a commercially available product for application
under field conditions difficult. Although the use of microorganisms as a biocontrol agent
is a current option to reduce synthetic fungicides, the ratio of actinomycetes registered
as biocontrol agents for commercial availability is still low [110]. From the commercial
products based on actinomycetes, Mycostop is the only product registered in Canada, the
European Union, and the United States of America (Table 2). Overall, an open field for the
industry is envisaged for actinomycete-based products in agriculture.

Table 2. Commercial products based in actinomycetes.

Commercial
Product

Actinomycete
Registered
Countries

Phytopathogen
Species/Target Disease

Main Effects Reference

Mycostop S. griseovirids
Canada, UE

countries, and
USA

Alternaria, R. solani,
Fusarium, Botrytis,

Phytophthora, and Pythium

Space and nutrient
competence and

produces polyenic
antibiotics

[111]

Actinovate S. lydicus Canada and USA

Pythium, Fusarium,
Phytophthora, Rhizoctonia,
and Verticillium, powdery
and downy mildew, and

Botrytis, Alternaria,
Geotrichum, and Sclerotinia

Induces resistance
in plants and

produces
extracellular

chitinases

[112]

Mycocide KIBC S. colombiensis South Korea Powdery mildews, grey
mold, and brown patch

Produces enzymes
and antibiotics [113]

Safegrow KIBC S. kasugaensis South Korea Sheath blight and large
patch

Produces enzymes
and antibiotics [113]

Kasugamycin,
Kasumin S. kasugaensis Ukraine Leaf spot, scab, and root

rot
Inhibit protein
biosynthesis [114]

Agrimycin,
Paushak,

Cuprimicin 17,
Astrepto 17

S. griseus

India, USA, New
Zealand, China,

Ukraine and
Canada

Bacterial rots, Xanthomona,
and Pseudomonas

Inhibit protein
biosynthesis [112]

Polyoxorim
(Endorse, Polyoxin

Z and Stopit)

S. cacaoi var.
asoensis UE countries

Sphaerotheca, powdery
mildews, Botrytis,

Sclerotium, Corynespora,
Cochliobolus, Alternaria,

sheath blight, and
Helminthosporium

Inhibit cell wall
biosynthesis and
causes abnormal
spore germ tube

swelling and
hypha points

[115]

Validacin, Valimun,
Dantotsupadan-
valida, Mycin
Hustler, Valida

S. hygroscopicus - Rhizoctonia Inhibit trehalase in
Rhizoctonia [116]

10. Conclusions

Actinomycetes are an option to control phytopathogenic fungi in agriculture and
their application reduces the use of synthetic fungicides. Marine, saline, and wetland
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environments are important sources for actinomycete isolation and in the discovery of
new compounds and secondary metabolites. Biocontrol studies have focused on isolates of
actinomycetes from terrestrial environments. Nevertheless, actinomycetes from marine,
saline, and wetland environments have equal or greater antifungal activity than those from
terrestrial environments.
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Abstract: In this work, the chemical composition of Rubia tinctorum root hydromethanolic extract
was analyzed by GC–MS, and over 50 constituents were identified. The main phytochemicals were
alizarin-related anthraquinones and flavoring phenol compounds. The antifungal activity of this
extract, alone and in combination with chitosan oligomers (COS) or with stevioside, was evaluated
against the pathogenic taxa Diplodia seriata, Dothiorella viticola and Neofusicoccum parvum, respon-
sible for the so-called Botryosphaeria dieback of grapevine. In vitro mycelial growth inhibition
tests showed remarkable activity for the pure extract, with EC50 and EC90 values as low as 66 and
88 μg·mL−1, respectively. Nonetheless, enhanced activity was attained upon the formation of conju-
gate complexes with COS or with stevioside, with synergy factors of up to 5.4 and 3.3, respectively,
resulting in EC50 and EC90 values as low as 22 and 56 μg·mL−1, respectively. The conjugate with
the best performance (COS-R. tinctorum extract) was then assayed ex situ on autoclaved grapevine
wood against D. seriata, confirming its antifungal behavior on this plant material. Finally, the same
conjugate was evaluated in greenhouse assays on grafted grapevine plants artificially inoculated
with the three aforementioned fungal species, resulting in a significant reduction in the infection rate
in all cases. This natural antifungal compound represents a promising alternative for developing
sustainable control methods against grapevine trunk diseases.

Keywords: antifungal; Botryosphaeriaceae; chitosan; GTDs; madder; stevioside; Vitis vinifera

1. Introduction

The joint presence of compounds of quinone and phenol categories in plant extracts
and, specifically, the differential content of anthracenediones and 4-tert-butyl-2-phenyl-
phenol, which might be responsible for the chromatic aberration of teak (difference between
heartwood and sapwood), has been the object of attention in the bibliography [1].

Anthracenediones are a class of molecules based on the 9,10-anthracenedione parent
(Figure 1a), which–among others–include purpurin (Figure 1a) and those synthesized by
the American Cyanamid Laboratories in the late 1970s [2]. Although mitoxantrone, which
has a dihydroxyanthraquinone central chromophore with two symmetrical aminoalkyl
side chains (Figure 1a), is considered the biologically most active anthracenedione [3],
other anthracenediones have also been reported to have antimicrobial activities: for in-
stance, anthraquinone aglycones have been found to have a remarkable in vitro activity
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against clinical strains of dermatophytes [4]; anthraquinone derivatives exhibit antifungal
activity against Candida albicans (C.P. Robin) Berkhout, Cryptococcus neoformans (San Felice)
Vuill., Trichophyton mentagrophytes (C.P. Robin) R. Blanch., Aspergillus fumigatus Fresen.
and Sporothrix schenckii Hektoen and C.F. Perkins [5,6]; purpurin possesses remarkable
antifungal activity against Candida spp. [7]; and alizarin or 1,2-dihydroxyanthraquinone
(Figure 1b) show antifungal behavior against Aspergillus niger Tieghem and A. ochraceus K.
Wilhelm [8].

 

Figure 1. (a) Structures of different anthracenediones and phenols; (b) structures of alizarin-3-O-β-
primeveroside, 3; lucidin-3-O-β-primeveroside, 1; and their aglycons (alizarin, 4; lucidin, 2). Glc,
D-glucose; xyl, D-xylose.

Flavoring phenols is a category that includes small free phenolic compounds (Figure 1a),
such as 2-methoxy-phenol (or guaiacol), 2-methoxy-4-vinylphenol (or 4-vinyl-guaiacol),
cis-2-methoxy -4-(1-propenyl)-phenol (or cis-eugenol) and 4-tert-butyl-2-phenyl-phenol,
which participate in the aroma of wine. Guaiacol and eugenol are characterized by spice,
clove, and smoke notes (guaiacol provides a roasted aroma and eugenol confers a clove
aroma); and 4-vinyl-guaiacol has an odor reminiscent of carnation (Dianthus flowers).
4-((1E)-3-hydroxy-1-propenyl)-2-methoxyphenol (or coniferyl alcohol) is a precursor of
grape and wine volatiles [9]. All of them are present in oak, but 4-tert-butyl-2-phenyl-
phenol has been referred as a constituent of Rubia cordifolia L. essential oil [10,11]. Regarding
their antifungal activities, a strong antifungal activity against Botrytis cinerea Pers. has been
referred for eugenol [12], and guaiacol has been found to be effective against sap-staining
fungi (Ophiostoma spp.) [13].

In this paper, the possibility of a joint presence of both anthracenediones and flavoring
phenols in Rubia tinctorum L. (Rubiaceae) has been explored, given that the presence of
9,10-anthraquinones and other biologically active compounds has been reported for other
members of the genus Rubia, mainly for R. cordifolia, as summarized in the review paper by
Singh, et al. [14].

R. tinctorum is widely distributed in southern and southeastern Europe, in the Mediter-
ranean area, and in central Asia. Its reddish roots contain hydroxyanthraquinones, such
as alizarin (used for the dyeing of textiles [15] and in the treatment of kidney and bladder
stones), purpurin (1,2,4-trihydroxyanthraquinone), and lucidin (Figure 1b.4) [16,17]; and
flavoring phenols such as 4-vinyl-guaiacol [18].

The interest in the joint presence of anthracenediones and phenols (as 2-methoxyphenols
and 4-tert-butyl-2-phenyl-phenol) lies in the possibility of synergies that enhance their
microbiological activity. In particular, this work focuses on their potential application
for the control of grapevine trunk diseases (GTDs), currently considered one of the most
relevant challenges in Viticulture, as these pathologies cause significant economic losses in
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grape growing areas all over the world. Under this generic concept, a series of mycoses
are grouped, which affect the wood of grapevine throughout its entire life cycle [19,20].
Among them, those that affect young plants coming from the nursery and in the first years
after planting are especially important from the economic point of view, being responsible
for numerous losses derived from the removal and replacement of plants in hundreds of
thousands of hectares around the world [21]. Some of these include the so-called "Black
Foot" disease, caused by different species belonging to soil-borne genera like Ilyonectria,
Campylocarpon, Cylindrocladiella, Dactylonectria, etc.; the etiological agents responsible for
Petri disease (mainly species of the genus Phaeoacremonium, and Phaeomoniella chlamydospora
(W. Gams, Crous, M.J. Wingf. and Mugnai) Crous and W. Gams) that for many authors
would be part of the first stages of the complex esca syndrome; or some species of the
ascomycete family Botryosphaeriaceae, especially certain aggressive taxa in the early years of
the plant such as Neofusicoccum parvum (included in the present study). In addition to these
pathologies, other complex syndromes have been described, such as the aforementioned
esca (attributable to certain species of lignicolous basidiomycetes), Eutypiosis (caused in
Europe by Eutypa lata (Pers.) Tul. and C. Tul.), or the so-called Botryosphaeria decay of
grapevine plants (also known as "Black Dead Arm" disease) caused by various genera and
species of this family such as the aforementioned N. parvum, Diplodia spp., Dothiorella spp.,
Lasiodiplodia spp. or Botryosphaeria spp.

Given that the prohibition of active ingredients such as sodium arsenite and benzim-
idazoles, which were used to control GTDs, has worsened the impact of these diseases,
they have become the subject of intense research efforts. Unfortunately, due to the breadth
and complexity of the problem, no single effective control measure against these mycoses
has been developed to date. Current strategies and future prospects for the manage-
ment of GTDs are thoroughly discussed in the review papers by Fontaine, et al. [22],
Bertsch, et al. [20], Mondello, et al. [23] and Gramaje, et al. [24], but the use of active ingre-
dients of natural origin, instead of conventional chemicals, poses an especially interesting
approach, aligned with the criteria of European legislation currently in force (Article 14 in
European Directive 2009/128/EC).

Taking into consideration that many phytochemicals have solubility and bioavailabil-
ity problems, in this work the bioactivity of the hydromethanolic extracts of R. tinctorum
against GTDs has also been assayed after the formation of conjugate complexes, either
with chitosan oligomers (COS) or with stevioside [a terpene glycoside obtained from Stevia
rebaudiana (Bertoni) Bertoni extract], which also have antifungal properties and which may
lead to a synergistic fungicide behaviour [25,26].

2. Material and Methods

2.1. Plant Material and Chemicals

The specimens of Rubia tinctorum under study were collected on the banks of the
Carrión river as it passes through the town of Palencia (Spain). The roots were shade-dried
and pulverized to fine powder in a mechanical grinder. Samples from different specimens
(n = 25) were thoroughly mixed to obtain composite samples.

Chitosan (CAS 9012-76-4; high MW: 310,000–375,000 Da) was supplied by Hangzhou
Simit Chem. & Tech. Co. (Hangzhou, China). NeutraseTM 0.8 L enzyme was supplied by
Novozymes A/S (Bagsværd, Denmark). Stevioside (CAS 57817-89-7, 99%) was purchased
from Wako Chemicals GmbH (Neuss, Germany). Quantities of 4-tert-butyl-2-phenylphenol
(CAS 98-27-1, 97%), 1,2-dihydroxyanthraquinone (CAS 72-48-0, 97%), sodium alginate
(CAS 9005-38-3), calcium carbonate (CAS 471-34-1, ≥99.0%) and methanol (CAS 67-56-
1, UHPLC, suitable for mass spectrometry) were acquired from Sigma-Aldrich Química
(Madrid, Spain). Agar (CAS 9002-18-0) and PDA (potato dextrose agar) were supplied by
Becton Dickinson (Bergen County, NJ, USA).
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2.2. Preparation and Physicochemical Characterization of the of R. tinctorum Extracts

Rubia tinctorum samples were mixed (1:20, w/v) with a methanol/water solution (1:1
v/v) and heated in a water bath at 50 ◦C for 30 min, followed by sonication for 5 min in pulse
mode with a 1 min stop for each 2.5 min, using a 1000 W probe-type ultrasonicator operated
at 20 kHz (model UIP1000hdT, Hielscher Ultrasonics, Teltow, Germany). The solution was
then centrifuged at 9000 rpm for 15 min and the supernatant was filtered through Whatman
No. 1 paper. Aliquots were lyophilized for the vibrational spectroscopy analysis.

The infrared vibrational spectra of both dried and ground roots and the lyophilized
extract were registered using a Thermo Scientific (Waltham, MA, USA) Nicolet iS50 Fourier-
transform infrared spectrometer, equipped with an in-built diamond attenuated total
reflection (ATR) system. The spectra were collected with a 1 cm-1 spectral resolution over
the 400–4000 cm−1 range, taking the interferograms that resulted from co-adding 64 scans.
The spectra were then corrected using the advanced ATR correction algorithm [27] available
in OMNICTM software suite.

The hydroalcoholic plant extract was studied by gas chromatography–mass spectrom-
etry (GC–MS) at the Research Support Services (STI) at Universidad de Alicante (Alicante,
Spain), using a gas chromatograph model 7890A coupled to a quadrupole mass spectrome-
ter model 5975C (both from Agilent Technologies). The chromatographic conditions were:
3 injections/vial, injection volume = 1 μL; injector temperature = 280 ◦C, in splitless mode;
initial oven temperature = 60 ◦C, 2 min, followed by ramp-up of 10 ◦C/min to a final
temperature of 300 ◦C, 15 min. The chromatographic column used for the separation of the
compounds was an Agilent Technologies HP-5MS UI of 30 m length, 0.250 mm diameter
and 0.25 μm film. The mass spectrometer conditions were: temperature of the electron
impact source of the mass spectrometer = 230 ◦C and of the quadrupole = 150 ◦C; ionization
energy = 70 eV. Test mixture 2 for apolar capillary columns according to Grob (Supelco
86501) and PFTBA tuning standards were used for equipment calibration. NIST11 library
and the monograph by Adams [28] were used for compound identification.

2.3. Preparation of Chitosan Oligomers and Bioactive Formulations

Chitosan oligomers (COS) were prepared according to the procedure reported by
Santos-Moriano, et al. [29], with the modifications indicated in [30], obtaining oligomers
with a molecular weight <2000 Da.

The COS-R. tinctorum and stevioside–R. tinctorum conjugate complexes were obtained
by mixing the respective solutions in a 1:1 (v/v) ratio. The mixtures were then sonicated
for 15 min in five 3-minute periods (so that the temperature did not exceed 60 ◦C) using a
probe-type ultrasonicator.

For the assays carried out on autoclaved wood, the conjugate complex was dispersed
in an agar matrix (15 g/L in Milli-Q water), using a procedure analogous to the one
described below for the in vitro tests.

For the in vivo assays, the bioactive product was dispersed in a calcium alginate
matrix. Hydrogel beads were prepared as follows: the control product was added to a
3% sodium alginate solution in a 2:8 ratio (20 mL compound/80 mL sodium alginate). Sub-
sequently, this solution was dispensed drop by drop onto a 3% calcium carbonate solution
to polymerize (30 min curing), obtaining beads with diameters in the 4–6 mm range.

2.4. Fungal Isolates

The three fungal isolates used (Table 1) were supplied as lyophilized vials (later
reconstituted and refreshed as PDA subcultures) by the Agricultural Technological Institute
of Castilla and Leon (ITACYL, Valladolid, Spain) [31].
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Table 1. Fungal isolates used in the study.

Code Isolate Binomial Nomenclature Geographical Origin Host/Date

ITACYL_F098 Y-084-01-01a Diplodia seriata De Not. Spain
(DO Toro)

Grapevine
(‘Tempranillo’) 2004

ITACYL_F118 Y-103-08-01 Dothiorella viticola
A.J.L.Phillips and J.Luque

Spain
(Extremadura)

Grapevine
2004

ITACYL_F111 Y-091-03-01c

Neofusicoccum parvum
(Pennycook and Samuels)

Crous, Slippers and
A.J.L.Phillips

Spain
(Navarra, nursery)

Grapevine
(‘Verdejo’) 2006

2.5. Antifungal Activity Assessment
2.5.1. In vitro Tests of Mycelial Growth Inhibition

The antifungal activity of the different treatments was determined using the agar
dilution method according to EUCAST standard antifungal susceptibility testing proce-
dures [32], by incorporating aliquots of stock solutions onto the PDA medium to obtain
concentrations in the 15.62–1500 μg·mL−1 range. Mycelial plugs (∅ = 5 mm) from the
margin of 1-week-old PDA cultures of D. seriata, D. viticola or N. parvum were transferred
to plates incorporating the above-mentioned concentrations for each treatment (3 plates
per treatment/concentration, with 2 replicates each). Plates were then incubated at 25 ◦C in
the dark for a week. PDA medium without any amendment was used as control. Mycelial
growth inhibition was estimated according to the formula: ((dc − dt)/dc) × 100, where dc
and dt represent the average diameters of the fungal colony of the control and of the treated
fungal colony, respectively. Effective concentrations (EC50 and EC90) were estimated using
PROBIT analysis in IBM SPSS Statistics v.25 (IBM; Armonk, NY, USA) software. The level
of interaction (i.e., synergy factors) was determined according to Wadley’s method [33].

2.5.2. Assays on Autoclaved Grape Wood

The formulation (COS-R. tinctorum conjugate) that showed the best performance in
the in vitro assays was then tested on autoclaved grapevine wood to assess its behaviour
on plant material against the least sensitive fungus in the previous plate tests. One-year-old
dormant canes (Vitis vinifera L. cv. ‘Tempranillo’) were cut into 16 cm (length) and 0.8–1 cm
(diameter) segments and autoclaved twice at 121 ◦C (20 min) to eliminate any microbial
contamination. Inoculation was performed by first making two approximately 3 mm deep
slits with a scalpel (without reaching the medullary tissue) per shoot, 8–10 cm apart and
located in the internodes. A 3 mm diameter plug of PDA agar coming from the margin
of a 10-day colony of the pathogen (D. seriata) was placed in each slit, flanked by 2 plugs
(∅ = 3 mm) of bacteriological agar that contained the tested conjugate complex. After
this, the wounds were covered with autoclaved cotton moistened with sterile bi-distilled
water and sealed with ParafilmTM tape. Inoculated shoots were placed in transparent
culture boxes on a bed of sterile filter paper, periodically moistened (with sterile double
distilled water), and incubated for 21 days in a climatic chamber at 26 ◦C, with 70% RH
and a 12/12 h photoperiod. A total of 5 boxes with 3 replicates/box each were arranged,
together with a positive control inoculated only with D. seriata (1 box with 3 replicates) and
a negative control without pathogen, inoculated only with the conjugate (also 1 box with
3 replicates).

After the incubation period, segments were recovered from the boxes, and each of
them was divided into two halves of approximately 8 cm, before longitudinal cuts were
made in each half. Finally, the length of the vascular necroses produced was measured
longitudinally on upper and lower directions from the inoculation point for both halves,
and compared with those of controls.
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2.5.3. Greenhouse Bioassays on Grafted Plants

Bioassays with COS (chosen as a reference) and COS-R. tinctorum conjugate com-
plexes were performed in living plants in order to scale the protective capabilities of
these compounds against the three selected Botryosphaeriaceae species in young grapevine
plants. As summarized in Table S1, plant material consisted of 30 plants of ‘Tempranillo’
(CL. 32 clone) (2 year old) cultivar and 30 plants of ‘Garnacha’ (VCR3 clone) (1 year old)
cultivar, grafted on 775P and 110R rootstocks, respectively. Each plant was cultured on
a 3.5 L plastic pot containing a mixed substrate of moss peat and sterilized natural soil
(75:25), incorporating slow release fertilizer when needed along the culture cycle. Plants
were maintained in the greenhouse with drip irrigation and anti-weed ground cover from
June to December 2020 (6 months). One week after placing them in pots, young, grafted
plants were artificially inoculated with the pathogens and the COS-R. tinctorum treatment.
Five repetitions (plants) were arranged for each pathogen*cultivar combination, together
with 4 positive controls/(pathogen*cultivar) plus 3 negative controls (incorporating only
the bioactive product) for each cultivar. Inoculations of both pathogens and the control
product were carried out directly on the trunk of the living plants at two sites per stem
(separated >5 cm) below the grafting point and not reaching the root crown. For the
different fungi, agar plugs from the margin of 5 day old fresh PDA cultures of each species
were used as fungal inoculum. In the aforementioned two inoculation points of each
grapevine plant, slits of approx. 15 mm in diameter and 5 mm deep were made with a
scalpel. Subsequently, 5 mm diameter agar plugs were placed directly into contact with
vascular tissue in the stem; simultaneously, calcium alginate hydrogel beads containing
the bioactive product were placed at both sides of the agar plug; and the whole set was
covered with cotton soaked in sterile bi-distilled water and sealed with ParafilmTM tape.
During the culture period, application of copper (cuprous oxide 75%, Cobre NordoxTM

75 WG) to control downy mildew outbreaks was performed in mid-July, accompanied with
a first sprouting (followed by periodic sprouting). Plants were visually examined weekly
for the presence of foliar symptoms. After six months in the greenhouse, the plants were
removed, two sections of the inoculated stems between the grafting point and the root
crown were prepared and sectioned longitudinally. The length of the vascular necroses
was scored longitudinally on upper and lower directions from the inoculation point for
both halves of the longitudinal cut, and the average measures of these were statistically
analysed and compared depending on the type of pathogen. All the data were compared
with positive and negative controls. Finally, grapevine plants removed and measured at the
end of the assay were also processed to re-isolate the different pathogenic taxa previously
inoculated. Thus, 5 mm long wood chips exhibiting vascular necroses (1–2 cm around
the wounds) were washed, their surface sterilized, then placed in PDA plates amended
with streptomycin sulphate (to avoid bacterial contamination) and incubated in a culture
chamber at 26 ◦C in the dark for 2–3 days.

2.6. Statistical Analyses

The results of the in vitro inhibition of mycelial growth were statistically analyzed
using one-way analysis of variance (ANOVA), followed by post hoc comparison of means
through Tukey’s test at p < 0.05 (provided that the homogeneity and homoscedasticity
requirements were satisfied, according to the Shapiro–Wilk and Levene tests). In the case
of autoclaved grapevine wood and greenhouse assay results, since the normality and
homoscedasticity requirements were not met, the Kruskal–Wallis non-parametric test was
used instead, with the Conover–Iman test for post hoc multiple pairwise comparisons. R
statistical software was used for all the statistical analyses [34].

3. Results

3.1. Vibrational Characterization

The assignment of the main absorption bands in the infrared spectra of the R. tinctorum
root powder and root extracts is shown in Table 2. The most prominent band, attributed to
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the benzene ring in aromatic compounds, occurs at ca. 1500 cm−1. The bands at 1592 cm−1

and 1676 cm−1 can be assigned to the in-phase C=O and symmetrical C=C vibrations
from anthraquinone.

Table 2. Main bands in the infrared spectra of root and lyophilized R. tinctorum extract and of two of its main constituents.

R. tinctorum
Anthraquinone

4-tert-butyl-2-
phenylphenol

Assignment
Root Powder Extract

3334 3335 Bonded O–H stretching (cellulose)

2964 sp3 C–H
2920 2920 2925 =C–H groups of aromatic rings

2856 aliphatic C–H asymmetrical stretching

2724 β–OH, typical of α-hydroxy
anthraquinone

1727 1733 C=O from esters

1704 ester C=O

1676 C=O in anthraquinones

1639 1620 1633 C=O in anthraquinones

1602 1605 1592 1585 phenyl ring (aromatic skeletal vibration)
>C=C< in anthraquinones

1552 1545 carboxylate stretches/C=C aromatic

1511 1480 methylene C–H bend

1461 1470 methyl C–H asymmetrical

1435 1430 =C–H in plane bending

1414 1416 1420 vinyl C–H in plane bending

1370
1406
1370

1377
1366 1385 C–C asymmetrical stretching

phenolic hydroxyl groups

1355 C–O stretching/methylene C–H
bending

1333
1329 1325 C–H in-plane deformation

methylene C–H bending

1316 1316 1306 vinylidene C–H in plane bending

1255 1255 1287 1270 C–O stretching/C=C
symmetric stretching

1207 1215 C–O stretching/C–H in plane bending

1171 1180 –C–O–C– stretching

1142 1153 1135

1100 1099

1087 1080

1020 1025 C–C stretching

951 969 C–H out-of-plane bending

3.2. Gas Chromatography–Mass Spectrometry Analysis of the Extract

In R. tinctorum root hydromethanolic extracts, the main analyzed components (Table 3)
were: the anthraquinone family (19.4%) consisting of 2-methyl-9,10-anthracenedione (or
β-methylanthraquinone) (15.5%), 1,2-dihydroxyanthraquinone (or alizarin), 1,8-dihydroxy-3-
methylanthraquinone, 1-hydroxy-9,10-anthracenedione (or α-hydroxyanthraquinone) and
1-hydroxy-4-methylanthraquinone; cyclopentenones (2.3%), such as 2-hydroxy-2-cyclopenten-
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1-one and 4-cyclopentene-1,3-dione; and the phenol category (7.5%), constituted by cis-2-
methoxy-4-(1-propenyl)-phenol (or cis-eugenol), 2-methoxy-phenol (or guaiacol), 2-methoxy-
4-vinylphenol (or 4-vinyl-guaiacol), 4-tert-butyl-2-phenylphenol, and coniferyl alcohol. Other
phytochemicals of interest were 4-methoxy-4',5'-methylenedioxybiphenyl-2-carboxylic acid
(8.6%), 1,4-diacetyl-3-acetoxymethyl-2,5-methylene-l-rhamnitol (8.3%) and guanosine (5.8%).

Table 3. Phytochemicals identified in R. tinctorum root hydromethanolic extract by GC–MS.

Peak Rt (min) Area (%) Assignments

1 4.6369 1.99 4-pentenoic acid, ethyl ester
2 4.7440 0.26 l-gala-l-ido-octose
3 4.8414 0.52 4-cyclopentene-1,3-dione
4 5.0021 1.09 oxime-, methoxy-phenyl-
5 5.1968 0.46 1-(2-furanyl)-ethanone
6 5.2942 1.36 2,5-diethenyltetrahydro-2-methyl-furan
7 5.3770 1.82 2-hydroxy-2-cyclopenten-1-one
8 6.0781 0.70 2,4-dihydroxy-2,5-dimethyl-3(2H)-furan-3-one
9 6.3312 2.91 2-hydroxy-γ-butyrolactone

10 6.6331 2.47 glycerin
11 6.7694 1.93 1,2-cyclopentanedione, 3-methyl-
12 6.9690 1.19 2-acetamido-2-deoxy-α-D-glucopyranose
13 7.1345 0.76 butyronitrile, 4-ethoxy-3-hydroxy-
14 7.2952 1.55 2,5-dimethyl-4-hydroxy-3(2H)-furanone
15 7.4267 0.77 trimethyl(tetrahydrofuran-2-ylperoxy)silane
16 7.6798 1.01 2-methoxy-phenol (or guaiacol)
17 7.7869 2.20 L-alanine, methyl ester
18 8.2008 2.65 dimethyl dl-malate
19 8.3955 0.64 ethanamine, N-ethyl-N-nitroso-
20 8.5270 2.47 4H-pyran-4-one, 2,3-dihydro-3,5-dihydroxy-6-methyl-
21 9.1453 0.87 4H-pyran-4-one, 3,5-dihydroxy-2-methyl-
22 9.2865 0.97 catechol
23 9.4471 0.94 1,4:3,6-dianhydro-α-d-glucopyranose
24 9.6857 0.35 5-hydroxymethylfurfural
25 10.3965 0.31 2-acetoxy-5-hydroxyacetophenone
26 10.5718 0.50 p-cymen-7-ol
27 10.8882 2.80 2-methoxy-4-vinylphenol (or 4-vinylguaiacol)
28 11.2193 0.98 DL-arabinose
29 11.7451 1.09 DL-proline, 5-oxo-, methyl ester
30 12.0470 0.74 vanillin
31 12.6702 1.96 2-methoxy-4-(1-propenyl)-phenol (Z)- (or cis-isoeugenol)
32 13.1473 1.05 1-[4-(methylthio)phenyl]-ethanone
33 13.4492 0.86 butylated hydroxytoluene
34 13.6877 0.57 benzeneacetic acid, 4-hydroxy-3-methoxy-, methyl ester
35 13.9458 0.82 1,4-diacetyl-3-acetoxymethyl-2,5-methylene-l-rhamnitol
36 14.3693 2.44 α-methyl-l-sorboside
37 15.0461 5.78 guanosine
38 15.5865 8.31 1,4-diacetyl-3-acetoxymethyl-2,5-methylene-l-rhamnitol

39 16.0734 1.65 4-((1E)-3-hydroxy-1-propenyl)-2-methoxyphenol (or
coniferyl alcohol)

40 17.4561 0.43 5-amino-1-(4-amino-furazan-3-yl)-1H-[1–3]triazole-4-
carbonitrile

41 17.9088 1.18 hexadecanoic acid, methyl ester
42 18.2594 1.17 n-hexadecanoic acid

43 19.1552 0.76 5-(1,1-dimethylethyl)[1,1′-biphenyl]-2-ol (or
4-tert-butyl-2-phenylphenol)

45 19.4278 0.69 cyclopentadecane

46 19.6421 0.15 1-hydroxy-9,10-anthracenedione (or
α-hydroxyanthraquinone)

47 19.8709 15.54 9,10-anthracenedione, 2-methyl- (or β-methylanthraquinone)
48 20.7278 1.43 1-hydroxy-4-methylanthraquinone
49 21.1659 1.75 1,2-dihydroxyanthraquinone (or alizarin)
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Table 3. Cont.

Peak Rt (min) Area (%) Assignments

50 21.8038 1.40 azacyclotridecan-2-one, 1-(3-aminopropyl)-
51 23.0550 0.81 glycerol 1-palmitate
52 23.3812 0.73 bis(2-ethylhexyl) phthalate

53 23.8973 0.24 1,8-dihydroxy-3-methyl-9,10-anthracenedione (or
1,8-dihydroxy-3-methyl anthraquinone)

54 24.2673 8.57 4-methoxy-4′,5′-methylenedioxybiphenyl-2-carboxylic acid

55 24.4474 0.42 9-octadecenoic acid (Z)-,
2-hydroxy-1-(hydroxymethyl)ethyl ester

56 25.4260 0.35 squalene

57 29.2333 0.62 octasiloxane,
1,1,3,3,5,5,7,7,9,9,11,11,13,13,15,15-hexadecamethyl-

58 29.9051 0.40 γ-sitosterol

It is worth noting that the flavoring phenols found in the hydroalcoholic extracts from
R. tinctorum (guaiacol, 4-vinyl-guaiacol and cis-eugenol) were the same present in oak,
which are used to confer aroma to wine.

3.3. Antifungal Activity
3.3.1. In vitro Tests of Mycelial Growth Inhibition

The results of the mycelial growth inhibition tests for the hydromethanolic R. tinctorum
root extract, alone or forming a conjugate complex with COS or stevioside, are presented
in Figure 2 and Figures S2–S4. The antifungal activity of the extract was found to be
much higher than those of COS and stevioside alone, reaching full inhibition at concen-
trations in the 93.8–250 μg·mL−1 range, depending on the pathogen (vs. 1500 μg·mL−1

for COS and stevioside). Upon conjugation with stevioside, some improvement in the
germicide effect could be observed: for instance, the inhibition of D. seriata was higher
at the 78.1 μg·mL−1 concentration (76.3% vs. 45.9%), and the full inhibition of D. viticola
and N. parvum was attained at a lower concentration (93.8 vs. 125 μg·mL−1, and 125 vs.
250 μg·mL−1, respectively). Nonetheless, the best results were obtained for the COS−R.
tinctorum extracts, for which full inhibition was recorded at the lowest concentrations (in
the 70.3–78.1 μg·mL−1 range).

In order to provide a tentative explanation for the strong antifungal activity observed
in the extracts, three of the presumably bioactive constituents were also assayed (an
anthracenedione, a phenol and a purine nucleoside) separately. The results, presented in
Figures S5–S8, showed that 4-tert-butyl-2-phenylphenol was the most active (full inhibition
of the three fungi was attained at concentrations in the 78.1–93.8 μg·mL−1 range), but 1,2,4-
trihydroxyanthraquinone and guanosine were also effective (full inhibition was reached at
concentrations in the 187.5–500 and 250–375 μg·mL−1 ranges, respectively). Such values are
comparable to those found for the whole R. tinctorum extract, suggesting that the activity
cannot be ascribed to a single constituent, but rather to the combination of several of them.

To quantify the synergistic behavior observed for the conjugate complexes, effective
concentrations were estimated (Table 4) and synergy factors (SF) were then calculated
according to Wadley’s method (Table 5). As expected, the synergism between COS and R.
tinctorum extract was noticeably higher than the one observed between stevioside and R.
tinctorum extract, with SF values in the 2.23–5.35 and 1.36–3.29 range, respectively.

3.3.2. Assays on Autoclaved Grapevine Wood

The results from the ex situ experiment conducted on autoclaved grapevine canes
for the most promising treatment (COS-R. tinctorum conjugate complex) and the least
sensitive fungus (D. seriata), presented in Table 6, showed that the application of the
bioactive product led to statistically significant differences in terms of vascular necroses
vs. the positive control. Nonetheless, it did not lead to full inhibition, given that there
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were statistically significant differences in the length of vascular lesions compared with
the negative control (shoots inoculated only with the bioactive compound). This could be
tentatively attributed to the chosen dispersion medium (agar), which was replaced with
calcium alginate in subsequent in vivo experiments.

 

 

 

Figure 2. Colony growth measures of (a) D. seriata, (b) D. viticola and (c) N. parvum strains when cultured in PDA
plates containing the various control products (viz. chitosan oligomers (COS), stevioside, R. tinctorum hydromethanolic
extract, stevioside−R. tinctorum and COS-R. tinctorum conjugate complexes) at concentrations in the 62.5−1500 and
15.62−250 μg·mL−1 range ordered according to the least and the most active products, respectively. The same letters above
concentrations indicate that they are not significantly different at p < 0.05. Error bars represent standard deviations.

Table 4. EC50 and EC90 effective concentrations. Values are expressed in μg·mL−1, and are followed by the standard errors
of fit.

Pathogen EC COS Stevioside R. tinctorum COS—
R. tinctorum

Stevioside—
R. tinctorum 4-tert . . .

1,2,4-
trihydro

. . .
Guanosine

D. seriata
EC50 744.4 ± 43.9 288.1 ± 15.3 78.0 ± 0.8 63.1 ± 0.3 73.6 ± 0.3 53.0 ± 2.1 45.4 ± 3.4 130.4 ± 12.8
EC90 1179.9 ± 58.2 840.5 ± 62.3 87.8 ± 1.9 73.4 ± 0.9 82.4 ±0.7 73.2 ± 2.3 171.4 ± 18.7 249.9 ± 28.5

D. viticola
EC50 554.3 ± 27.4 306.9 ± 26.6 66.2 ± 2.9 22.1 ± 1.4 80.0 ± 0.7 25.7 ± 3.6 37.2 * 182.7 ± 7.7
EC90 1138.7 ± 75.0 917.0 ± 74.3 90.2 ± 8.7 55.5 ± 4.6 90.7 ± 1.5 71.2 ± 9.0 74.9 * 308.1 ± 23.7

N. parvum EC50 680.2 ± 43.1 194.8 ± 13.4 92.3 ± 0.5 38.2 ± 1.4 75.1 ± 0.8 62.2 ± 0.7 72.0 ± 14.8 95.1 ± 22.6
EC90 1326.6 ± 83.2 723.8 ± 56.7 184.0 ± 1.1 66.3 ± 4.2 89.2 ± 1.9 70.6 ± 2.2 338.4 ± 37.9 317.8 ± 33.9

* Could not be reliably calculated (lack of points).
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Table 5. Synergy factors, estimated according to Wadley’s method.

Pathogen EC
Synergy Factor

COS-R. tinctorum Stevioside—R. tinctorum

D. seriata
EC50 2.24 1.67
EC90 2.23 1.93

D. viticola
EC50 5.35 1.36
EC90 3.01 1.81

N. parvum EC50 4.26 1.67
EC90 4.87 3.29

Table 6. Kruskal–Wallis test and multiple pairwise comparisons using the Conover–Iman procedure for the lengths of the
vascular necroses scored for D. seriata in the ex situ autoclaved grapevine canes assay.

Sample Frequency Sum of Ranks Mean of Ranks Groups

COS-R. tinctorum negative control 24 300.000 12.500 A
COS-R. tinctorum-D. seriata 120 10,193.000 84.942 B

Positive control 24 3703.000 154.292 C

Treatments/controls labelled with the different letters are significantly different at p < 0.05.

3.3.3. Greenhouse Bioassays on Grafted Plants

When the best treatment (COS-R. tinctorum conjugate complex) was further assayed
in vivo, significant differences were found against the positive controls in all cases (Table 7),
confirming its antifungal behavior on the plant material. Nonetheless, complete inhibition
was not reached against any of the three pathogens for the assayed dose (100 μg·mL−1)
comparing with non-infected controls, suggesting that a higher concentration than the
EC90 values found in the in vitro tests (and/or a different dispersion medium) should be
assayed when the treatment is used in future field trials.

Table 7. Kruskal-Wallis test and multiple pairwise comparisons using the Conover–Iman procedure for the lengths of the
vascular necroses for the three phytopathogen in greenhouse in vivo assays.

Pathogen Sample Frequency Sum of Ranks Mean of Ranks Groups

D. seriata
COS-R. tinctorum negative control 32 725.500 22.672 A

COS-R. tinctorum-D. seriata 72 6124.000 85.056 B
Positive control 56 6030.500 107.688 C

D. viticola
COS-R. tinctorum negative control 32 1295.000 40.469 A

COS-R. tinctorum-D. viticola 72 4885.000 67.847 B
Positive control 64 8016.000 125.250 C

N. parvum
COS-R. tinctorum negative control 32 572.000 17.875 A

COS-R. tinctorum-N. parvum 48 3695.000 76.979 B
Positive control 64 6173.000 96.453 C

Treatments/controls labelled with the different letters are significantly different at p < 0.05.

4. Discussion

4.1. On the Constituents of R. tinctorum Extracts

The composition here reported was different from that found by Derksen and Van
Beek [35] (using LC–DAD and HPLC–MS(/MS) with ESI or APCI), where lucidin primevero-
side and ruberythric acid were the major anthraquinone components in an ethanolic-water
extract, and from the one reported by Jalill [18] for a methanolic extract, which was rich
in 9,12-octadecadienoic acid (29.75%), 9-octadecenoic acid hexadecyl ester (26.1%) and
2-ethyl-2-(hydroxymethyl)-1,3-propanediol, (10.1%), but poor in anthracenediones (4.0%)
and 2-methoxy-4-vinylphenol (0.5%).
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Significant differences in composition were also observed in comparison with the
Rubia cordifolia essential oil characterized by GC–MS, in which mollugin (rubimaillin
or methyl 6-hydroxy-2,2-dimethylbenzo[h]chromene-5-carboxylate) was found to be the
major component, followed by 3-methyl-2-cyclopenten-1-one, eugenol, anethole and 4-tert-
butyl-2-phenylphenol [10,11].

Although the geographical location, time of year and age of the plant are known
to influence the composition [15], the observed differences should be mainly ascribed to
differences in both the extractive chemicals and in the extraction process (nature of the
alcoholic solvent, alcohol:water ratio and mechanical enhancers such as sonication [36,37]),
and to the characterization technique, provided that previous studies on R. tinctorum
extracts [36,38–41] were conducted by HPLC and LC–HRMS (instead of GC–MS) and
generally focused only on anthraquinones, anthraquinone glycosides and aglycones.

4.2. On the Combined Effect of Anthraquinones and Phenols

It is known that increasing the activity of a parent molecule can be pursued either by
testing multiple substituent changes on the base core (the impact of the number, nature,
and location of substituents on the anthraquinone moiety on its inhibitory potency against
pathogenic fungi has been studied in [42]), or by testing the effect of coexistence with
other molecules with which synergistic behavior may occur. In general, anthraquinone
per se is a relatively inert compound, but in the presence of glucose, anthrahydroquinone
units (formed by reduction of anthraquinone) reduce the quinone–methide units (issued
by dehydration of phenolic β-O-4 lignin) mainly by electron transfer leading to guaia-
col [43]. Thus, the presence of 4-vinyl-guaiacol, cis-eugenol, coniferyl alcohol or 4-tert-
butyl-2-phenylphenol phytochemicals in the R. tinctorum hydromethanolic extract should
be referred to the same origin. As regards a subsequent interaction of these phenols
with anthraquinones, it cannot be excluded: Maurino et al. [44] have demonstrated that
quinonoid compounds excited by sunlight react with phenols, transforming them into
tetrasubstituted dihydroxybiphenyls and phenoxyphenols. Nevertheless, in the absence of
induced sunlight, no reaction between anthraquinones and methoxy- and phenyl-phenols
has been described in the literature (to the best of the authors’ knowledge), so at this point
it is not possible to establish whether the activity of R. tinctorum extracts may be referred to
an additive effect of both families of components or to a synergistic one.

4.3. Comparison with Efficacies Reported in the Literature

An overview of the antimicrobial activities reported for R. tinctorum in the literature
is presented in Table S2. Concerning its antifungal behavior, full inhibition of Aspergillus
flavus Link and Fusarium oxysporum Schltdl. at a concentration of 100 μg·mL−1 has been
reported by Kalyoncu, et al. [45], and inhibition percentages in the 18–43% range were
reported against Trichoderma viride Pers., Doratomyces stemonitis (Pers.) Nees, Aspergillus
niger, Penicillium verrucosum Dierckx, Alternaria alternate (Fr.) Keissl., Aureobasidium pullulans
(de Bary) G. Arnaud and Mucor mucedo L. by Manojlovic et al. [46], although the assayed
concentration was not reported. Activity against other fungi (e.g., Penicillium expansum
Link, Geotrichum candidum Link, Fusarium solani (Mart.) Sacc., Postia placenta (Fr.) M.J.
Larsen and Lombard, Trametes versicolor (L.) Lloyd) has also been reported, albeit not in a
quantitative manner [47,48].

The contribution of anthraquinones to antifungal activity is well-established, given
that anthracenediones from other plants have proven to be effective against a wide vari-
ety of phytopathogenic fungi. For instance, anthraquinones isolated from Cassia tora L.,
Coccoloba mollis Casar., Rheum palmatum L., Morinda lucida Benth. or Aegle marmelos (L.)
Corrêa, to name a few, showed antifungal behavior against phytopathogenic fungi such
as Botrytis cinerea, Blumeria graminis (DC.) Speer, Phytophthora infestans (Mont.) de Bary,
Puccinia recondita Roberge ex Desm., Pyricularia grisea Sacc., Rhizoctonia solani J.G. Kühn,
Botryospheria ribis Grossenbacher and Duggar, B. rhodina (Berk. and M.A. Curtis) Arx,
Lasiodiplodia theobromae (Pat.) Griffon and Maubl., Fusarium sp., Fusarium graminearum
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Schwabe, Mycosphaerella melonis (Pass.) W.F. Chiu and J.C. Walker, Fusarium oxysporum f.
sp. vasinfectum (G.F. Atk.) W.C. Snyder and H.N. Hansen, Phyllosticta zeae Stout, Sclerotinia
sclerotiorum (Lib.) de Bary, Cladosporium cucumerinum Ellis and Arthur and Aspergillus
spp. [49–53]. The underlying mechanism of action has been studied, for example, for
purpurin against Candida spp., finding that it elevates intracellular ROS levels, depolarizes
the mitochondrial membrane potential, downregulates of the expression of hypha-specific
genes and the central morphogenetic regulator Ras1p and degrades DNA [54,55].

On the other hand, the antifungal activities of 2-methoxy- and 2-tert-butyl-substituted
phenols against phytopathogens have been less studied, although a strong antifungal activity
of 2-methoxy-4-(1-propenyl)-phenol against Botrytis cinerea was reported by Wang et al. [12];
against B. rhodina, Rhizoctonia sp. and Alternaria sp. by de Oliveira Pereira et al. [56]; and
against A. alternata (Fr.) Keissl., Sarocladium oryzae (Sawada) W. Gams and D. Hawksw.,
F. graminearum, F. equiseti (Corda) Sacc. and F. verticillioides (Sacc.) Nirenberg by Pilar
Santamarina et al. [57]. Likewise, 2-methoxy-phenol was effective against sap-staining
fungi (Ophiostoma spp.), according to Velmurugan et al. [13]. Regarding their mechanism
of action, it has been proposed that, for instance, eugenol acts on cell membrane by a
mechanism that seems to involve the inhibition of ergosterol biosynthesis, and the lower
ergosterol content interferes with the integrity and functionality of the cell membrane [56].
It has also been suggested that, taking into consideration that it induced the generation of
H2O2 and increased free Ca2+ in the cytoplasm, its activity may also be referred to mem-
brane binding and permeability alteration, leading to the destabilization and disruption of
the plasma membrane [12].

4.4. On the Synergistic Behaviour of R. tinctorum Extracts with COS and Stevioside

To date, it has been verified that chitosan acts as an elicitor on R. tinctorum, stimulating
anthraquinone synthesis [58]; chitosan/poly (lactic acid) nanoparticles have been evaluated
as a novel carrier for the delivery of anthraquinone [59]; and chitosan-based hydrogels
have been studied for the adsorption of anthraquinone dyes [60]. Nonetheless, after a
thorough bibliographical survey, no previous examples of the use of chitosan or stevioside
for the formation of conjugate complexes with anthraquinones could be found.

On the other hand, examples of synergistic behaviour have been reported, for in-
stance, for chitosan combined with Cinnamomum zeylanicum Blume essential oils, rich in
eugenol [61]. These authors hypothesized that eugenol alters the surface and structure
of the fungal cell wall, and COS acts as a potentiator by reducing cell wall synthesis and
facilitating death in an energy-dependent manner. In this regard, the accepted and potential
mechanisms of action behind the antimicrobial properties of chitosan have been thoroughly
discussed in the review paper by Ma et al. [62]. Those of stevioside have been discussed
in [63], and are related to the uncoupling of mitochondrial oxidative phosphorylation and
the permeabilization of the cell membrane.

Nonetheless, taking into consideration that the antifungal activity of both COS and
stevioside alone was substantially lower than that of the R. tinctorum extract, and given
that the use of most free anthraquinones in pharmaceutical industries is limited by their
poor water solubility and low bioavailability [64], the observed strong synergistic behavior
with COS and stevioside should probably be referred to a solubility and bioavailability
enhancement through the formation of inclusion compounds or conjugate complexes
(discussed, in the case of chitosan, in the recent review paper by Detsi et al. [65] and, for
steviol glycosides, in the works by Nguyen et al. [66,67]). Examples of antifungal activity
enhancement via the formation of conjugate complexes against GTDs have been previously
reported in [25,26,68], albeit with worse EC50 and EC90 values than those reported in
this work.

5. Conclusions

The GC–MS analysis of R. tinctorum hydroalcoholic extracts revealed that, apart from
members of the anthraquinone family (19.4%), flavoring phenols similar to those found in
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oak (used to confer aroma to wine) and guanosine were also present. R. tinctorum extract,
alone and forming conjugate complexes with COS and stevioside, along with three of
its constituents, were assayed in vitro against three Botryosphaeriaceae taxa. R. tinctorum
extract led to a strong mycelial growth inhibitory effect in all cases, with EC90 values
as 88 μg·mL−1. Although 4-tert-butyl-2-phenylphenol was its most active constituent,
1,2,4-trihydroxyanthraquinone and guanosine were also effective, suggesting the activity
cannot be ascribed to a single constituent, but rather to the combination of several of them.
As regards the strong synergistic behavior observed upon conjugation with COS, which
resulted in EC90 values in the 56–73 μg·mL−1 range, it may be ascribed to solubility and
bioavailability enhancement, rather than to the antifungal activity of chitosan (which is
much weaker than that of R. tinctorum). The treatment for which the best results were
attained in plate tests (COS-R. tinctorum conjugate complex) was then tested ex situ on
autoclaved grapevine twigs and in young, grafted plants in greenhouse assays. A signifi-
cant reduction in the infection rate was found in all cases. Hence, this natural antifungal
compound may deserve further examination in larger field trials, as it may be hold promise
for the sustainable control of GTDs.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3
390/plants10081527/s1, Table S1. Repetitions for each of the plant/treatment combinations in the green-
house bioassay. Each grafted plant was inoculated at two sites below grafting point; Table S2. Examples
of application of R. tinctorum extracts against microorganisms reported in the literature; Figure S1. GC–
MS spectrum of R. tinctorum root hydromethanolic extract; Figures S2–S4. Mycelial growth inhibition
of D. seriata/D. viticola/N. parvum upon treatment with: chitosan oligomers, stevioside, R. tinctorum
hydromethanolic extract, stevioside–R. tinctorum conjugate complex, and COS-R. tinctorum conjugate
complex at different concentrations; Figure S5. Colony growth measures of D. seriata, D. viticola
and N. parvum strains when cultured in PDA plates containing the main phytochemicals found in
R. tinctorum hydromethanolic extracts at concentrations in the 62.5–1500 and 15.62–250 μg·mL−1

range for the least and the most active products, respectively; Figures S6–S8. Mycelial growth
inhibition of D. seriata/D. viticola/N. parvum upon treatment with the main phytochemicals found
in R. tinctorum hydromethanolic extracts: purpurin, guanosine, and 4-tert-butyl-2-phenylphenol, at
different concentrations.
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Abstract: In this study, the in vitro effects of different Se concentrations (5, 10, 15, 20, and 100 mg kg−1)
from different Se forms (sodium selenite, sodium selenate, selenomethionine, and selenocystine)
on the development of a Fusarium proliferatum strain isolated from rice were investigated. A
concentration-dependent effect was detected. Se reduced fungal growth starting from 10 mg kg−1

and increasing the concentration (15, 20, and 100 mg kg−1) enhanced the inhibitory effect. Se bioac-
tivity was also chemical form dependent. Selenocystine was found to be the most effective at the
lowest concentration (5 mg kg−1). Complete growth inhibition was observed at 20 mg kg−1 of Se
from selenite, selenomethionine, and selenocystine. Se speciation analysis revealed that fungus was
able to change the Se speciation when the lowest Se concentration was applied. Scanning Electron
Microscopy showed an alteration of the fungal morphology induced by Se. Considering that the
inorganic forms have a higher solubility in water and are cheaper than organic forms, 20 mg kg−1 of
Se from selenite can be suggested as the best combination suitable to inhibit F. proliferatum strain. The
addition of low concentrations of Se from selenite to conventional fungicides may be a promising
alternative approach for the control of Fusarium species.

Keywords: fungi; Fusarium; selenium; micronutrient; inhibition; bioactivity

1. Introduction

Selenium (Se) is an essential micronutrient for humans and animals, and is involved
in numerous biological processes, such as cellular response to oxidative stress, cellular
differentiation, redox signaling, and protein folding [1–3]. More than 25 Se-containing
proteins have been identified in mammals, having a role in the regulation of redox processes.
Among Se proteins, Se is a crucial component of glutathione peroxidase, whose main
biological role is to protect against oxidative damage by reducing free hydrogen peroxide
to water and lipid hydroperoxides to their corresponding alcohols [4].

In addition to humans and animals, Se is also beneficial to plants when applied at
low concentrations [5–8]. For example, Se contributes to the control of water status [9],
prevents oxidative stress, delays senescence, and promotes growth [10]. Due to this
experimental evidence, numerous studies have investigated Se-biofortification strategies
for providing plant protection against abiotic stresses and, at the same time, when possible,
beneficial food for human health [11–13]. As demonstrated for many other nutrients, Se
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also shows a U-shaped relationship between concentration in living organisms and the risk
of deficiency toxicity that occurs both below and above the physiological range, which is
very narrow [3,14]. Furthermore, Se effects on living organisms are not only concentration
dependent but are also related to its chemical form and its bioavailability [15].

Depending on certain experimental conditions (i.e., application mode, concentration,
form, and application timing), Se is beneficial to plants and, at the same time, detrimental
to plant pathogens [16–18]. For this reason, the activity and role of Se within a plant–
pathogen interaction are worthy of more in-depth elucidation. To date, several studies
concerning the use of Se salt treatment for the control of a range of plant pathogens have
been undertaken, such as, Aspergillus funiculosus, Alternaria tenuis, Fusarium spp. and
Fusarium graminearum in artificial media [19–21]; Fusarium spp. and Alternaria brassicicola
in Indian mustard [22]; Fusarium oxysporum f. sp. lycopersici in tomato [23]; Penicillium
expansum in artificial media [18]; Botrytis cinerea in tomato [24]; and F. graminearum in
wheat [21]. Other studies showed the Se protective effect in plants against the activity
of mycotoxins, such as zearalenone [25,26] and aflatoxin B1 [27]. The in vitro and in vivo
ability of Se to reduce the deoxynivalenol (DON) production by F. graminearum was also
explored [21]. Additionally, in soil, Se was found to enhance the microbiome diversities
and the relative abundance of Plant Growth Promoting Bacteria (PGPB), while reducing
the number of pathogenic fungi [28].

These results indicate that Se might serve as a potential alternative to synthetic fungi-
cides for the control of certain plant diseases caused by several fungal pathogens [18].

In a previous study [29] on rice (Oryza sativa L.) seedlings (variety Selenium) cul-
tivated in a hydroponic system in the presence of half-strength Hoagland solution [30],
browning of stem bases was detected in more than 50% of total plants. Interestingly, the rice
seedlings grown with the same method but in the presence of a Se salt (sodium selenite at a
concentration of 20 mg L−1 of Se) showed a noticeably lower presence of these symptoms
(observed only in approximately 5% of total plants). This observation, as successively
described in the present paper, led us to identify the fungal microorganism associated with
these symptoms as belonging to the species Fusarium proliferatum, a member of the Fusarium
fujikuroi species complex (FFSC), a group of 40 closely related Fusarium species defined by
morphological traits, sexual compatibility, and DNA-based phylogenetic analysis [31–33].
F. proliferatum is a globally widespread causal agent of diseases of various economically
important plants including staple crops such as cereals. F. proliferatum is mostly found
to colonize maize [34], but has also been isolated from rice [35,36], wheat [33], sorghum,
millet [37,38], asparagus [39], garlic [40], and date palm [41]. In rice, F. proliferatum is a
well-known pathogen associated with Bakanea disease. This seed-borne disease is also
caused, in addition to F. proliferatum, by other species belonging to FFSC, such as Fusarium
fujikuroi and Fusarium verticillioides. The typical symptoms of Bakanae disease are seedling
blight, root and crown rot, pale green to yellowing of foliage, chlorotic leaves, and abnormal
elongation [36,42,43].

The presence of F. proliferatum in plants is also a potential risk to animal and human
health because of its ability to biosynthesize several mycotoxins, such as fumonisins [44].
In particular, maize and, to a lesser extent, rice, are the matrices in which natural contami-
nations of this mycotoxin are more common [45].

Due to the global importance of both F. proliferatum and the host (rice) from which
it has been isolated, and because, to the best of our knowledge, no studies have been
conducted on the effect of Se against F. proliferatum, in the present study we investigated the
in vitro effect of various Se concentrations (5, 10, 15, 20, and 100 mg kg−1 of Se) from four
different Se chemical forms (sodium selenite, sodium selenate, selenomethionine (Se-Met),
and selenocystine (Se-Cys)) on the development of a F. proliferatum strain isolated from
rice seedlings. Additionally, a Se speciation analysis was performed to obtain information
on the occurrence of Se metabolites and their distribution, as a consequence of Se biocon-
version operated by the fungus. Finally, Scanning Electron Microscopy (SEM) analysis
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was also carried out to investigate the possible modifications induced by Se on the hyphal
morphology of F. proliferatum.

As a result, the best combination of Se form and Se concentration suitable for the
in vitro inhibition of the development of F. proliferatum is described. In addition, the ob-
tained results were found to be useful for the hypothesis of new and alternative approaches
to manage F. proliferatum infections of rice and other cereal crops, perhaps coupled with a
Se-biofortification strategy [46] of grains destined for human and animal food products.

2. Results

2.1. Identification of the F. proliferatum Strain PG-CH1 Isolated from Rice Seedlings

The strain PG-CH1, obtained from rice seedlings, was identified as F. proliferatum
showing a similarity score of >99% with the reference sequences of the same species
deposited on NCBI and Fusarium MLST databases. The identification was also confirmed
by phylogenetic analysis (Figure 1) based on a single locus dataset of translation elongation
factor 1α (tef1α) partial sequences (631 bp). The strain PG-CH1 clustered together with the
reference strain F. proliferatum G18SXS9-2 (Accession Number MK952837) and Gibberella
intermedia S1S (sexual stage of F. proliferatum; Accession Number JN092349) showed high
bootstrap support (95%).

Figure 1. Phylogenetic relationship of PG-CH1 strain (triangle) and members of the Fusarium fujikuroi species complex
shown in a maximum likelihood dendrogram based on the Kimura 2-parameter model. The tree with the highest log
likelihood (–1567.09) is shown. Bootstrap values are indicated above the branch nodes. A discrete Gamma distribution was
used to model evolutionary rate differences among sites.

2.2. The In Vitro Inhibitory Activity of Different Se Forms on F. proliferatum Strain PG-CH1 Growth

One representative image for each treatment (untreated or treated with Se from differ-
ent forms and concentrations) is shown in Figure 2, in which the in vitro inhibitory activity
of Se on F. proliferatum strain PG-CH1 colony growth on Potato Dextrose Agar (PDA) is
reported. In combination with the growth reduction, as can be inferred from Figure 2, an
alteration induced by Se on the morphology of F. proliferatum strain PG-CH1 colonies was
also observed. In particular, a lower cottony texture and a lower mycelium density, in
addition to a more intense red pigmentation in the central area of the colony, were visible
in the presence of Se in comparison to the untreated control. These morphological modifi-
cations were macroscopically more appreciable in the presence of lower Se concentrations
(5–10 mg kg−1) that allowed a certain colony development. Interestingly, the presence of
Se from selenate induced a considerable mycelium ramification (Figure 2b) that was not
detected in the presence of Se from other chemical forms. To improve clarity, please note
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that the ramification was considered for radial growth measurement. Data relative to radial
growth reduction in F. proliferatum strain PG-CH1 colonies concerning the untreated control
(0 mg kg−1 of Se), measured after 10 days of incubation at 22 ± 2 ◦C in the dark in the
presence of various Se concentrations (5, 10, 15, 20, and 100 mg kg−1) from different Se
forms (selenite, selenate, Se-Met, and Se-Cys), are summarized in Figure 3.

 
Figure 2. Effect of increasing selenium concentrations from different selenium forms on the colony development of Fusarium
proliferatum strain PG–CH1 after 10 days of incubation at 22 ± 2 ◦C in the dark in comparison to the untreated control.
Selenite (a), selenate (b), selenomethionine (c), selenocystine (d).

Significant differences in radial growth reduction in F. proliferatum strain PG-CH1
colonies relative to the untreated control (0 mg kg−1 of Se) were detected both within a
Se form for different concentrations and within a Se concentration for different Se forms.
Focusing the attention on Se from selenite (Figure 3), the inhibitory activity of 5 mg kg−1

concentration was significantly lower (p < 0.05) than those caused by all other concentra-
tions, whereas Se concentrations of 15, 20, and 100 mg kg−1 showed a significantly higher
inhibitory activity (p < 0.05) than the concentration of 10 mg kg−1. The same significant
(p < 0.05) gradient described for selenite was observed for Se-Met (Figure 3). In contrast,
regarding Se from selenate (Figure 3), the inhibitory activity caused by Se concentrations
of 5, 10, 15, and 20 mg kg−1 was not significantly different (p > 0.05). Only the highest
Se concentration (100 mg kg−1) showed a significant effect (p < 0.05) on the reduction
in F. proliferatum strain PG-CH1 growth in comparison to the inhibition caused by all
other concentrations.
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Figure 3. Effect of five selenium (Se) concentrations (5, 10, 15, 20, and 100 mg kg−1) from sodium selenite (selenite; red
circles), sodium selenate (selenate; blue squares), selenomethionine (Se–Met; green up–triangles), and selenocystine (Se-Cys;
black down-triangles) on Fusarium proliferatum strain PG-CH1 colony development. The inhibitory activity was measured
after 10 days of incubation at 22 ± 2 ◦C in the dark and expressed as the mean (± standard error) of colony radial growth
reduction (%) relative to the untreated control (0 mg kg−1 of Se), calculated according to the equation: (radial growthcontrol

− radial growthtreatment): radial growthcontrol × 100. One-way ANOVA was used to determine statistically significant
differences in radial growth of the tested strain. In the table, within a Se form (A–C) or a Se concentration (a–b), means
with the same letter are not significantly different at p < 0.05 based on the Tukey Honestly Significant Difference multiple
comparison test.

The growth reduction performed by Se from Se-Cys (Figure 3) was not significantly
different (p < 0.05) across the five Se concentrations tested; that is, the inhibitory activity de-
tected at the lowest concentration of 5 mg kg−1 of Se was not different from that observed
following the treatment with higher Se concentrations, including that of 100 mg kg−1.
The concentration of 5 mg kg−1 Se from Se-Cys showed a significantly higher (p < 0.05)
inhibitory activity with respect to Se from all other chemical forms. Increasing the con-
centration to 10 mg kg−1 of Se from Se-Cys and selenite showed a similar (p > 0.05) effect
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on the growth reduction in F. proliferatum strain PG-CH1, followed by Se from Se-Met. Se
inhibition activity from this last compound was, in turn, significantly lower (p < 0.05) than
Se from Se-Cys but not significantly different (p > 0.05) from that observed for Se from
selenite. Conversely, at this concentration, Se from selenate showed the significantly lowest
(p < 0.05) inhibitory activity compared with that of Se from the other three forms. At the
concentrations of 15 and 20 mg kg−1, Se from selenite, Se-Cys, and Se-Met showed a similar
(p > 0.05) effect on fungal growth reduction, whereas Se from selenite showed, in both
cases, a significantly lower (p < 0.05) inhibitory activity than those detected for Se from the
other three chemical forms. Finally, at the highest tested concentration (100 mg kg−1), the
inhibitory activity of Se from Se-Cys was significantly lower (p < 0.05) than those detected
for Se from selenite, selenate, and Se-Met.

Summarizing, all Se treatments from different Se forms showed a certain effect on
F. proliferatum strain PG-CH1. In particular, the highest inhibitory activity at the lowest
concentration of Se (5 mg kg−1) tested in this experiment was caused by Se from Se-Cys,
whereas increasing the concentrations (10, 15, and 20 mg kg−1) of Se from selenite, Se-Cys,
and Se-Met showed a higher reduction in fungal colony growth than Se from selenate. Se
from selenite, selenate, and Se-Met inhibited F. proliferatum strain PG-CH1 growth more
than Se-Cys at 100 mg kg−1. The control treatment (PDA amended with Na+ 100 mg kg−1

from Sodium chloride (NaCl)) showed a negligible effect on the growth of F. proliferatum
strain PG-CH1 colonies, because only a radial growth reduction up to 1.8% was observed
(Supplementary Figure S1).

2.3. Se Speciation

Se speciation analysis was performed on Se-amended PDA in the presence of F.
proliferatum strain PG-CH1, and on Se-amended PDA in the absence of F. proliferatum
strain PG-CH1. In the presence of fungus, Se-speciation data showed a transformation
of the applied Se form (selenite, selenate, Se-Cys, and Se-Met) in other Se chemical forms
(Figure 4). Conversely, no transformation of the applied Se form was observed in the
absence of F. proliferatum strain PG-CH1 (data not reported).

In general, in the presence of fungus, the observed Se transformation in other Se chem-
ical forms was reduced by increasing Se concentration to such an extent that no conversion
was detected at the highest Se concentration (100 mg kg−1). This observation suggests the
capacity of the fungus to metabolize Se at low concentrations, whereas accumulation of the
applied Se form occurred at the highest Se concentration. For that reason, in the follow-
ing, we discuss the Se speciation results in the presence of F. proliferatum strain PG-CH1,
focusing on the lowest Se concentrations applied of 5 and 10 mg kg−1. When inorganic
Se from selenite was applied, the conversions in Se-Cys (up to 36%) and Se-Met (up to
16%) were mainly observed (Figure 4a); when inorganic Se from selenate was applied, the
conversions in Se-Met (up to 58%), Se-Cys (up to 16%), and selenite (up to 8%) occurred
(Figure 4b). When organic Se from Se-Met was applied, Se speciation analysis revealed
mainly the conversion in Se-Cys (up to 72%) and a trace of selenite (up to 4%) (Figure 4c);
when Se-Cys was applied, it was converted to selenite (up to 24%), selenate (up to 11%),
and Se-Met (up to 8%) (Figure 4d).

To ascribe with certainty the Se transformation in other Se forms to F. proliferatum
strain PG-CH1, Se speciation was also performed on PDA amended with Se in the absence
of the fungus. Based on the above results (Figure 4), the lowest Se concentration (as the
concentration at which the greater Se conversion into other Se forms occurred) was selected
and Se speciation analysis was performed on PDA amended with 5 mg kg−1 of Se from
selenite, selenate, Se-Cys, and Se-Met in the absence of F. proliferatum strain PG-CH1. The
obtained data did not show the transformation of the applied Se form in other Se chemical
forms, thus confirming that the observed Se transformations in other chemical forms were
undertaken by F. proliferatum strain PG-CH1.
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Figure 4. Selenium (Se) speciation data showing different Se chemical forms and their distribution after 10 days of incubation
in the growth medium (potato dextrose agar) in the presence of Fusarium proliferatum strain PG-CH1 and following the
application of increasing Se concentrations (5, 10, 15, 20, and 100 mg kg−1) as sodium selenite (selenite; a), sodium selenate
(selenite; b), selenomethionine (Se-Met; c), and selenocystine (Se-Cys; d).

2.4. Selenium (20 mg kg−1) from Sodium Selenite Effect Observed by SEM

Based on the results obtained for the in vitro inhibitory activity of Se from different Se
forms on F. proliferatum strain PG-CH1 growth, for SEM analysis we focused our attention
on the effect of 20 mg kg−1 of Se from selenite (Figure 5).

In general, a lower mycelium density with shorten hyphae was observed in the treated
samples (Figure 5d) in comparison to the untreated ones (Figure 5a). In detail, a strong
hyphal collapse was also noticed in the treated samples (Figure 5e,f) compared to the
untreated samples (Figure 5b,c). This observation showed additional evidence that Se
from selenite at the concentration of 20 mg kg−1 was able to determine the inhibition of F.
proliferatum strain PG-CH1 growth, which was also manifested by the alteration of fungal
hyphae morphology and density.
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Figure 5. Scanning Electron Microscopy images showing Fusarium proliferatum strain PG-CH1 hyphae grown for 10 days
on potato dextrose agar (PDA) not amended with selenium (Se) (labelled as control) (a–c) and on PDA amended with
20 mg kg−1 of Se as sodium selenite (selenite; labelled as selenite 20) (d–f). The effect of 20 mg kg−1 of Se as selenite caused
appreciable modifications in the morphology and density of F. proliferatum strain PG-CH1 hyphae (d–f) in comparison to
the untreated control (a–c).

3. Discussion

This study aimed to assess the inhibitory activity of Se toward F. proliferatum strain
PG-CH1 isolated from rice seedlings. Several studies [3,14,15] showed that Se effects
on living organisms depend on Se concentration, in addition to the Se chemical form
and bioavailability. Se is one of the few non-metals exhibiting variable oxidation states—
selenate (+6), selenite (+4), elemental Se (0), and selenide (−2). Moreover, the distribution of
the valence states in a given environment strongly depends on several parameters, such as
biological interactions, pH, redox conditions, the solubility of its salts, the chemical complex
of soluble and solid ligands, reaction kinetics, and temperature [47,48]. Consequently, Se
naturally occurs in different chemical forms. Among these, in living organisms, Se is found
both in inorganic forms (mainly as selenite and selenate) and organic forms (mainly as
Se-Cys and Se-Met) [49]. In general, it has been reported that organic Se forms have less
toxicity compared to inorganic forms in living organisms [3].

Based on the above, in this study, four different Se chemical forms (inorganic Se
as selenite and selenate; organic Se as Se-Met and Se-Cys) in the concentration range
5–100 mg kg−1 of Se were tested. This concentration range was selected after a preliminary
test in which F. proliferatum strain PG-CH1 was grown on PDA amended with Se concen-
tration (from selenite) in the range 1–200 mg kg−1. A negligible effect on the reduction in
the fungal growth was observed up to 5 mg kg−1 of Se, whereas the fungal growth was
almost completely inhibited at 100 mg kg−1 of Se.
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In general, in our experimental conditions, a significant in vitro concentration-dependent
Se bioactivity from different Se forms towards F. proliferatum strain PG-CH1 was observed.
For example, with the exception of Se from selenate, Se reduced (>60%) the F. proliferatum
strain PG-CH1 growth relative to the untreated control starting from the concentration
of 10 mg kg−1. Additionally, by increasing Se concentration to 15 and 20 mg kg−1, the
growth reduction caused by Se from selenite, Se-Met, and Se-Cys exceeded 80%. Finally, at
the concentration of 100 mg kg−1 of Se, F. proliferatum strain PG-CH1growth was almost
completely inhibited (growth reduction of ≥89%), regardless of the applied Se form. An
in vitro concentration-dependent activity of Se was previously reported to inhibit A. funicu-
losis, A. tenuis, and Fusarium spp. (Se from selenite) [19], P. expansum (Se from selenite) [18],
B. cinerea (Se from selenite) [50], A. brassicicola, Fusarium spp. (Se from selenate) [22], and F.
graminearum (Se from selenite, selenate, Se-Met, and Se-Cys) [21] growth. In addition to re-
porting that the effect of Se (from selenite) against a strain of Fusarium sp. was concentration
dependent, Yin et al. 2017 [51], showed that Se (from selenite) in the range 0.1–1.0 mg kg−1

promoted the growth of another strain belonging to the F. tricinctum species.
Moreover, the results obtained in this study showed that Se bioactivity was not only

concentration dependent but, as mentioned above, also related to the Se chemical form
deployed and its bioavailability. For example, Se from selenate exhibited the lowest
bioactivity in up to 20 mg kg−1 of Se (radial growth reduction in F. proliferatum strain PG-
CH1 colonies of up to 28%) compared to the other Se forms (percentage of radial growth
reduction in F. proliferatum colonies ranged from 83 to 97% at 20 mg kg−1 of Se from selenite,
Se-Cys, and Se-Met). Conversely, Se from Se-Cys was found to be the most effective at the
lowest Se concentration (radial growth reduction in F. proliferatum colonies at 5 mg Kg−1 of
79.3%, whereas Se from other forms reduced the growth by up to 13.1% at 5 mg kg−1 of
Se). However, it should be recalled that, at the concentrations of 10, 15, and 20 mg kg−1, Se
from selenate altered the morphology of F. proliferatum strain PG-CH1 colonies by inducing
hyphae ramification and decreasing mycelium density. In addition, in vitro (20–80 mg L−1)
and in planta (wheat, 20 mg L−1) effects of Se from selenite, selenate, Se-Met, and Se-Cys
on fungal growth (in vitro), symptoms (in planta), and DON accumulation (in vitro and in
planta) was compound dependent [21].

For further investigation of the process of growth inhibition resulting from Se supple-
mentation to the growth medium, we performed Se speciation analysis to obtain informa-
tion on the occurrence of the process of Se conversion in other chemical forms operated by
F. proliferatum strain PG-CH1, or on the process of Se accumulation. No transformation of
the applied Se forms occurred in the absence of F. proliferatum, whereas transformation of
the applied Se forms was observed in the presence of the fungal microorganism, indicating
that F. proliferatum strain PG-CH1 can metabolize Se.

In particular, the fungal capacity to transform the applied Se form was reduced
by increasing Se concentration (Figure 4). Thus, we can hypothesize that the complete
growth inhibition in F. proliferatum strain PG-CH1 colonies observed at 100 mg kg−1 of
Se may be related to the accumulation (and consequent toxicity) of the applied Se forms.
Concerning the lowest Se concentration applied, the observed inhibition of F. proliferatum
strain PG-CH1 growth is more difficult to explain. Based on the collected speciation data
and considering that the biochemistry of Se resembles that of sulfur (S) [52], we hypothesize
several mechanisms as follows:

(i) The occurrence of redox processes mediated by Se (e.g., selenate reduction to selenite,
see Figure 4b), which may have affected the regular physiological processes of the
fungal microorganism.

(ii) The formation of organic Se compounds caused by the fungus (e.g., inorganic Se is
converted to Se-Met and Se-Cys, see Figure 4a,b; Se-Met is converted to Se-Cys, see
Figure 4c; Se-Cys is converted to Se-Met in small amounts, see Figure 4d), which
may lead to direct incorporation of Se-Cys and Se-Met into proteins, rather than the
analog sulfur-containing amino acids S-Cys and S-Met, a process previously reported
in the literature [53,54]. In this case, the growth inhibitory effect may be ascribed to
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a different conformation of the Se proteins concerning analog S proteins to such an
extent that a modification in protein activity should not be excluded.

(iii) The direct incorporation of the applied Se-Cys and Se-Met into proteins, a process
which may explain the higher bioavailability of organic Se forms compared to inor-
ganic Se forms.

(iv) The relationship of Se with oxidative stress [5]. For example, it is known that in
certain filamentous fungi, mycelium metamorphosis, in structures that ensure fun-
gal propagation, is induced by increased oxidative stress. Conversely, decreased
oxidative stress causes a permanence of undifferentiated mycelia, and inhibition of
metamorphosis and fungal propagation [55]. The extension of this theory predicts
that any antioxidant (such as Se at certain doses) can stop fungal propagation by
inhibiting its metamorphosis, thus acting as a natural fungicide.

To support hypotheses (ii) and (iii) for explaining the Se toxic effect, it has been
reported that an excess of Se-containing proteins can have adverse effects on cellular
metabolism [56]. Finally, we also noted a strong smell in the culture medium amended
with Se, which may be due to the production of the volatile compound dimethyl selenide,
(CH3)2Se, as a consequence of the detoxification mechanism of the fungus. As reported in
the literature [57], the methylation of inorganic Se by microorganisms produces volatile
inorganic compounds that are less toxic than inorganic forms.

Se speciation analysis is a powerful tool for detecting the final products of the Se
bioconversion operated by fungi; nevertheless, Se speciation data alone are not sufficient to
provide an in-depth explanation of the metabolic pathway of Se in fungal microorganisms.
Several authors attempted to explain the bioavailability and toxicity of the Se forms for
fungal microorganisms at the molecular and/or physiological levels. For example, Refer-
ence [58] reports that selenite and selenate are assimilated through oxyanion transporters,
and, once inside the cells, they are transformed into selenide through a reductive pathway
that may involve the enzyme glutathione peroxidase. In the presence of oxygen, selenide
can promote the formation of reactive oxygen species (ROS), which may damage DNA,
proteins, and other cellular macromolecules. Selenide is also the intermediate for the
formation of selenocystine, from which selenomethionine can then be formed in organisms
with a functional transsulfuration pathway. Several metabolomic studies demonstrated
that selenocysteine can also be formed from selenomethionine [59,60]. However, the reason
for the differences in bioavailability and toxicity possessed by different Se forms remains
unknown and further studies are needed to better understand the critical metabolic pro-
cesses that determine Se tolerance or toxicity. Based on the obtained results and considering
that the inorganic forms of Se (selenite and selenate) have a higher solubility in water and
are cheaper than organic forms (Se-Cys and Se-Met), we concluded that 20 mg kg−1 of
Se from selenite can be suggested as the best combination of Se form and concentration
suitable to in vitro inhibit the development of the considered F. proliferatum strain PG-CH1.

Even if the use of a single strain of F. proliferatum does not allow a general conclusion
to be drawn at the species level, the results obtained may provide a basis for further
investigations concerning Se effects against this polyphagous and global fungal pathogen,
and for other Fusarium or fungal species. Further developments of this research can be
undertaken by screening a higher number of F. proliferatum strains to assess the inhibitory
activity of Se in a wider population context. This because not all isolates of a species may be
sensitive to Se activity, and the phenomenon of Se tolerance by fungi has been previously
described [61].

In addition, the activity of Se on the biosynthesis of fumonisins mycotoxins by F.
proliferatum may also be interesting to explore, in addition to the impact of Se on the growth
of other Fusarium species and their mycotoxins. Finally, these results may be also useful
for evaluating the ability of Se to control F. proliferatum infections of rice in the field, in
addition to this or other Fusarium species in different cereal hosts. Moreover, the addition
of low concentrations of Se from selenite to conventional fungicides may be a promising
alternative approach for the control of Fusarium species in different cereal hosts [62,63].
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Many fungicides are categorized as polluting, and it can be reasonably assumed that
the addition of Se may help in reducing the concentration of the chemical active ingredient
by maintaining the same fungicidal efficacy and decreasing the potentially hazardous effect
on the environment and human health [17,19] simultaneously realizing a Se-biofortification
of cereal grains [64]. Within the U-shaped range [14], Se is an essential micronutrient with
beneficial effects in animals and humans [65].

4. Materials and Methods

4.1. Chemicals and Reagents

Sodium selenite (Na2SeO3; selenite), sodium selenate (Na2SeO4; selenate), Se-L-
Cystine (C6H12N2O4Se2; Se-Cys), Se-DL-methionine (C5H11NO2Se; Se-Met), Hoagland
stock solution, NaCl, streptomycin sulfate, protease, ethanol 95%, agarose, trizma base-
glacial acid acetic-ethylene diamine tetra acetic acid disodium salt dihydrate (TAE), EF1
and EF2 primers, glutaraldehyde, and phosphate buffer were all purchased from Sigma-
Aldrich (Saint Louis, MO, USA). PDA was purchased from Biolife Italiana (Milan, Italy).
Sodium hypochlorite (NaClO) 7% was purchased from Carlo Erba Reagents (Milan, Italy).
RedSafe was purchased from iNtRON Biotechnology (Burlington, MA, USA). Gene Ruler1
kb was purchased from Thermo Fisher Scientific (Walthman, MA, USA). Dnase free sterile
water was purchased from 5prime (Hilden, Germany). HyperLadder 100–1000 bp was
purchased by Bioline (Cincinnati, OH, USA).

4.2. Obtainment of Fusarium proliferatum Strain PG-CH1 from Rice Seedlings

The F. proliferatum strain PG-CH1 used in this study was isolated from rice seedlings
(variety Selenium). To assess the fungal microorganisms affecting rice seedlings, portions
of symptomatic material were surface disinfected for 1 min with water-ethanol 95%-NaClO
(7%, solution) (82:10:8% vol.) and rinsed with sterile water for 1 min. After the disinfection
process, small pieces (0.5 cm) of seedling tissue were placed onto PDA supplemented with
streptomycin sulfate (0.16 g L−1) into 5 Petri dishes (90 mm diameter) containing 7 pieces
each (7 pieces from one single seedling, 1 seedling per plate, 5 seedlings in total). The
dishes were incubated at 22 ◦C in the dark, and after 5 days a combination of visual and
stereomicroscope (SZX9, Olympus, Tokyo, Japan) observations were carried out on each
piece to assess fungal development. After visual observations, fungal colonies having
similar morphology on PDA showed a higher (95%) isolation incidence.

According to colony color and shape on PDA from visual examination, in addition
to the morphology of reproductive structures by microscope analysis (Axiophot, Zeiss,
Oberkochen, Germany), they were considered to potentially belong to the genus Fusarium
and a representative isolate (named PG-CH1) of all of those obtained was transferred
onto new plates containing PDA and grown at 22 ◦C in the dark. After the obtainment
of monosporic culture, the isolate was placed onto new PDA plates at 22 ◦C in the dark
for two weeks. Successively, the mycelium was scraped from the PDA surface and placed
into 2 mL sterile plastic tubes (Eppendorf, Hamburg, Germany) and stored at −80 ◦C.
Following freeze drying with a lyophilizer (Heto Powder Dry LL3000; Thermo Fisher
Scientific, Walthman, MA, USA), the mycelium was finely ground with a grinding machine
(MM200, Retsch, Dusseldorf, Germany) for 6 min with a frequency of 25 Hz.

DNA extraction was carried out using the method previously described in [66]. Ex-
tracted genomic DNA was visualized on a 1% agarose, TAE gel in TAE buffer (1X) contain-
ing 500 μL L−1 of RedSafe. DNA fragments were separated in 10 cm long agarose gels,
with an electrophoresis apparatus (Eppendorf) applying a tension of 110 V for ~30 min.
Electrophoretic runs were visualized using an ultraviolet transilluminator (Euroclone,
Milan, Italy). DNA concentration was estimated by comparison with Gene Ruler 1 kb
included in each gel as a control. DNA was diluted with Dnase free sterile water for
molecular biology use to obtain a concentration of ~30 ng μL−1 and stored at −20 ◦C
until use. The DNA extracted from the Fusarium isolate was subjected to tef1α gene am-
plification, purification, and sequencing. PCR protocol is described in [67] adopting EF1
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(ATGGGTAAGGA(A/G)GACAAGAC) and EF2 (GGA(G/A)GTACCAGT(G/C)ATCATGTT)
primers [68]. PCR assays were performed on a T-100 thermal cycler (Bio-Rad, Hercules,
CA, USA). The PCR fragment was visualized on TAE 1X agarose gel (2%) containing
500 μL L−1 of RedSafe. The DNA fragment was separated by an electrophoresis apparatus
applying a tension of 110 V for ~40 min. Electrophoretic runs were observed with an
ultraviolet transilluminator. The size of the amplified fragment was obtained by compari-
son with HyperLadder 100–1000 bp. The PCR fragment was purified and sequenced by
an external sequencing service (Genewiz Genomics Europe, Takeley, UK). The sequence
obtained was verified by Chromatogram Explorer Lite v 4.0.0 (HeracleBiosoft srl, Mioveni,
Romania, 2011) and compared to those deposited on the BLAST database (National Cen-
ter for Biotechnology Information (NCBI) Basic Local Search Tool (BLAST)), available
online at http://blast.ncbi.nlm.nih.gov (accessed on 1 November 2018) [69], and the Fusar-
ium MLST database (available online at http://fusarium.mycobank.org/, accessed on
1 November 2018).

To further confirm the species identity, the strain PG-CH1 was subjected to phyloge-
netic analysis based on tef1α sequences. The sequence of the PG-CH1 strain was aligned
with 15 reference tef1α sequences of most common pathogens associated with seedling
rice diseases such as F. fujikuroi, F. verticillioides, and F. proliferatum (Table 1) [36,70]. The
sequences were aligned using the Muscle Algorithm implemented in the MEGA 7 software
package [71]. Phylogenetic analysis was conducted in MEGA, via maximum likelihood
following the best fit model of molecular evolution as determined by Bayesian information
criterion (BIC) scores. A discrete Gamma distribution was used to model evolutionary
rate differences among sites. All positions with less than 90% of coverage were eliminated.
Statistical support of branches was evaluated using bootstrap analysis of 1000 replicates.
The out-group isolate F. oxysporum MRC 1694 (accession number MH582350) was used for
rooting the tree [72].

Table 1. Fusarium spp. strains used in the phylogenetic analysis and related information.

Strain Species
Species

Complex
Host

Geographic
Origin/Substrate

GenBank
Accession
Number

References

MRC 548 F. verticillioides Fujikuroi Maize South Africa MH582323.1 [72]
MRC 602 F. verticillioides Fujikuroi Maize South Africa MH582331.1 [72]

MRC 1411 F. tapsinum Fujikuroi Maize North Carolina-USA MH582337.1 [72]
MRC 1784 F. fujikuroi Fujikuroi Rawcotton Georgia, USA MH582338.1 [72]
MRC 2324 F. proliferaum Fujikuroi Cotton boll Alabama, USA MH582344.1 [72]
MRC 2387 F. fujikuroi Fujikuroi Rice Japan MH582340.1 [70]
MRC 2390 F. fujikuroi Fujikuroi Unknown Unknown MH582342.1 [72]

MRC 2535 F. proliferatum Fujikuroi River
sediment Japan MH582346.1 [72]

MRC 2629 F. verticillioides Fujikuroi Maize Iowa, USA MH582328.1 [72]
MRC 2633 F. proliferatum Fujikuroi Wheat India MH582345.1 [72]

S1S F. proliferatum Fujikuroi Rice (seed) Italy JN092349 [70]
2–27 F. proliferatum Fujikuroi Rice (seed) Italy JN092351 [70]

M3096 F. fujikuroi Fujikuroi Rice Georgia, USA JN092356 [70]
M1150 F. fujikuroi Fujikuroi Rice Taiwan JN092354 [70]

G18SXS9-2 F. proliferatum Fujikuroi Unknown Unknown MK952837.1 Unknown
MRC 1694 F. oxysporum Oxysporum Unknown Human MH582350.1 [72]

4.3. In Vitro Evaluation of the Inhibitory Activity of Se Forms on F. proliferatum Strain PG-CH1

PDA was supplemented with four different Se forms (selenite, selenate, Se-Cys, and
Se-Met) at five different Se concentrations (5, 10, 15, 20, and 100 mg kg−1 of Se). A
weighed amount of each Se form was dissolved in sterile distilled water to obtain a
concentrated solution of 7 g L−1 of Se. A predetermined volume (64.3, 128.6, 192.8, 257.1,
and 1280.0 μL) of the Se-concentrated obtained solutions was added to 20 g of PDA so that
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Se concentrations in the growth medium were 5, 10, 15, 20, and 100 mg kg−1. Successively,
mycelium plugs (5 mm diam.) were taken from the edge of one week old F. proliferatum
strain PG-CH1 colonies, developed on PDA at 22 ◦C, in the dark. The plugs were placed
onto Se amended PDA, at the center of the plate, with the mycelium side facing upwards.
Untreated controls (0 mg kg−1 of Se), and control treatments with NaCl (as counter ions of
selenite and selenate), were also included in the experiment to ascribe the observed growth
reduction of F. proliferatum strain PG-CH1 to Se with certainty. For this purpose, NaCl
was added to the growth medium at the concentration of 254 mg kg−1 to fix the amount
of Na+ at 100 mg kg−1, which is the same as the maximum Se concentration used in the
experiment. Furthermore, the selected concentration of 254 mg kg−1 of NaCl (100 mg kg−1

of Na+) allowed the concentration of Na+ combined with inorganic Se (selenite and selenate)
to be exceeded. After 10 days of incubation at 22 ± 2 ◦C in the dark, radial growth of
fungal colonies was measured by ImageJ software (https://imagej.nih.gov/ij/, accessed
on 20 January 2019), and the inhibitory activity was expressed as the percentage of radial
growth reduction concerning the untreated control, according to Equation (1):

Radial growth reduction of F. proliferatum strain PG−CH1colonies (%) =
(radial growthcontrol − radial growthtreatment): radial growthcontrol × 100

(1)

Four replicates per treatment were performed. This experiment was repeated twice
and the results of the second experiment, representative of the entire study, are shown.
The preliminary first experiment showed a colony growth pattern, which was confirmed
by the results obtained in the second experiment. The following analyses were realized
exclusively using the materials of the second experiment.

4.4. Se Speciation Analysis

The Se speciation analysis was performed on 10 day old F. proliferatum colonies grown
on amended PDA. About 16 g of sample (the sample comprises both mycelium and growth
medium) was added with 10 mL of distilled water to 50 mL centrifuge tubes, accurately
stirred to disperse the PDA gel, and sonicated for 2 min with an ultrasound probe. Then,
protease was added up to 2.0 mg mL−1 and the obtained sample was stirred in a water
bath at 37 ◦C for 15 h. Because PDA contained 2% by weight of agar, and considering that
agar forms a gel in the concentration range of 0.5–2% by weight, the obtained samples were
10-fold diluted with distilled water, then cooled at room temperature and centrifuged at
5000 rpm for 10 min. Then, the supernatant was collected and filtered through 0.22 μm
Millex GV filters (Millipore Corporation). The Se standards selenite, selenate, Se-Met, and
Se-Cys were prepared in ultrapure (>18 MΩ) water (Supplementary Figure S2). Speciation
of Se was performed using a Liquid Chromatography-Inductively Coupled Plasma Mass
Spectrometry (LC-ICP-MS/MS) system consisting of an Agilent 1260 Infinity II LC system
and an Agilent 8900 ICP-tandem mass spectrometer (Agilent Technologies Japan, Ltd.,
Tokyo, Japan). Details of the mobile phases, column, and MS/MS conditions are available
in Supplementary Table S1.

4.5. Observation by Scanning Electron Microscopy

For this analysis, based on the results obtained from in vitro evaluation of the in-
hibitory activity of different Se forms on F. proliferatum strain PG-CH1 growth, we focused
our attention on Se activity from selenite. In detail, a mycelium plug (5 mm diameter) of
F. proliferatum developed in the presence of 0, 5, 10, 15, 20, and 100 mg kg−1 of Se from
selenite was sampled from 10 day old colonies to perform SEM analysis. A mycelium plug
was collected from two replicates of the previously described experiment for a total of
12 samples (5 different Se concentrations from selenite plus the untreated control). Samples
were prepared for SEM observations following the protocol described in [73] with slight
modifications. Samples were fixed in 5% glutaraldehyde for 24 h; washed three times
with 0.1 M phosphate buffer, pH 7.2; rinsed three times in distilled water; and dehydrated
in ethanol series (25%, 50%, 75%, 90%, and 100%) for 7 min each. Samples were then
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transferred to a critical point dryer (Emitech K850, Quorum Technologies Ltd., Laughton,
UK) to complete the drying process with carbon dioxide as a transition fluid. Specimens
were then mounted on aluminum stubs with double-sided carbon tape, coated with gold
in a sputter (Emitech K500, Quorum Technologies Ltd., Tokyo, Japan), and observed with a
SEM 515 (Philips, Amsterdam, The Netherlands) at 12 kV. Observations were conducted
for all 12 samples.

4.6. Statistical Analysis

Data of radial growth reduction of F. proliferatum strain PG-CH1 colonies after 10 days
of incubation at 22 ± 2 ◦C in the dark in the presence of different Se concentrations from
different Se forms were subject to one-way ANOVA. Data were analyzed considering the
“radial growth reduction of F. proliferatum strain PG-CH1 colonies” (variable) for each “Se
concentration” or “Se form” (factors). The results were expressed as the mean of four
biological replicates (±standard error). To check for pairwise contrasts, Tukey Honestly
Significant Difference multiple comparison tests were performed (p < 0.05) using the
Microsoft Excel (Microsoft Corporation, Redmond, WA, USA) Macro “DSAASTAT ver.
1.0192” (macro developed by University of Perugia, Italy) [74].

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/plants10081725/s1, Figure S1. Comparison between Fusarium proliferatum strain PG-CH1
development on untreated potato dextrose agar (PDA) (untreated control; a,d), on PDA amended
with 100 mg kg−1 of Selenium from sodium selenite (b), sodium selenate (e), and on PDA amended
with 100 mg kg−1 of Na+ from NaCl (c,f) (control treatment). Figure S2. Liquid chromatography-
inductively coupled plasma mass spectrometry (LC-ICP-MS/MS) chromatogram of 1 μg L−1 of
selenium standards. Peak identities are selenocystine (a), selenomethionine (b), sodium selenite
(c), and sodium selenate (d). Table S1: Liquid chromatography-inductively coupled plasma mass
spectrometry (LC–ICP-MS/MS) conditions.

Author Contributions: Conceptualization, G.B., R.D., D.B. (Daniela Businelli) and L.C.; methodology,
E.T., G.B., R.D., G.M.B. and M.C.F.; formal analysis, E.T., G.B. and R.D.; investigation, E.T., G.B.,
R.D., F.T., D.B. (David Baldo), M.T.S., G.M.B., M.C.F. and A.P.; resources, D.B. (Daniela Businelli) and
L.C.; data curation, E.T., G.B., R.D. and F.T.; writing—original draft preparation, E.T., G.B. and R.D.;
writing—review and editing, F.T., D.B. (Daniela Businelli) and L.C.; visualization, E.T., G.B., R.D.,
D.B. (David Baldo), M.T.S. and A.P.; supervision, D.B. (Daniela Businelli) and L.C. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: Graphical abstract was created with Biorender.com, accessed on 1 July 2021.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Steinbrenner, H.; Speckmann, B.; Klotz, L.O. Selenoproteins: Antioxidant selenoenzymes and beyond. Arch. Biochem. Biophys.
2016, 595, 113–119. [CrossRef]

2. Roman, M.; Jitaru, P.; Barbante, C. Selenium biochemistry and its role for human health. Metallomics 2014, 6, 25–54. [CrossRef]
3. D’Amato, R.; Regni, L.; Falcinelli, B.; Mattioli, S.; Benincasa, P.; Dal Bosco, A.; Pacheco, P.; Proietti, P.; Troni, E.; Santi, C.; et al.

Current knowledge on selenium biofortification to improve the nutraceutical profile of food: A comprehensive review. J. Agric.
Food Chem. 2020, 68, 4075–4097. [CrossRef]

4. Ursini, F.; Maiorino, M. Glutathione peroxidases. In Encyclopedia of Biological Chemistry, 2nd ed.; Elsevier Inc.: Amsterdam, The
Netherlands, 2013; pp. 399–404.

5. Gupta, M.; Gupta, S. An overview of selenium uptake, metabolism, and toxicity in plants. Front Plant. Sci. 2017, 7, 2074.
[CrossRef]

6. Vats, S. Biotic and Abiotic Stress Tolerance in Plants; Vats, S., Ed.; Springer: Singapore; Springer Nature Singapore Pte Ltd.:
Singapore, 2018.

7. Hasanuzzaman, M.; Bhuyan, M.H.M.B.; Raza, A.; Hawrylak-Nowak, B.; Matraszek-Gawron, R.; Mahmud, J.A.; Nahar, K.; Fujita,
M. Selenium in plants: Boon or bane? Environ. Exp. Bot. 2020, 178, 104170. [CrossRef]

140



Plants 2021, 10, 1725

8. Hasanuzzaman, M.; Borhannuddin Bhuyan, M.H.M.; Raza, A.; Hawrylak-Nowak, B.; Matraszek-Gawron, R.; Nahar, K.; Fujita, M.
Selenium toxicity in plants and environment: Biogeochemistry and remediation possibilities. Plants 2020, 9, 1711. [CrossRef]
[PubMed]

9. Kuznetsov, V.; Kuznetsov, V. Selenium regulates the water status of plants exposed to drought. Dokl. Biol. Sci. 2003, 390, 266–268.
[CrossRef] [PubMed]

10. Gilmara, P.d.S.; Leonardo, C.C.; Victor, V.C.; Sylvia, L.O.S.; Edilaine, I.F.T. Selenium and agricultural crops. Afr. J. Agric. Res. 2017,
12, 2545–2554. [CrossRef]

11. Bocchini, M.; D’Amato, R.; Ciancaleoni, S.; Fontanella, M.C.; Palmerini, C.A.; Beone, G.M.; Onofri, A.; Negri, V.; Marconi, G.;
Albertini, E.; et al. Soil Selenium (Se) biofortification changes the physiological, biochemical and epigenetic responses to water
stress in Zea mays L. by inducing a higher drought tolerance. Front. Plant Sci. 2018, 9, 389. [CrossRef] [PubMed]

12. Proietti, P.; Nasini, L.; Del Buono, D.; D’Amato, R.; Tedeschini, E.; Businelli, D. Selenium protects olive (Olea europaea L.) from
drought stress. Sci. Hortic. 2013, 164, 165–171. [CrossRef]

13. Feng, R.; Wei, C.; Tu, S. The roles of selenium in protecting plants against abiotic stresses. Environ. Exp. Bot. 2013, 87, 58–68.
[CrossRef]

14. Rayman, M.P. Selenium intake, status, and health: A complex relationship. Hormones 2019, 19, 9–14. [CrossRef] [PubMed]
15. Thiry, C.; Ruttens, A.; De Temmerman, L.; Schneider, Y.J.; Pussemier, L. Current knowledge in species-related bioavailability of

selenium in food. Food Chem. 2012, 130, 767–784. [CrossRef]
16. Bhatia, P.; Aureli, F.; D’Amato, M.; Prakash, R.; Cameotra, S.S.; Nagaraja, T.P.; Cubadda, F. Selenium bioaccessibility and speciation

in biofortified Pleurotus mushrooms grown on selenium-rich agricultural residues. Food Chem. 2013, 140, 225–230. [CrossRef]
17. Hasanuzzam, M.; Hossain, M.A.; Fujita, M. Selenium in higher plants: Physiological role, antioxidant metabolism and abiotic

stress tolerance. J. Plant Sci. 2010, 5, 354–375. [CrossRef]
18. Wu, Z.-L.; Yin, X.-B.; Lin, Z.-Q.; Bañuelos, G.S.; Yuan, L.-X.; Liu, Y.; Li, M. Inhibitory effect of selenium against Penicillium

expansum and its possible mechanisms of action. Curr. Microbiol. 2014, 69, 192–201. [CrossRef] [PubMed]
19. Razak, A.A.; El-Tantawy, H.; El-Sheikh, H.H.; Gharieb, M.M. Influence of selenium on the efficiency of fungicide action against

certain fungi. Biol. Trace Elem. Res. 1991, 28, 47–56. [CrossRef] [PubMed]
20. Ramadan, S.E.; Razak, A.A.; Yousseff, Y.A.; Sedky, N.M. Selenium metabolism in a strain of Fusarium. Biol. Trace Elem. Res. 1988,

18, 161–170. [CrossRef] [PubMed]
21. Mao, X.; Hua, C.; Yang, L.; Zhang, Y.; Sun, Z.; Li, L.; Li, T. The effects of selenium on wheat fusarium head blight and DON

accumulation were selenium compound-dependent. Toxins 2020, 12, 573. [CrossRef] [PubMed]
22. Hanson, B.; Garifullina, G.F.; Lindblom, S.D.; Wangeline, A.; Ackley, A.; Kramer, K.; Norton, A.P.; Lawrence, C.B.; Pilon-Smits,

E.A.H. Selenium accumulation protects Brassica juncea from invertebrate herbivory and fungal infection. New Phytol. 2003, 159,
461–469. [CrossRef] [PubMed]

23. Companioni, B.; Medrano, J.; Torres, J.A.; Flores, A.; Rodríguez, E.; Benavides, A. Protective action of sodium selenite against
Fusarium wilt in tomato: Total protein contents, levels of phenolic compounds and changes in antioxidant potential. Acta Hortic.
2012, 947, 321–327. [CrossRef]

24. You, J.; Zhang, J.; Wu, M.; Yang, L.; Chen, W.; Li, G. Multiple criteria-based screening of Trichoderma isolates for biological control
of Botrytis cinerea on tomato. Biol. Control. 2016, 101, 31–38. [CrossRef]

25. Filek, M.; Łabanowska, M.; Kurdziel, M.; Sieprawska, A. Electron paramagnetic resonance (EPR) spectroscopy in studies of the
protective effects of 24-epibrasinoide and selenium against zearalenone-stimulation of the oxidative stress in germinating grains
of wheat. Toxins 2017, 9, 178. [CrossRef] [PubMed]
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Abstract: Nowadays, the extract of seaweeds has drawn attention as a rich source of bioactive
metabolites. Seaweeds are known for their biologically active compounds whose antibacterial and
antifungal activities have been documented. This research aimed to study the profile of phenolic
compounds using the HPLC method and determine biologically active compounds using the GC-MS
method and the antifungal activity of Gracilariopsis persica against plant pathogenic fungi. G. persica
was collected from its natural habitat in Suru of Bandar Abbas, Iran, dried, and extracted by methanol.
The quantitative results on phenolic compounds using the HPLC method showed that the most
abundant compounds in G. persica were rosmarinic acid (20.9 ± 0.41 mg/kg DW) and quercetin
(11.21 ± 0.20 mg/kg DW), and the least abundant was cinnamic acid (1.4 ± 0.10 mg/kg DW). The GC-
MS chromatography revealed 50 peaks in the methanolic extract of G. persica, implying 50 compounds.
The most abundant components included cholest-5-en-3-ol (3 beta) (27.64%), palmitic acid (17.11%),
heptadecane (7.71%), and palmitic acid methyl ester (6.66%). The antifungal activity of different
concentrations of the extract was determined in vitro. The results as to the effect of the alga extract at
the rates of 200, 400, 600, 800, and 1000 μL on the mycelial growth of four important plant pathogenic
fungi, including Botrytis cinerea, Aspergillus niger, Penicillium expansum, and Pyricularia oryzae, revealed
that the mycelial growth of all four fungi was lower at higher concentrations of the alga extract.
However, the extract concentration of 1000 μL completely inhibited their mycelial growth. The
antifungal activity of this alga may be related to the phenolic compounds, e.g., rosmarinic acid and
quercetin, as well as compounds such as palmitic acid, oleic acid, and other components identified
using the GC-MS method whose antifungal effects have already been confirmed.

Keywords: biologically active compounds; fungistatic effects; quercetin; red alga; rosmarinic acid

1. Introduction

Algae are autotrophic organisms that contain chlorophyll but lack flowering organs
or real roots, stems, and leaves and can convert solar energy into chemical energy by
photosynthesis [1]. Macroalgae, or seaweeds, have long been used as a source of food,
forage, fertilizer, and medication. Seaweeds provide many raw materials, including agar,
algin, and carrageenan used in many industrial sectors. Moreover, they are consumed as
food in many Asian countries [2] because they contain carotenoids, diet fibers, proteins,
necessary fatty acids, vitamins, and minerals required for human nutrition [3]. Depending
on their phylum, growth stage, and environmental conditions, algae can contain different
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amounts of bioactive compounds, including secondary metabolites, that could exhibit
antiviral, antibacterial, and antifungal activities [4–7].

Plant diseases, especially those caused by plant pathogenic fungi, are key factors in
the production and quality of crops [8–10] and in the postharvest life of fresh fruit and
vegetables [11]. Among these pathogens, Pyricularia oryzae (P. oryzae) and Botrytis cinerea
(B. cinerea) are two globally distributed fungi with a wide range of hosts, ranked as the
first and second most important plant pathogens in the world based on their economic
and scientific importance [12]. Known as the cause of rice blast disease, P. oryzae is the
most damaging rice disease in the world. It is reported that it annually destroys 10–30%
of the rice crop, sometimes reaching 100% in the case of an epidemic [12,13]. B. cinerea
is responsible for various diseases, e.g., blossom blight, leaf spot, and fruit and bulb rot,
both on farms and post-harvest crops. Since the organs of the infectious agent grow
on the surface of the infected tissues, the developed infection is called gray mold [14].
Aspergillus niger is one of the most dominant species from the genus Aspergillus, which is
responsible for black mold disease in fruits and vegetables [15,16]. It is also known as the
common contaminant of foods, especially in sun-dried foods, grains, and nuts, and is the
primary agent of postharvest rot of fruits and vegetables. In addition, it is regarded as an
opportunistic pathogen of humans [17]. Penicillium expansum is known as the cause of blue
mold or soft rot in many vegetables and fruits in the world. Its name originated from the
blue-color conidium masses that it produces in the infected parts [18,19]. This species is
the most important postharvest pathogen of apples and pears as it not only damages them
extensively during storage but is also vital, as it produces the carcinogen toxin patulin in
the infected fruits used to make fruit juice [20].

There are different ways to control diseases, e.g., the use of resistant cultivars, agro-
nomic practices such as the use of healthy seeds, the balanced use of fertilizers, and
biological and chemical control methods [21]. As a result of the frequent use of fungicides,
some fungal isolates have become resistant to different fungicide groups [22]; therefore,
these fungicides can be used limitedly in disease control [23,24]. It is, therefore, necessary
to find new chemicals or use effective natural substances to control the disease.

Moisture on plants is a major factor involved in the fungal infections of these four
fungal diseases. The current strategies to control fungal diseases include preventing
moisture on leaf area for a prolonged period, the development of resistance in the host
plants, and the application of fungicides. Nowadays, various artificial fungicides are
applied for the protection of plants from these diseases [21]. Interest is growing in research
on the industrial application of medicinal plants due to increasing attention to the use of
natural antioxidants and fungicides as an alternative to synthetic ones, which are unsafe
and toxic. Recently, many studies have reported the antifungal and antimicrobial activities
of algae extracts, essential oils, and other materials. The number of compounds derived
from various families of macroalgae, including green algae, brown algae, and red algae, is
estimated at 40,000, which plays a key role in plant protection and improvement and is
indeed a new approach for pest management [25,26].

Gracilaria is a genus of red algae with a global spread found in polar, moderate, and
hot regions, but most of its species have been reported in tropical waters [27]. Research on
the coastal areas in Southern Iran has detected a species of these algae in the Persian Gulf
called Gracilariopsis persica (Rhodophyta) [28].

Most synthetic fungicides can potentially be harmful to the environment and can
leave toxic residues in soil and/or crops [29]. Therefore, it is of crucial significance to find
new biodegradable natural and eco-friendly bioactive compounds that possess potential
biorational activity [30]. Accordingly, a goal we pursued in this research was to assess
and examine natural active ingredients in the extract of G. persica using HPLC and GC-MS
methods with a focus on its biorational effect (relatively non-toxic with few environmental
side effects) against four pathogenic fungi.
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2. Materials and Methods

2.1. Sampling from G. persica

Algae seedlings were collected from their natural habitat in Suru of Bandar Abbas,
Iran at high water on November 16, 2018. In the habitat of G. persica on the transect, three
transects were selected parallel to the coast. Samples were randomly taken by throwing
50 × 50 cm quadrats in five replications and cutting the seedlings in each quadrat with a
spatula from their joining to the sand bed. The samples were placed within moist Kenaf
fibers (damped by seawater) in multiple layers. They were then transferred to a laboratory
with coolers [31]. The thalli collected from the natural habitat were placed in an aquarium
for 24 h. The aquarium for the seawater was filled with 40-ppt saline water and kept at
25–27 ◦C with aeration. The thalli of the algae were rinsed with the water of the related
aquarium to remove mud and unwanted epiphytes.

2.2. Extraction to Assess Antifungal Activity

The collected algae were dried for 1 week in the ambient shade drying conditions at
an average temperature of 27 ◦C and after grinding, their powder was used for extraction.
Therefore, 50 g of the ground alga’s dry matter was poured into a 500-milliliter Erlenmeyer
flask where 200 mL of methanol was added. It was then shaken at 25 ◦C for 10 days, and
its extract was filtered through a grade 2 Whatman® filter paper. The extract was dried
with an evaporator and kept in a sterilized sealed glass container in darkness at 4 ◦C [32].
Then, to check the antifungal effects, the dried extract was dissolved in water.

2.3. Preparation of Methanolic Extract for HPLC and GC-MS Analysis

Two g of the powdered alga sample were added to 25 mL of methanol containing
1% acetic acid, placed in a magnetic shaker for 3 h, and filtered by grade 1 Whatman®

filter paper.

2.4. Analysis of Methanol Extract by Gas Chromatograph-Mass Spectrometry (GC-MS)

The methanolic extract of the alga was analyzed using Agilent 7890A Gas Chromatog-
raphy/Mass Spectrometry (GC/MS) (Agilent 7890A, Agilent Technologies Inc., Santa Clara,
CA, USA) and 5975 A mass spectrophotometer using an HP-5 MS capillary column (poly-
dimethylsiloxane with a length of 30 m, an internal diameter of 0.25 mm, and a thickness
of 0.25 μm). The initial temperature of the oven was set to increase from 80 to 180 ◦C at a
rate of 8 ◦C/min. Helium was used as the carrier gas whose speed was 1 mm/min along
the column length. The injection valve was set in the split mode at a ratio of 1:500 and an
injection temperature of 250 ◦C. The mass spectrum was 40–500 mass/load and ionization
energy of 70 eV. The whole run time was 55 min. The mass libraries Wily 2007 and NIST
were employed to identify the compounds. Data were processed in the Windows-based
Chemstation software. The relative percentage of the extract constituents was expressed in
percent based on the peak level.

2.5. Measurement of Phenol Compounds by the HPLC Method

The phenolic compounds were isolated, detected, and quantified using High-Performance
Liquid Chromatography HPLC (Agilent 1100, Agilent Technologies Inc., Santa Clara, CA,
USA) equipped with a 20-microliter injection loop, a four-solvent gradient pump, a degasser,
a column oven (set at 25 ◦C), and a diode array detector set at 250, 272, and 310 nm.

The isolation was carried out by an Octadecyl Saline Column (ODC) (with a length
of 25 cm, an internal diameter of 4.6 mm, and a particle size of 5 μm, ZOR BAX Eclipse
XDB, Germany). Data were processed using the Chemstation software. The mobile phase
consisted of acetic acid (1%) (A) and acetonitrile (B) at a flow rate of 1 mL/min. The
phenolic compounds were eluted under the following conditions: 1 mL/min of flow rate,
the temperature of 25 ◦C, isocratic conditions from 0 to 10 min with 10% B, gradient
conditions from 10 to 25% B in 5 min, from 25 to 65% B in 10 min, from 65 to 100% B in
15 min, followed by washing and reconditioning the column. The injection volume was
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10 μL and phenolic compounds were detected at wavelengths of 250, 272, and 310 nm.
The phenolic compounds were identified by comparing their relative retention times and
compared with standards [33].

2.6. Preparation of Potato Dextrose Agar (PDA)

Fifty g of peeled Irish potatoes were rinsed after slicing and boiled for 1 h with distilled
water in a conical flask. A muslin cloth was applied to filter the boiled potatoes and the
volume was increased to 250 mL with water along with dextrose (5 g) and agar (3.5 g).
The suspension was dissolved with heat and shaking, then left to cool down at room
temperature for two min, then sterilized in an autoclave at 121 ◦C for one h.

2.7. In Vitro Antifungal Activity of the Extract

The antifungal effect of the extract of G. persica was checked using the following
method. The fungi B. cinerea, P. oryzae, A. niger, and P. expansum were purchased from the
Fungi and Bacteria Collection Center of Iran and cultured in a laboratory. To evaluate the
antifungal activity of the alga extract, 200, 400, 600, 800, and 1000 μL of the extract were
poured on sterile PDA plates. Distilled water was chosen as the control. Then, a ring with a
diameter of 5 mm was taken from the margin of the actively growing colonies of the fungi
and transferred to the center of the culture medium. All inoculated plates were kept in an
incubator at 25 ◦C and were checked daily until the surface of the culture medium was
entirely covered with the fungi in the control treatments. Then, the radial growth of the
fungi was measured. The extract inhibitory effect on the mycelial growth of the fungi was
calculated for each concentration by using the following formula [34]:

MGI (%) =
dc − dt

dc
×100 (1)

where MGI is the mycelial growth inhibition, dc is the mean diameter (mm) of the fungal
mycelial growth in the control treatment, and dt is the mean diameter (mm) of the fungal
mycelial growth extract-containing treatment.

2.8. Fungistatic or Fungicide Effect of the Extract

At the end of the trials, another experiment was conducted on the treatments in which
no growth was observed to determine whether the extracts had killed the fungi (fungicidal
effect) or had inhibited their growth temporarily (fungistatic effect). For this experiment,
a PDA culture medium that contained no additive was prepared and poured into Petri
dishes. The fungi-containing rings from the treatments that had no growth were transferred
to the new culture medium. The Petri dishes were placed in an incubator at 25 ◦C and were
re-checked after 7 days. The treatments in which the mycelial growth was observed after
7 days showed the fungistatic activity of the extract, while the lack of mycelial growth in
the fungi-containing ring in the culture medium exhibited its fungicide activity.

2.9. Data Analysis

The data were subjected to the analysis of variance (ANOVA) and the comparison
of means in the SPSS (Ver. 16) software package. The mean values were compared with
Duncan’s multiple range test. In all graphs, the results were expressed in average values
of three replications ± standard deviation (SD). Additionally, the graphs were drawn in
MS-Excel (2016) software package.

3. Results

3.1. Results of GC-MS

The biologically active components in the methanolic extract of G. persica were detected
using GC-MS with a running time of 55 min. The GC-MS chromatogram showed 50 peaks
in methanolic extract, implying 50 compounds (Figure 1). The spectra of these compounds
were compared with Wiley 7.0 and National Institute of Standards and Technology libraries.
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The detected compounds are listed in Table 1. The main fractions included cholest-5-en-3-ol
(3. beta), palmitic acid, heptadecane, palmitic acid methyl ester, bicyclo [3.1.1] heptane,
2,6,6-trimethyl or pinane, isobutyl phthalate, N-cyano-N′, N′, N′′, N′′-tetramethyl-1,3,5-
triazinetriamine, 5-thiazoleethanol, 4-methyl, and phytol.

Figure 1. Gas chromatography and mass spectroscopy chromatogram of the methanolic extract of the Gracilariopsis persica alga.

Table 1. The phytocomponents were detected in the methanolic extract of the Gracilariopsis persica using gas chromatography
and mass spectroscopy.

Retension Time Name of the Compound Area % Bioactivity Reference

3.447 Boron, trihydro (N-methylmethanamine-, (T-4)- 0.36
4.912 2 (3H)-Furanone, dihydro-4-hydroxy- 0.45 Antibacterial [35]
6.114 1-Hepten-3-ol 0.21 -
6.646 D-Ribonic acid, 2,3-O-(ethoxymethylene)- 0.37 -
8.031 2-Octyldodecan-1-ol 0.19 -
8.723 Docosane 0.88 Antifangal [36]

11.824 2-Decyne 0.46 -

12.900 5-Thiazoleethanol, 4-methyl- 2.12 Antifungal, anti-inflammatory,
anti-allergic [37]

13.381 Carvacrol 0.25 Anti-inflammatory, antioxidant,
antitumor, antibacterial [38]

17.380 2-(1,4,4-Trimethyl-cyclohex-2-enyl)-ethanol 1.21
17.541 Decamethylpentasiloxane 0.83 Antibacterial, antifungal [39]
18.044 2-cyclohexene-1-one 0.62 Antibacterial [40]

18.170 10-Methyl-9-oxabicyc
lo[6.4.0]dodecan-1(8)-ene 0.43 -

18.342 2-(4H)-Benzofuranone,
5,6,7,7a-tetrahydro-4,4,7a-trimethyl- 0.76 Antimicrobial preservative,

antifungal, antibacterial [41]

19.051 2-Propenoic acid, 3-(1-aziridinyl)-,methyl ester 0.85
19515 Diethyl Phthalate 1.06 Antioxidant [42]
20.213 Methanone, diphenyl- 0.98 Antibacterial, antifungal [43]

20.831 Cyclododecasiloxane, tetracosamethyl- 1.37 Antimicobial, antirheumatic
antispasmodic [44]

21.409 Heptadecane 7.71 Anticancer, anti-inflammatory [38]
21.718 n-Dodecanal 0.66 Antibacterial [41]

24.230 Cyclododecasiloxane, Tetracosamethyl- 0.39 Antimicobial, antirheumatic
antispasmodic [44]

24.662 Caffeine 0.97 Antibacterial, antifungal [45]
24.401 Bicyclo[3.1.1] heptane, 2,6,6-trimethyl Pinane 3.17 Antifungal [46]
24.521 11-Dodecen-2-one 1.13
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Table 1. Cont.

Retension Time Name of the Compound Area % Bioactivity Reference

24.853 E-10-Methyl-11-tetradecen-1-ol acetate 0.76
24.991 Isobutyl phthalate 2.25 Antibacterial, antifungal [42]
25.168 Neophytadine 1.66 Antimicrobial, anti-inflammatory [47]
25.591 2-Propenoic acid, 2-methyl- 0.43 Antibacterial, antifungal [48]
25.889 Palmitic acid methyl ester 6.66 Antibacterial, antifungal [41]
26.444 Palmitic acid 17.11 Antibacterial, antifungal [49]
26.753 Oleic acid 0.24 Antibacterial, antifungal [49]
26.942 1-Decanol, 2-hexyl- 0.46 Antimicrobial [50]
28.178 Linolelaidic acid, methyl ester 0.66 Antibacterial, antifungal [41]
28.246 Oleic acid methyl ester 1.18 Antibacterial, antifungal [51]
28.309 Oleic acid methyl ester 0.94 Antibacterial, antifungal [41]
28.384 Phytol 2.34 Antibacterial, antifungal [52]
28.538 Stearic acid methyl ester 1.01 Antibacterial, antifungal [41]
28.693 9-Hexadecenoic acid 1.73 Antibacterial, inflammator [52]
28.933 9-Hexadecenoic acid 0.32 Antibacterial, inflammator [52]
29.608 E-11-Tetradecenoic acid 0.25 Antibacterial, antifungal [52]
29.860 Hexadecanedioic acid 0.93 Antimicrobial, anti-inflammatory [52]
30.175 9-Borabicyclo[3.3.1]nonane, dimethylamino)propyl] 0.27 -
0.306 (-)-18-noramborx 0.45 -
30.592 Trisiloxane, 1,1,1,3,5,5,5-heptamethyl 0.53 Antifungal [53]
30.896 Hexamethylcyclotrisiloxane 0.28 Antimicrobial [54]
32.034 1,3-Bis(trimethylsilyl)benzene 0.79 -
32.206 p-Bis(trimethylsilyl)benzene 0.47 -
32.858 Phthalic acid,bis(2-ethylhexyl) ester 0.75 Antibacterial, antifungal [35]
38.340 N-Methyl-1-adamantane acetamide 2.52 Antimicrobial [55]
45.258 Cholest-5-en-3-ol (3.beta.)- 27.64 Antibacterial [56,57]

3.2. Quantitative Analysis of Phenolic Compounds Determined Using HPLC

Figure 2 displays the standard HPLC chromatogram of all the recorded compounds at
250, 272, and 310 nm. According to Figure 2, all the studied compounds responded to the
three spectra and were isolated successfully. The compounds of the alga extract were also
separated using the same method at the same wavelengths, and they were identified using
the standard graph (Figure 3a–c).

Figure 2. The standard graph of the phenolic compounds in the HPLC chromatogram.
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Figure 3. The diagram of identifying the phenolic compounds using the HPLC method at three
wavelengths of (A) 272 nm, (B) 250 nm, and (C) 310 nm.

The quantitative results for the phenolic compounds using the HPLC method showed
that the most abundant phenols in G. Persica were rosmarinic acid (20.9 ± 0.41 mg/kg
DW) and quercetin (11.21 ± 0.20 mg/kg DW), and the least abundant was cinnamic acid
(1.4 ± 0.10 mg/kg DW) (Figures 3 and 4).

Figure 4. The quantity of the phenolic compounds identified using the HPLC method in G. persica
(columns are mean SD ± 3 replications and vertical bars show standard deviation).

3.3. Antifungal Activity

Based on the results, as the concentration of the G. persica extract was increased, the
growth of B. cinerea, P. oryzae, A. niger, and P. expansum was inhibited to a significantly
higher extent (Figure 5). The lowest MGI in all four fungi was 35.18, 16.88, 24.50, and
37.21% recorded at the extract volume of 200 μL, respectively. The mycelial growth of B.
cinerea and P. expansum was completely inhibited at an extract volume of 800 μL, and that
of P. oryzae and A. niger was fully inhibited at the extract rate of 1000 μL (Figure 5).
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Figure 5. The effect of the G. persica extracts at volumes, 200, 400, 600, 800, and 1000 μL on the
mycelial growth inhibition of B. cinerea, P. oryzae, A. niger, and P. expansum (columns are mean SD ± 3
replications, vertical bars show standard deviation, and different letters imply significant differences
at the p < 0.05 level based on Duncan’s test.).

The results as to the effect of the alga extract on the mycelial growth of the studied
fungi revealed a clear dose–response of the extract. The 100% inhibition was achieved at
800 and 1000 μL for B. cinerea and P. expansum (Figure S1) and 1000 μL for P. oryzae and A.
niger (Figure S2).

Fungistatic

The fungistatic effect of various concentrations of the extract was observed as in-
hibition of mycelial growth. However, re-culturing the mycelial growth following the
re-inoculation into the fresh medium resulted in the re-growth of the fungal mycelium
in the new medium, implying that the alga extract could only inhibit the growth of the
fungi (fungistatic).

In the study of fungicidal or fungistatic effects of extracts at concentrations that
completely inhibited mycelium growth, the re-cultures resulting from the transfer of the
fungi-containing ring to the PDA culture medium showed that the fungi reappeared and
grew after 5–7 days on the fresh culture medium. The results revealed that P. oryzae and
A. niger started to grow after 5 days and P. expanstum and B. cinerea started to grow after
7 days. During the study period (7 days), the growth of mycelium in the re-cultures of
the control fungi was completely evident from the second day, and it was much higher
(up to 90%) at the end of 7 days than the re-cultures performed at concentrations in which
mycelium growth was completely inhibited. These results indicate that the algae extract
only inhibited the growth of fungi and fungicidal properties were observed in none of the
extract concentrations.

4. Discussion

The results obtained from the GC-MS analysis of this study specify that G. persica
showed a large number of bioactive compounds with antioxidant, antibacterial, and anti-
fungal properties. There are various reports about the compounds derived from macroalgae
as a potential source of biochemical and medicinal properties including antibacterial [57],
antifungal [58], antiviral [59], antioxidant [60], and anti-inflammation activities [61].

The results of the present study revealed that the extract of G. persica had a high
potential to inhibit the mycelial growth of plant pathogenic fungi. Previous research
findings have indicated that alga extracts have agents for the biological control of the
growth of hyphae and germination, an increase in intracellular holes (vacuolization), and
the disruption of the functioning of fungal cells [62]. On the other hand, research on
different species of Gracilaria has revealed this genus’ antibacterial and antifungal activities.
In this regard, Singh and Raadha [63] studied the G. corticata extract. They found that this
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species, at a rate of 1000 μL, could inhibit the growth of human pathogenic bacteria and
fungi, including Salmonella typhimurium, Escherichia coli, Staphylococcus aureus, and Candida
albicans, and was a natural source of antibiotics. Dayuti [64] also reported the antibacterial
activity of G. verrucosa against S. typhimurium and E. coli. A study on the antifungal and
antibacterial properties of the G. confervoides extract showed that 100 μL of the G. confervoid
extract could prevent the aerial mycelial growth of the cucumber pathogens Rhizoctonia
solani and Macrophomina phaseolinae [58]. This is consistent with our findings as to the
fungistatic activity of the G. persica extract. In an experiment, Kolanjinathan and Stella [65]
found that G. corticata could inhibit the growth of Aspergillus flavus, A. fumigatus, and A.
niger, as well as the human pathogen albicans. The minimum inhibitory rate of this extract
was estimated at 2–16 mg/mL. This is in agreement with our findings as to the antifungal
property of G. persica in inhibiting the growth of A. niger.

The results of HPLC analysis in our study showed that G. persica is rich in polyphenolic
compounds. It is now well established that the antifungal activity of alga extracts may be
related to the presence of phytochemicals, e.g., tannins and phenols. Phenolic compounds
are likely to influence the growth and metabolism of fungi [66]. Sea resources are the most
enormous remaining reservoirs of natural molecules, which are assessed for therapeutic
activities and provide valuable ideas for developing new medications against cancer,
microbial infections, and inflammations [67]. Although terrestrial biodiversity constitutes
the basis of the pharmaceutical industry, oceans have rich biodiversity and can produce
commercially invaluable modern compounds. A comparison of our findings with those of
other studies confirms that G. persica is a rich source of biological components.

Some phytocompounds, which combine alkaloids, flavonoids, and saturated and
unsaturated fatty acids, have antimicrobial, anti-inflammation, anti-cancer, anti-coagulant,
and anti-arrhythmic activities. According to the results of GC-MS, most of the compounds
detected in the methanolic extract of G. persica (36 out of the 50 detected components) are
compounds whose antimicrobial and antifungal activities have already been documented.
These interpretations corroborate the findings of current research (Table 1).

The results of HPLC revealed that G. persica had invaluable phenolic compounds, e.g.,
rosmarinic acid and quercetin, implying its antioxidant effect. It has been reported that the
difference in plant extracts’ biological activity depends on their constituents; therefore, a
single compound may be responsible for an extract’s effects alone or in synergy with other
compounds [68].

Polyphenols are a remarkable group of plant metabolites that have an efficient antimi-
crobial performance. A number of studies have postulated about the interaction of the
synergy of polyphenols with antibiotics against microbial resistance, e.g., epigallocatechin
gallate of green tea [69], tellimagrandin I, and rugosin B of Rosa floribunda ‘Dubline Bay’
(aka ‘MACdub’) [70], and the synergy of rosmarinic acid and antibiotics against methicillin-
resistant Staphylococcus aureus [71]. Likewise, the antimicrobial effect of quercetin as the
second dominant phenolic compound in G. persica against Escherichia coli, Staphylococcus
aureus, and Pseudomonas fluorescens [72], and the antifungal effects of quercetin and rutin
against Cryptococcus spp. [73] have been documented. It has been reported that these
compounds can change the structure of the cell membrane, thereby destroying the plasma
membrane integrity in fungal cells and increasing its permeability, which results in an
increase in the K+ outflow from the cytoplasm of fungal cells. These effects may cause the
polarity of the membrane to be lost by altering ion transport, or they may reduce energy
production (ATP) by altering the membrane structure through impairing glucose uptake
or inhibiting the enzymes involved in oxidative stress or phosphorylation precursor. The
increase in cytoplasm membrane permeability ultimately leads to cell death due to the
dispersion and loss of the cell pH gradient, a decline in the ATP level, and the failure of the
proton driving force. Indeed, nutrient uptake, nucleic acid synthesis, and ATPase activity
sections are most damaged in the tissues of the fungi [74,75].

The experimental evidence of current research regarding the examination of polyphe-
nolic compounds in G. persica showed that quercetin was the highest among the flavonoid
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compounds. The possible activity of flavonoids may also be involved in mitochondrial
damage and ROS production by inducing the transcription factors related to apoptosis and
increasing the level of proptose proteins [76]. Hwang et al. [77] revealed that flavonoids
disturbed the performance of mitochondria in the C. albicans strain by increasing the ROS
level. The elevated intracellular ROS level and the disturbed mitochondrial performance
play a significant role in apoptosis induction [78,79]. Quercetin has two aromatic rings in
its structure and can penetrate the phospholipid membrane [80], where it damages DNA
by inducing oxidative damage and, finally, cause cell death by apoptosis, which is an
irreversible process [81].

5. Conclusions

Herbal medicines play a significant role in human health and are an inspiring source
of new medicinal compounds. It can be concluded from the results of the present study
that G. persica has a high potential to be used in the pharmaceutical industry to improve
health owing to its different compounds with antimicrobial activity.

The inhibitory effect of the alga on the growth of plant pathogenic fungi in vitro is
apparent from our experimental evidence. Thus, this alga might be used to produce an
environmentally friendly, reliable, and economic antifungal agent to control B. cinerea, P.
oryzae, A. niger, and P. expansum. This can be a high potential alternative to highly toxic
chemical fungicides in plant disease management. The fungicidal efficacy still has to be
shown in vivo. Above all, our results suggest that the algae in the Persian Gulf and Oman
Sea can be a rich source of different macroalgae species with unique antimicrobial activities,
which may have various applications in agriculture and the control of plant disease in
the future.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/plants10091781/s1, Figure S1: The effect of different concentrations of the G. persica extract
(control, 400, and 1000 μL) on the mycelial growth of B. cinerea and P. expansum. Figure S2: The effect
of different concentrations of the G. persica extract (control, 400, and 1000 μL) on the mycelial growth
of P. oryzae and A. niger.
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Abstract: The threat of Ganoderma boninense, the causal agent of basal stem rot disease, in the oil palm
industry warrants finding an effective control for it. The weakest link in the disease management
strategy is the unattended stumps/debris in the plantations. Hence, this study aimed to determine
whether the selected phenolic compounds could control G. boninense in inoculated oil palm woodblocks
and restrict wood biodegradation. Results indicated a significant reduction in the wood mass loss
when treated with all the phenolic compounds. Surprisingly, syringic and vanillic acids behaved
ambivalently; at a lower concentration, the wood mass loss was increased, but it decreased as the
concentrations were increased. In all four phenolic compounds, the inhibition of mass loss was
dependent on the concentration of the compounds. After 120 days, the mass loss was only 31%,
with 63% relative degradation of lignin and cellulose, and 74% of hemicellulose and wood anatomy,
including silica bodies, were intact in those woodblocks treated with 1 mM benzoic acid. This study
emphasizes the physicochemical and anatomical changes occurring in the oil palm wood during
G. boninense colonization, and suggests that treating oil palm stumps with benzoic acid could be a
solution to reducing the G. boninense inoculum pressure during replantation in a sustainable manner.

Keywords: basal stem rot (BSR); phenolic compounds; lignin; cellulose; hemicellulose; silica body;
crystalline cellulose; biodegradation

1. Introduction

The rapid expansion of plantations of oil palms (Elaeis guineensis Jacq.) has led to its
emergence as a commodity of strategic global importance. It is one of the most economically
important oil crops in Southeast Asia. Palm oil is very useful, and is used extensively in
food and as a precursor for biodiesel. The palm kernel cake resulting after oil extraction is
also used as animal feed and bio-fertilizer. In the decades since 1980, the production of oil
palm has increased from 5 Mt to more than 45 Mt, with an annual average growth rate of
7.8% [1], and is still increasing.

Trees in the tropical rain forest are hosts to a wide range of stem and root pathogens,
typically belonging to the basidiomycete genera. One such predominant pathogen for
the oil palm is Ganoderma boninense, which causes basal stem rot (BSR). Losses in the fruit
bunch yield of between 0.04 and 4.34 t ha−1 from 10 to 22 years of planting, due to the BSR
in oil palms, have been reported, and it is predicted that more than 60 million mature oil
palms could be infected in Malaysia [2–4]. It was estimated if a tree dies at the age of 10
years, it can cause a loss of 15 years of production, which is 600 kg of crude palm oil at a
monetary loss of approximately USD 675 [5].

The management of fungal stem and root rot is universally difficult [1], and BSR
disease is no exception, if not more difficult than most. This fungus is a saprophyte that
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can survive for a long time in the debris, stumps and leftover roots of unattended logs
in the plantation [1]. The initial spread of BSR in oil palm could be via basidiospore
dispersal, root to root contact, and also via root contact with the unattended infected
debris [6,7]. The unattended debris acts as a source of the inoculum of G. boninense during
the replantation. The reports suggest that the disease incidence (DI) has been increasing in
successive replantation. It has been reported that in the first replantation, oil palm plants of
10 years old have been affected with less than 2% of DI; however, at the third replantation,
DI (70%) has increased alarmingly [8]. In his study, Khairudin (1993) has concluded that
93% of seedlings that are growing around the diseased stumps have also been infected
with BSR disease [9].

The newly cut stumps and the unattended infected trunks are the most vulnerable
links in the disease management chain. This is because the fresh-cut stumps and the
trunks are still alive, and serve as a nutrient reservoir for the pathogens to flourish. The
treatment of the cut stumps with chemicals is not effective because of the larger size and
the anatomy of oil palm roots. Oil palm roots form around an orthotropic taproot, and the
horizontal lateral roots occupy about 16 m3 of soil mass [10], which makes it very tedious
and expensive to excavate as a way to control BSR disease.

To control BSR disease in oil palms, the G. boninense surviving in cut stumps must
be eradicated. To protect the surface of the stump from attack by G. boninense, there is an
urgent need to find some antimicrobial compounds that can travel to the site of infection
(roots) efficiently and act cost-effectively. Through a series of experiments and screening,
four naturally occurring phenolic compounds, namely, benzoic, salicylic, syringic and
vanillic acids, were selected based on their antifungal efficiency, along with their inhibitory
potential toward the ligninolytic and cellulolytic enzymes [11,12]. These naturally occurring
phenolic compounds are involved in the lignin synthesis pathway in oil palm and hence
could be potential agents to eliminate G. boninense. To the best of our knowledge, little or
no study has been conducted to evaluate the degradation pattern of G. boninense in the
presence or absence of selected phenolic compounds, which could be important to our
understanding for the development of an alternative BSR management technique.

2. Materials and Methods

2.1. Chemicals

Potato dextrose agar (PDA), salicylic acid, syringic acid and vanillic acid were pur-
chased from Friedemann Schmidt (Germany), while benzoic acid was obtained from R&M
Chemicals and Reagents (Malaysia). Four phenolic compounds with a concentration of 1,
5, 10 and 15 mM were used.

2.2. Microorganism, Culture Conditions and Treatments

The isolate Ganoderma boninense (PER 71) was obtained from the Malaysian Palm Oil
Board (MPOB). The culture was maintained by sub-culturing the fungus at regular intervals
on PDA at 28 ◦C. Four phenolic compounds, namely, benzoic acid, salicylic acid, syringic
acid and vanillic acid, were tested to see whether they would inhibit the biodegradation
ability of G. boninense on oil palm woodblocks.

2.3. Biodegradation of Woodblocks

The rate of woodblock decay was investigated using the method described by Schirp
and Wolcott (2005), with slight modifications [13]. The healthy oil palm trunks were
collected from the MPOB, and were cut into 20 × 20 × 40 mm blocks. The blocks were
oven-dried at 60 ◦C for 48 h to obtain a constant dry weight. The dried woodblocks
were weighed and labeled individually, to obtain the initial dry mass, followed by double
sterilization for 30 min at 121 ◦C, as described by Bucher et al. (2004) [14]. Tissue-culture jars
(350 mL capacity, 15 cm in length and 75 mm in diameter) containing 20 mL of PDA media
were autoclaved at 121 ◦C for 20 min, followed by cooling and solidification of the media.
The jars were then inoculated with G. boninense culture (two mycelial plugs of 3 mm Ø) and
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incubated at 28 ± 2 ◦C until full coverage of the media by fungal mycelium was reached.
The phenolic stock solutions were prepared according to Sudrendran et al. (2017) [11]. The
sterilized woodblocks were dipped for 30 min in the respective phenolic compounds of each
concentration (1, 5, 10 and 15 mM) and air-dried in the laminar hood until no dripping was
observed [14]. After complete colonization of PDA by G. boninense in the jars, the sterilized
healthy and phenolic compound-treated oil palm woodblocks were placed individually on
the top of the G. boninense culture. The jars containing woodblocks without any phenolic
compound treatment served as the controls. All the jars were then incubated at 28 ± 2 ◦C
for 10, 30, 45 and 120 days. For each sampling period, five woodblocks were harvested. The
surface of each block was carefully wiped to remove any mycelium, followed by weighing.
The experiments were repeated twice, and the mass loss was calculated using Equation (1):

Percentage mass loss (%) =
Initial weight a f ter treatment − Final weight

Initial drymass
× 100 (1)

2.4. Anatomical Characterization during Biodegradation of Oil Palm Woodblocks
Scanning Electron Microscopy (SEM) Analysis

At the end of each incubation time, the G. boninense-colonized wood samples were
collected. The mycelia from the samples were wiped off. The radial and vertical samples,
with a dimension of 0.5 × 0.5 cm, were sputter-coated with gold–palladium alloy. The SEM
(S-3400N Hitachi, UPM, Serdang Malaysia) was performed to determine the morphological
changes of the wood and G. boninense during the degradation period.

2.5. Chemical Characterization during Biodegradation of Oil Palm Woodblocks
2.5.1. Fourier Transform Infrared (FT-IR) Spectroscopy Analysis

At the end of each incubation period, the G. boninense-colonized woodblocks were
sampled out of the jars, and the mycelium was carefully wiped off from the woodblocks.
Later, the woodblocks were impregnated with water to remove the remaining mycelium.
The wood samples were powdered in the mortar and pestle using liquid nitrogen. The
powder was sieved, and those fractions with an average size less than 0.5 mm were retained
to develop KBr pellets. The FTIR spectra for the wood samples were measured by direct
transmittance using the KBr pellet technique. The amount of sample in the pellets was
constant (5 mg/500 mg KBr). The spectra were recorded in the range of 4000–400 cm−1

using a Spectrum 100 FTIR Spectrometer (Perkin Elmer, Inc., Waltham, MA, USA). Five
recordings were performed for each sample, and evaluation was made from the average of
the five using the software [15]. Healthy wood without any treatment was also analyzed
to compare with the degraded wood. From the FT-IR spectra, the lower order index (LOI,
A1430/A898) was used to estimate the crystal structure of cellulose material [16], and the
total crystallinity index (TCI, A1372/A2900) was used to estimate the infrared crystallinity
index [16]. The ratio between the syringyl and guaiacyl S/G (S/G, A1327/A1271) units in
the lignin was also estimated [17].

2.5.2. Thermogravimetry (TGA) Analysis

At each sampling time, the wood samples were removed from the jars and cleaned of
mycelium, as mentioned above. The wood samples were then powdered, using a mortar
and pestle and liquid nitrogen. The powder was sieved; the fraction with an average size
of less than 0.5 mm was retained. TGA analysis was performed using a Perkin Elmer
thermogravimetric analyzer (Pyris 1 TGA, Pyris software 7.0—Perkin Elmer) at a constant
nitrogen flow of 20 mL min−1 and constant heating of 15 ◦C min−1. The heating scans
were performed with 5 mg of wood samples in the temperature range of 25–890 ◦C [15].
Healthy wood without any treatment was analyzed for comparison with the degraded
wood. The amount of lignin, cellulose and hemicellulose was quantified according to
Yang et al. [18]. Oil palm lignin degradation takes place at 700–800 ◦C, hemicellulose and
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cellulose at 0–300 ◦C and 330–340 ◦C, respectively. The relative percentage of lignin, cellulose
and hemicellulose was calculated according to Equation (2):

Relative lignin degraded (%) =
Initial lignin content − Final lignin content

Initial lignin content
× 100 (2)

For the relative percentage of cellulose and hemicellulose when degraded, the lignin
in Equation (2) is replaced with cellulose and hemicellulose, respectively.

2.6. Statistical Analyses

The data were analyzed using SAS statistical software (PC-SAS software V8.2, SAS In-
stitute, Cary, NC, USA). A p-value of ≤0.01 was considered significant. All the experiments
were repeated twice, with six replicates for each treatment. The means were compared
using Tukey’s range test.

3. Results

3.1. Mass Loss

Initially, the colonization of G. boninense in the control woodblocks was very slow
and steady for the first ten days. Eventually, G. boninense rapidly colonized the control
woodblocks after 30 days, with a weight loss of 37%. With the progression of the incubation
period, a significantly higher (p ≤ 0.05) weight loss was observed in the control woodblocks,
compared to the woodblocks treated with 1 mM benzoic acid. The mass loss at various
time intervals, i.e., 10, 30, 45 and 120 days, are shown in Figure 1a–d, respectively. As
the colonization of G. boninense increased with time, a decrease in the weight of the oil
palm woodblocks was observed. The colonization rates in those treated woodblocks with a
higher concentration of phenolic compounds were prominently less when compared to the
control woodblocks, except for the syringic and vanillic acid treatments. On the 120th day,
the mass loss due to the colonization of G. boninense on the woodblocks that were treated
with 1 mM of syringic (74.9%) and vanillic (83%) acids was more marked when compared
to the control (71.8%) woodblocks. These two phenolic compounds enhanced the growth
of G. boninense at their lower concentration, that is, 1 mM. However, the same compounds
proved to be poisonous when the concentrations increased further. As the concentration
of the syringic acid was increased to 5 mM in the woodblocks, a significant decrease in
mass loss due to the colonization of G. boninense was observed. The weight losses in the
woodblocks treated with 5 mM syringic acid (25.5%) were almost half when compared
to the 1 mM syringic acid treatment (Figure 1d), whereas, on the 120th day, the 10 mM
vanillic acid-treated woodblocks had a significant reduction in weight loss of about 19.6%.
At the end of the study, among the four phenolic compounds, benzoic acid was the best
inhibitor against G. boninense colonization at 1 mM concentration, followed by salicylic
acid, with a 40.3% weight loss in the treated woodblocks. The woodblocks treated with
5 mM and above of benzoic acid, 10 mM and above of salicylic and syringic acids, and
15 mM of vanillic acids retained their physical properties, with no growth of G. boninense,
as in the healthy oil palm woodblock, until the end of the study. At the end of the decay
period, the degraded wood turned from brown-black to whitish tan with some black spots.
The woodblocks were soft, fragile and easily shredded into longitudinal fragments.

162



Plants 2021, 10, 1797

 

Figure 1. Degradation of oil palm wood by G. boninense with and without phenolic treatments at various time intervals.
(a) 10th-day sampling of degraded oil palm wood; (b) 30th-day sampling of degraded oil palm wood; (c) 45th-day sampling
of degraded oil palm wood; (d) 120th-day sampling of degraded oil palm wood. Vertical bars indicate standard deviation
(S.D.) n = 6. C—control, BA—benzoic acid, SA—salicylic acid, SY—syringic acid and VA—vanillic acid. No data due to
absolute inhibition for BA (5, 10 and 15 mM), SA (10 and 15 mM), SY (10 and 15 mM) and VA (15 mM).

3.2. Anatomical Characterization during Biodegradation of Oil Palm Wood
Scanning Electron Microscopy (SEM) Analysis

The SEM micrographs of the healthy oil palm woodblocks revealed many silica
bodies embedded on the surface of the fiber strands. The silica bodies were attached to
circular craters and were arranged in a pattern of flowers that typifies oil palm wood
(Figure 2a). Silica bodies were spread uniformly over the strand’s surface. In general, the
SEM observations indicated that, initially, G. boninense colonized the substrate surfaces
via apical hyphal extension (Figure 2b). The initial colonization on the 10th day was up
to the cell lumen, which provoked erosion. As the degradation progressed, the eroded
zones coalesced, and the fungal hyphae filled in the voids at 30 days. At the end of the
degradation (120 days), silica bodies on the surface of the oil palm woodblocks were
completely dissociated, and extensive deterioration of the wood cell walls was observed in
the control (Figure 2c).

The SEM of the woodblocks treated with 1 mM vanillic and syringic acid displayed
a similar pattern, with denser hyphae than the control (Figure 2d). Although flower-
shaped silica bodies were surrounded by the G. boninense, the silica bodies looked intact
(Figure 2d). After incubation for 30 days, the hyphae of the G. boninense were abundant and
were spread across the pits of the vessels, as well as the fibers, in a bridge-like arrangement.
As the degradation time was prolonged, very few boreholes were observed in some of
the parenchymal tissue, and G. boninense intervention was evident (Figure 2e). At the end
(120 days) of this study, the woodblocks treated with 1 mM vanillic and syringic acids
displayed more disintegrated parenchymal tissues, compared to the control (Figure 2f).
No flower-patterned silica bodies were observed in the woodblocks treated with 1 mM of
syringic and vanillic acids. Similar observations were also observed in the woodblocks
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treated with 5 and 10 mM vanillic acid, and also in those treated with 5 mM syringic
acid, but the intensity of the colonization was less marked. No G. boninense growth was
observed in the woodblocks treated with 10 and 15 mM syringic acid and the 15 mM
vanillic acid-treated woodblocks. The woodblocks treated with 1 and 5 mM salicylic acid
were colonized with G. boninense, but with low visible intensity. However, the woodblocks
with 5 mM concentration were significantly better, with less colonization. The colony
of hyphae in 5 mM salicylic acid-treated woodblocks displayed a cleft circle at the end
of the hyphae and, after a closer look, it was confirmed that the hyphae were almost
emptied (Figure 2g,h). No growth of G. boninense was observed on the woodblocks treated
with a 10 mM concentration of salicylic acid. G. boninense colonized the least heavily in
the woodblocks treated with 1 mM benzoic acid until the end of the study. G. boninense
hyphae were thin on the 10th day, when compared to the G. boninense grown on the control
woodblocks. At the end of the degradation process (120th day), dense colonization was
observed, with very thin hyphae of G. boninense on those woodblocks treated with 1 mM
benzoic acid (Figure 2i); the flower-shaped silica components embedded in the circular
craters were intact on the surface of the woodblocks.

Figure 2. Scanning electron microscope (SEM) analysis of healthy and infected oil palm wood sample subjected to various
treatments. (a) Intact silica bodies in healthy oil palm wood; (b) the initial stage of apical colonization of G. boninense in
oil palm wood; (c) the control wood samples with silica bodies on the surface of oil palm woodblocks were completely
dissociated, and show extensive deterioration in the wood cell walls; (d) dense hyphae on oil palm wood treated with 1 mM
vanillic acid; (e) woodblocks treated with 1 mM syringic acid at 30th day; (f) colonization of G. boninense on woodblocks
treated with 1 mM vanillic acid at the120th day; (g) a closer look at the hyphae with clefts grown on woodblocks treated
with 5 mM salicylic acid; (h) G. boninense with deformities on woodblocks treated with 1 mM salicylic acid; (i) intact silica
bodies on the oil palm woodblocks treated with 1 mM benzoic acid at the 120th day.
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3.3. Chemical Characterization during Biodegradation of Oil Palm Woodblocks
3.3.1. Fourier Transform Infrared (FT-IR) Spectroscopy Analysis

FT-IR spectroscopy was performed to compare the changes in the functional groups
in the wood components in both healthy and treated wood samples that have been de-
graded by G. boninense. This study’s focus was on the band modifications related to the
carbohydrates (cellulose, hemicellulose and starch) and the lignin in the oil palm wood.
The FT-IR spectra in the fingerprint region between 1800 to 500 cm−1 were analyzed.
Tables S1–S3 represent the LOI, TCI and S/G of the wood components. The TCI represents
the crystallinity degree of the cellulose, and LOI represents the overall degree of order in
the cellulose. This analysis has given a clear demonstration of the structural degradation of
cellulose. Not many changes were observed in the first ten days of the degradation process
between the control and the phenolic compound-treated woodblocks. As the samples were
degraded by G. boninense, a 3340 cm−1 band increased in its intensity and broadening.
This was observed in both the control and the treated samples. As the band broadened, it
shifted to the lower frequency. However, the intensity of this band in the wood samples
that were treated with 10 mM vanillic, 5 mM salicylic, and 1 mM of benzoic acids was less
intense when compared to the control samples. The TCI of the control samples increased
until the 30-day point and started decreasing as the degradation period continued, but
the LOI remained constant for the control samples for the first 30 days and decreased as
the degradation continued (Tables S1 and S2). However, woodblocks treated with 1 mM
benzoic acid maintained almost the same LOI until the end of the study, but a constant
decrement was observed in the TCI values. The LOI values of the woodblocks treated with
salicylic acid were constant for the first 30 days, and decreased with the increase in the
degradation period. On the other hand, the TCI values of the woodblocks treated with
1 mM salicylic acid decreased for the first 30 days, and started increasing until the 45th day,
again decreasing from then onward. The LOI and TCI values of the wood samples treated
with vanillic acid continued reducing throughout the degradation period, except for the
TCI values on the 45th day.

As shown in Table 1, G. boninense invaded the lignin, cellulose and xylene bonds
simultaneously. Only stretching in various bonds was observed, and no bending was
visible in the FT-IR analysis. The stretching of the C-O bonds of the syringyl and guaiacyl
units of lignin, and also the stretching of the C=O bonds of aryl ketone and C=C in the
aromatic group of lignin, occurred on the 30th day. Besides lignin, C-H and C-O stretching
in cellulose and xylene were detected. A band at 1700 cm−1 was observed in the wood
samples treated with 1 mM benzoic, 5 mM salicylic and 15 mM vanillic acids. This band
is associated with the C=O stretching of conjugated or aromatic ketones (1700 cm−1) [15]
at days 30 and 45. As degradation progressed further, this peak disappeared (day 120).
The intensity of the band at 1670 cm−1 corresponds to the C=O stretching of lignin, which
is more intense in the samples treated with 1 mM syringic and vanillic acids. The LOI
and TCI values also dropped. This indicates the extensive degradation of cellulose and
hemicellulose components, which increased the residual lignin concentration. These
findings were in agreement with the TGA studies (results below). Similar bands appeared
for the remaining treatments, with lesser intensity. In the case of 1 mM benzoic acid, as the
degradation progressed further, the band at 1670 cm−1 disappeared. A constant decrement
was observed in the S/G ratio in the control wood samples. This indicates that G. boninense
degraded more G units in the lignin compared to the S unit. In only the wood samples
treated with syringic and vanillic acids, the S/G ratio has slightly increased by the 30th
and 45th days, and dropped at the 120th day of biodegradation.
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Table 1. Characteristic bands in the FT-IR spectra of the studied oil palm wood samples in the 400–4000 cm−1 region.

Wave Number
(cm−1)

Assignment Source Observation References

Lignin Bands

1700 C=O stretching of conjugated
or aromatic ketones Lignin

Appeared in wood samples treated with
1 mM benzoic, 5 mM salicylic and 15 mM
vanillic acids. Later disappeared on the

120th day.

[19]

1612
Unconjugated carboxyl

stretch of both lignin
and cellulose

Lignin

A high-intensity band appeared in
woodblocks treated with 1 mM syringic and
vanillic acids. A medium-intensity band was
observed in 1 mM benzoic acid initially, and

was not observed in the later stages
of degradation.

[20,21]

1620 C=C stretching in the
aromatic groups of lignin Lignin This band was observed in all the treated as

well as the control wood samples. [21,22]

1670
C=O stretching in the

conjugated p-substituted
aryl ketone

Lignin This band was observed in all the treated as
well as the control wood samples. [19,23]

1270
C-O stretching in xylene and

hemicellulose and
guaiacyl structure in lignin

Lignin

The intensity of the band decreased when the
lignin and the adjacent hemicellulose

degraded appeared in the control wood
samples, along with wood samples treated

with 1 mM phenolic compounds. It appeared
in all the other wood samples as the

degradation proceeded.

[24]

1034 Deformation vibration of
C-H bond in aromatic rings Lignin This band was observed in all the treated as

well as the control wood samples. [25]

1247
C-O stretching in lignin

(Guaiacyl units)
and hemicellulose

Lignin

This band was observed in all the treated as
well as the control wood samples. However,

the highest intensity of this band was
observed in wood samples treated with 1 mM

vanillic acid.

[19,23]

Carbohydrate Bands

1336 OH in-plane
bending cellulose Cellulose A weak band appeared only at the end of the

degradation period. [26,27]

1320
C-H variation in cellulose

and C-O stretching in
syringyl unit of lignin

Cellulose and
lignin

The intensity of the band decreased when the
lignin and the adjacent

hemicellulose degraded.
[28]

128 C-H stretching Starch A weak band appeared only at the end of the
degradation period. [14]

Hydroxy Bands

3427 Intra-molecular OH
stretching in cellulose Cellulose

Increased intensity of this band indicates that
more hydroxyl groups are available resulting
from the hydrolysis. The increment in these

two bands was observed throughout the
degradation process.

[29]

3340 Bonded OH stretching Carbohydrate
and lignin

3.3.2. Thermogravimetry (TGA) Analysis

The chemical composition of healthy oil palm woodblocks that were treated with
phenolic compounds and infected with G. boninense are shown in Tables 2 and S4. The
three distinct stages of weight loss were observed in both the treated and the control oil
palm woodblocks. In TGA, the first is the dehydration stage, followed by active pyrolysis
and passive pyrolysis; these were in the ranges of 0–100 ◦C, 100–300 ◦C and 350–800 ◦C.
A negligible mass loss was observed both in the control and in the treated samples at the
dehydration stage. A considerable mass loss had occurred in between the temperature
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ranges of 110–500 ◦C. The degradation of the cellulose and hemicellulose had occurred in
this range, which was the start of the active pyrolysis step. The estimation of hemicellulose,
cellulose and lignin were recorded at temperature ranges of 220–300 ◦C, 330–340 ◦C and
700–800 ◦C, respectively [18]. As the degradation progressed further, an increase in the
thermal degradation rate was observed in the woodblocks colonized with G. boninense.
Table S4 represents the lignin, cellulose and hemicellulose contents of the healthy oil palm
woodblocks before the treatment.

The relative percentages of lignin, hemicellulose and cellulose degradation in control
woodblocks colonized with G. boninense were elucidated according to TGA; on the 10th
day, G. boninense had degraded the hemicellulose (68.8%), followed by lignin (49.6%), and
then cellulose (37.1%). As the degradation progressed further, the rate of degradation of
the hemicellulose had decreased gradually and, simultaneously, the rate of degradation
of the lignin had increased in parallel on the 120th day. Hence, at the end of the degrada-
tion period (120th day), G. boninense had degraded the lignin and hemicellulose almost
equally, but at the same time, the degradation in the cellulose was the least. This result
indicated that G. boninense had utilized all the three components of the oil palm wood
during colonization. During the initial stages of colonization, G. boninense preferred more
hemicellulose components to degrade, but at a later stage, there was a change in preference
toward lignin rather than hemicellulose.

Table 2 indicates the difference between the treated woodblocks with that of the
control woodblocks, and the relative degradation of lignin, hemicellulose and cellulose
components. An increase in the concentration of phenolic compounds in the treatment
woodblocks had decreased the degradation rate, as informed by the lesser colonization of
G. boninense and the lesser utilization of carbon sources.

Table 2. Percentage of the chemical composition of oil palm wood (with and without treatment) degraded by G. boninense at
various time intervals.

Biodegradation (Days)

Phenolic
Compounds

(mM)

10th Day 30th Day 45th Day 120th Day

Relative (%) Degradation

L C H L C H L C H L C H

Control 49.6 37.1 68.9 55.6 46.5 69.9 64.7 46.5 70.6 72.2 60.9 71.1
BA 1 2.3 14.4 18.7 54.9 44.5 35.5 56.4 47.5 49.2 63.2 63.9 74.2
SA 1
SA 5

47.4 15.1 33.4 54.9 40.1 48.5 57.1 49.5 66.6 72.2 61.9 70.6
32.3 9.0 22.4 45.7 27.1 39.8 49.3 29.8 41.1 68.0 35.8 45.8

SY 1
SY 5

54.9 34.8 49.2 62.4 47.5 50.5 66.9 53.8 52.5 71.4 66.2 69.2
10.5 5.4 23.7 25.6 13.4 27.8 32.3 25.4 33.1 49.6 29.1 49.5

VA 1
VA 5
VA10

62.4 40.5 64.9 69.9 48.2 67.6 72.2 52.2 71.2 85.0 69.6 76.9
54.9 57.5 51.2 63.9 60.9 60.9 66.2 61.5 63.9 69.9 65.2 77.9
1.5 2.5 22.7 24.8 17.1 31.4 33.1 19.7 32.8 62.4 20.4 42.5

BA—benzoic acid, SA—salicylic acid, SY—syringic acid, VA—vanillic acid, L—lignin, C—cellulose, and H—hemicellulose.

The maximum destruction of lignin was recorded in the woodblocks that were treated
with 1 mM vanillic acid, and this tendency continued until the end of the study. On the 10th
day of colonization of the G. boninense on oil palm woodblock treated with 1 mM vanillic
acid, degradation ratios of 62.4, 64.9 and 40.5% of lignin, hemicellulose and cellulose,
respectively, were recorded. This was followed by 1 mM syringic acid-treated woodblocks,
and on the 10th day, 54.9% of the lignin, 49.2% of the hemicellulose, and 34.8% of the
cellulose components were found to have degraded. On the 45th day, 72.2% of the lignin
was found to have degraded in the 1 mM vanillic acid-treated woodblock, as against 64.7%
of lignin degradation in the control woodblocks. The degradation pattern in oil palm wood
treated with vanillic acid appeared similar with hemicellulose and lignin to that of the
control woodblocks, initially, but the destruction of lignin was found to be discernibly
higher in the 1 mM vanillic acid-treated woodblocks (Table 2). However, in the case of
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woodblocks treated with syringic acid, G. boninense degraded more lignin and cellulose
components than it did the hemicellulose components.

Overall, the woodblocks treated with 1 mM benzoic acid recorded a minimum degra-
dation rate when compared to other phenolic compounds at the minimal concentration.
The degradation in those woodblocks treated with 1 mM benzoic acid was accelerated
after the 10th day. The lignin degradation had increased from 2.3% on day 10 to 54.95
on day 30; similarly, hemicellulose destruction increased from 18.7% to 55.5%, and in the
case of cellulose, from 14.4% to 44.5%, respectively. At the end of this study, the relative
percentages of lignin, hemicellulose and cellulose that had degraded in the woodblocks
treated with 1 mM benzoic acid were 63.2%, 63.9% and 74.2%, respectively. Slow and
steady rates in the degradation of wood components were observed in those woodblocks
treated with 1 and 5 mM salicylic acid, but the ratio of intensity varied between them
temporally. On day 10, the ratios of the destruction of lignin, hemicellulose and cellulose
were at 47.4–32.3%, 33.4–22.4% and 15–9%, respectively. On the final day, G. boninense
degraded a higher percentage of lignin, cellulose and hemicellulose, at 72.2%, 60.9% and
71.1%, respectively.

4. Discussion

Abiding by the “zero burnings” policy, instead of controlled burning, the felled oil
palm trunks and the stumps (with roots) are left to degrade in field conditions. This serves
as a host for the saprophytic, pathogenic G. boninense to survive for a long time until they
come in contact with healthy oil palm roots. Increases in disease incidence and disease
severity were observed across the consecutive replantation. This is directly linked to the
increase in size of the inoculum of G. boninense [30]. Nearly 60% of the estates in Southeast
Asia were reported for the presence of this disease [1]. Although the stumps and felled oil
palm trunks are considered to be the weakest link in the BSR disease management strategy,
it is one that has been overlooked for some time.

Recently, researchers have initiated research on the identification of biocontrols of
G. boninense in the felled trunks [31]. Despite the theoretical fact that biocontrol agents
are superior to other control agents, their efficiency in the field is always questionable.
This issue apart, the introduction of new biocontrols into the environment can also cause
an unwanted change to the biodiversity of the ecosystem [25]. Hence, to overcome the
above-mentioned issues, naturally occurring phenolic compounds might be a potential
candidate to control the G. boninense that resides saprophytically in the oil palm trunks.

Hence, an in vitro study was conducted to evaluate the effects of phenolic compounds
on controlling the growth of G. boninense in oil palm woodblocks. The wood can be studied
in the following three ways, microscopic, spectroscopic, and thermodynamics, providing
useful information on the surface morphology and chemistry of wood samples during their
degradation by G. boninense when in the presence of phenolic compounds. In the current
study, the analyses were made using SEM, TGA and FTIR.

G. boninense is a white-rot fungus (WRF) that is known for its remarkable ability to
produce both oxidative and hydrolytic enzymes for the degradation of lignin and other
cellular components [32]. In our study, the mass loss at the end of the degradation by
G. boninense was 70% on the 120th day. The observed mass loss in this study is 10–20%
higher than the Populus deltoides wood degraded by Pycnoporus sanguineus and Ganoderma.
lucidium at 120 days [24]. Both P. sanguineus and G. lucidium are considered to be extensive
degraders of poplar wood. From the point of view of mass loss, we can state that G.
boninense can be potentially destructive under favorable conditions. Although this in vitro
study cannot be considered as absolute evidence of the behavior of G. boninense, still, it is
useful to predict the trajectory of degradation of oil palm wood.

During the degradation period, black spots appeared on the woodblocks, which could
be associated with the deposition of manganese peroxidase by the fungus that colonizes
the woodblocks [20]. G. boninense is known to produce three ligninolytic enzymes, namely,
laccase, lignin peroxidase and manganese peroxidase [12]. At the end of the degradation
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process, the woodblocks were soft, spongy and pale in color, which is the characteristic
feature of wood degraded by WRF [33].

In this study, a higher concentration of phenolic compounds was observed to reduce
the growth of G. boninense on oil palm woodblocks. The rate of mass loss due to the
colonization of G. boninense is inversely pronominally connected to the concentration of
the phenolic compounds. However, the two para-methylated phenolic compounds (sy-
ringic and vanillic acid) behaved ambivalently, and at the lower concentration of phenolic
compounds, increased the colonization of G. boninense, thus leading to increased mass loss.
A higher mass loss of about 80% and 71% was also observed in the woodblocks treated
with phenolic compounds, at 1 mM of the vanillic and syringic acids, respectively. This
behavior is not surprising because these two phenolic compounds are not only metabolized
by G. boninense but also by a wide range of white-rot fungi (WRF), such as Phanerochaete
chrysoporium, Prognathodes dichrous and Pleurotus ostreatus, at lower concentrations [28,34].
These para-methylated aromatic compounds are less inhibitory to the growth of the WRF,
as well as being easy to degrade. The conversion of phenol into para-methylated forms
is considered to be one of the stratagems of the WRF while colonizing lignocellulose
materials [35].

G. boninense produces the laccase enzyme [12], which acts as a detoxifying enzyme, as
well as being responsible for the degradation of aromatic structures in the lignin. Hence,
the phenolic compounds at lower concentrations in this study would have been oxidized
by the laccase enzymes produced by G. boninense. The enhanced laccase enzyme produced
by Coriolus versicolor has also detoxified various phenolic compounds, such as ferulic acid,
xylidine, vanillic acid, cinnamic acid and guaiacol at 1 mM, but, as the concentration
increased further, the phenolic compounds inhibited the growth of C. versicolor [36].

The presence of phenolic compounds at minimal concentration, along with the oil
palm wood chips in the broth, not only increased the production of oxidative enzymes but
also hydrolytic enzymes [11,12,37]. From this, we can infer that the phenolic compounds
at lower concentrations induced the production of the oxidative and hydrolytic enzymes;
as a result, more substrate (lignin, cellulose and hemicellulose) has been utilized by the
enzymes [11,37]. This, in turn, led to a substantial mass loss in the oil palm woodblocks.

When the wood samples were viewed under SEM, the images indicated that G. boni-
nense is a WRF that adapts to a simultaneous degradation pattern; that is, the degradation
of the lignin and cellulose components of the oil palm woodblocks. The wood cell walls
are attacked from the lumen, and the degradation is associated with the hyphae and not
with the diffusion mechanism [33]. The erosion troughs observed beneath the hyphae
indicate that G. boninense adopts a simultaneous degradation of lignin and cellulose compo-
nents. This result was similar to G. lucidium, which degrades both lignin and cellulose [24].
Some of the species of WRF are known for their ability to degrade the wood components
simultaneously. The rate of lignin and cellulose compound removal depends on various
factors, such as the type of wood substrate, as well as the fungal species [21]. The surface
recalcitrance of healthy oil palm wood was evident in the micrographs. The silica bodies
serve as a major physical barrier for the enzymatic hydrolyzing process, due to the diffi-
culty in penetrating the wood surface to access the cellulose and hemicellulose for sugar
production. Although benzoic acid-treated wood at lower concentrations could not inhibit
the G. boninense growth, it prevented the disintegration of silica bodies and could have
aided in strengthening the structural barrier. The presence of phenolic compounds did not
relatively alter the degradation pattern; however, it modified the extent of colonization by
G. boninense on the surface of the woodblocks.

In the process of degradation, the WRF considerably affects the lignin structure. The
demethoxylation of lignin takes place at the initial processes of degradation, followed by the
formation of oxidized products [22]. This makes the lignin even more complex to detect [38].
Hence, FT-IR and TGA analyses were performed to further analyze the chemical changes
in the wood structure during the biodegradation, as well as to quantify the remaining
wood components. In FT-IR spectroscopy, the modification occurs in the cellulose as well
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as the lignin components of the oil palm woodblocks during the degradation process. A
great reduction was observed at 1410 and 1415 cm−1 (cellulose), 1375 cm−1 (cellulose and
hemicellulose) and also at 1028 cm−1 (starch) [29]. As the degradation proceeded further,
these peaks disappeared. The peaks corresponding to the lignin (166, 1634, 1628 cm−1)
had increased initially and later disappeared, as was evident in the current findings [19,20].
Again, these suggest that G. boninense is a simultaneous degrader of lignin, hemicellulose
and cellulose components, almost equally. When comparing the wood components, the
highly crystalline cellulose components are the least degraded. This could be due to the
presence of the strong covalent bonds between them, as well their interaction with the
lignin [23].

The FT-IR spectra showed that the crystallinity indexes (TCI, LOI) increased initially
and then decreased. The initial increment and later decrement in the crystallinity index
were observed in various wood-rotting fungi [39]. This indicated the higher accessibility
of the cellulase enzyme initially; thus, the substrate (cellulose) has degraded, leading to a
decrease in the crystallinity index [40]. As the degradation of oil palm wood continued, the
ordered crystalline structure of the cellulose was disturbed, and more amorphous domains
were also introduced. The S/G ratio constantly decreased throughout the study of the
control, indicating that G. boninense preferred S-type lignin more than the G-type. This
could be due to the high prevalence of ether-type linkages, compared to G-type lignin [26].
However, the S/G ratio increased in all the woodblocks treated with syringic and vanillic
acid from 30 to 45 days, and a great decrement was observed on the 75th day. This indicates
that the presence of phenolic compounds in the oil palm wood can influence the preference
of the type of lignin that G. boninense utilizes.

According to our previous study, the predominant oxidative enzyme of G. boninense
is laccase [12]. Peroxidases (lignin and manganese) are produced predominantly by G.
boninense, but no significant difference was observed in the production of hydrolytic en-
zymes in the presence of syringic and vanillic acids [12,37]. The results revealed that the
presence of phenolic compounds only alters the preference of lignin subunits (S and G) and
not the degradation pattern or the degradation ratio of lignin-hemicelluloses and cellulose.
However, an increase in the concentration of phenolic compounds reduced the quantity of
the degraded components.

The phenolic compounds are the key compounds in signal transduction in the plant
defense system, and are also involved in the elimination of pathogens. Hence, an increase in
the content of phenolic compounds in the plant is linked to induced resistance in plants [27,41].
The phenolic compounds used in this study are associated with lignin and lignin biosyn-
thesis pathways. Syringic and vanillic acids are involved in the lignin structure, whereas
benzoic acid and salicylic acids are involved in the synthesis of lignin. The cells of cut
stumps and the felled trunks are intact and alive for a considerable period. Hence, the
phenolic treatment of felled oil palm trunks and stumps can control G. boninense and can
develop resistance against it.

A three-year study conducted by the Malaysian Palm Oil Board (MPOB) on live
BSR-infected oil palm stumps treated with 1.2 kg Dazoment revealed a 10% survival rate
of Ganoderma inoculum [42]. This practice can greatly reduce the inoculum survival rate.
Nevertheless, the cost of the amount of Dazoment required to eradicate the inoculum
should not be overlooked. The cost of the above-mentioned phenolic will comparatively be
less, and be used in reduced quantities to treat the palm; hence, it could be a cost-effective
method. Besides this, the salient feature of phenolic compounds is that they are resistant to
autoxidation [43]. Hence, they could be directly applied to the stump via soil drenching.
However, the effect of these phenolic compounds on the environment should be evaluated
before their application in the field.

5. Conclusions

The results of this study verify and conclude that naturally occurring phenolic com-
pounds can be an effective controller of BSR disease, and, hence, they are considered to
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be potential compounds to treat the infected stumps and debris. Benzoic acid is the most
effective compound to control G. boninense growth in the wood samples at the minimal
concentration (5 mM), followed by salicylic acid. As a recommendation, it is essential to
determine the threshold concentration of phenolic compounds before their application,
because a lower concentration of phenolic compounds has enhanced the colonization of G.
boninense, which defeats the purpose of treatment. This study could serve as a stepping-
stone towards the development of an effective stump treatment, with the ultimate aim of
minimizing BSR infection in oil palm estates in a sustainable manner.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.33
90/plants10091797/s1, Table S1: Lower Order Index (LOI) of oil palm wood (with and without treatment)
degraded by G. boninense at various time intervals; Table S2: Total Crystallinity Index (TCI) of oil
palm wood (with and without treatment) degraded by G. boninense at various time intervals; Table
S3: S/G ratio of oil palm wood (with and without treatment) degraded by G. boninense at various
time intervals; Table S4: Percentage of the chemical composition of healthy oil palm wood.
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Abstract: Phytotoxic substances released by invasive plants have been reported to have anti-pathogen,
anti-herbivore, and allelopathic activity. The aim of this study was to determine the allelopathic
influence of the Ambrosia trifida L. on oxidative stress parameters (the lipid peroxidation process;
reduced glutathione (GSH) content; and activity of antioxidant enzymes catalase (CAT), superoxide
dismutase (SOD), and peroxidase (PX)) and phenolic compounds (total phenolic and tannin content)
in maize (Zea mays L.), soybean (Glycine max L.), and sunflower (Helianthus annuus L.) crops to explore
the effect of released allelochemicals through A. trifida root on crops. An analysis by HPLC confirmed
the presence of protocatechuic acid, p-hydroxybenzoic acid, vanillic acid, and syringic acid as major
components in the A. trifida. Based on the obtained results for oxidative stress parameters, it can be
concluded that the sunflower was the most sensitive species to A. trifida allelochemicals among the
tested crops. The other two crops tested showed a different sensitivity to A. trifida. The soybean did
not show sensitivity, while the maize showed sensitivity only 10 days after the sowing.

Keywords: allelopathy; oxidative stress; maize; soybean; sunflower

1. Introduction

Ambrosia trifida L., commonly named giant ragweed, is a flowering plant belonging to
the Asteraceae family. The giant ragweed is American (especially North American) in origin
and is spreading as a pioneer species worldwide, invading cultivated fields, particularly
wheat, corn, and soybean fields. The earliest germination and emergence, as well as the
largest seeds and seedlings, give A. trifida a decisive advantage over the other plants [1].
Thus, A. trifida is listed, along with Ageratum conyzoides L. and Lantana camara L., as the
most economically destructive weed in the world [2]. The same authors concluded that
the competition is an important interference mechanism that is responsible for A. trifida
infestation, but the allelopathy of A. trifida would also be an important mechanism.

Allelopathy is defined as “The biochemical interactions among all types of plants,
including microorganisms” [3]. One organism produces chemicals that affect another
organism and those chemicals are called allelochemicals [4]. Plant phenolic compounds are
considered as a major source of allelochemicals [5]. They can be involved in the production
of reactive oxygen species (ROS) and can suppress antioxidant enzyme activity-inducing
oxidative stress in plants [6,7]. High production of ROS that exceeds the capacity of
antioxidant defence enzymes results in oxidative stress and plant cell death [8].

Thus, the phenolic compounds act as antioxidant, antimutagenic and leaf movement-
regulating agents, in turn protecting the organism that produces them from the oxidative
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stress created by the metabolism and their physical environment [9]. Phenolic compounds
present in plants are very important constituents that defend plants from infection and
injury [10,11]. It has been found that p-hydroxy benzoic acid increases resistance of wheat
(Triticum aestivum L.) against a pathogen infection, increasing abiotic stress tolerance and
impermeability of the cell wall [12]. Furthermore, it was found that syringic acid and
p-hydroxy benzoic acid possess antimicrobial activity [13].

Phenolic compounds synthesized by plants are also involved in plant allelopathy
inhibiting the growth of the other plant competitors [14,15]. Some weeds inhibit crop
growth and development by interfering with them through released allelochemicals. The
Ambrosia genus biosynthesizes and releases several types of secondary metabolites (pheno-
lics, flavonoids, sesquiterpenes, ambrosin, isabelin, psilostachyin, coronopilin, thiarubrines,
and thiophenes) with a broad spectrum of biological activities including allelopathic reac-
tions [2,16]. Specific chemical compounds, i.e., carotane sesquiterpenes, thiarubrines, and
thiophenes, were identified from A. trifida [2].

Another important non-enzymatic antioxidant molecule is reduced glutathione (GSH),
a thiol tripeptide containing γ-glutamate, glycine and, the most important amino acid,
cysteine. It has several roles in animal and plant cells and one of them is to buffer the
ROS molecules by donating a hydrogen (H) molecule [17]. The donator is a thiol (SH)
group from cysteine, which oxidizes to the glutathione disulfide (GSSG) after the donation.
This reaction prevents the oxidative stress and the cell death. The ratio of the reduced
glutathione to oxidized glutathione (GSH/GSSG) within cells is a measure of the cellular
oxidative stress [18].

Interactions between plants and the environment are an important consideration for
understanding allelopathy. One of the studies demonstrated that the temperature stress
enhances allelochemical inhibition, which indicates that interactions between plants and
the environment are important for understanding allelopathy [19].

Phytotoxic substances released by invasive plants have been reported to have anti-
pathogen, anti-herbivore, and allelopathic activity [20]. Bearing in mind that A. trifida has
the ability to spread, becoming an invasive weed, the aim of this study was to determine
the allelopathic influence of A. trifida on maize (Zea mays L.), soybean (Glycine max L.), and
sunflower (Helianthus annuus L.) plants to explore the effect of released allelochemicals
through A. trifida root on crops. The effect of released allelochemicals of A. trifida on oxida-
tive stress parameters (the lipid peroxidation process, reduced glutathione (GSH) content,
as well as the activity of antioxidant enzymes (catalase (CAT)), superoxide dismutase
(SOD), and peroxidase (PX)) and phenolic compounds (total phenolic and tannin content)
in crop plants were examined. The chemical composition of the A. trifida was achieved by
the HPLC.

Ambrosia trifida is locally present in the Central Bačka (Vojvodina) and is expected to
spread in the future [21]. The results of the study that dealt with the antioxidant potential
of the ragweeds showed that the range of the total phenolic compounds was between
30.0 and 111.1 mg gallic acid equivalents (GAE) per gram of the dry weight of leaves.
The contents of all of the measured phenolic compounds in A. trifida were pronounced
when compared with A. artemisiifolia and Iva xanthifolia. When it comes to the antioxidant
activity, the radical scavenging abilities of the hydroxyl and 1,1-diphenyl-2-picrylhydrazyl
(DPPH) were notably higher in the case of A. trifida leaves, compared with the other two
investigated species [22].

2. Results

2.1. Phenolic Compounds

The main constituent of the phenolic components (Table 1.) was protocatechuic acid
(8.90 ± 0.20 μg/g), followed by p-hydroxybenzoic, vanillic, and syringic acid (4.50 ± 0.01,
3.55 ± 0.01, and 1.75 ± 0.09 μg/g, respectively). The p-Coumaric acid and ferulic acid were
represented at the concentration levels of 0.96 ± 0.01 and 0.70 ± 0.01 μg/g, respectively.
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Table 1. The identified and quantified phenolic compounds in the Ambrosia trifida.

Phenolic Compounds mean ± SD μg/g *

gallic acid nd
ferulic acid 0.70 ± 0.01

2-hydroxycinnamic acid nd
trans-cinnamic acid nd

caffeic acid nd
p-coumaric acid 0.96 ± 0.00
chlorogenic acid nd

quercetin nd
(+)-catechin nd

protocatechuic acid 8.90 ± 0.28
p-hydroxybenzoic acid 4.50 ± 0.00

vanillic acid 3.55 ± 0.00
epicatechin nd

syringic acid 1.75 ± 0.09
kaempferol nd

* Data represent the means of the three replicates ± standard deviation; nd = not defined.

2.2. The Effects of Ambrosia trifida on Sunflower, Soybean and Maize Total Phenolics and Tannins

The highest amount of the total phenolics was obtained in sunflower leaves at the
weed:crop ratio of 3:1, at 10 days after the sowing (30.50 ± 5.18 mg GAE/g DW) (Table 2).
There were no significant differences in total tannins in sunflower leaves. Soybean leaves at
the weed:crop ratio was 3:1, at 14 days after the sowing had the highest total phenolic con-
tent (14.17 ± 0.44 mg GAE/g DW), while the content of tannins was lower in soybean leaves
at the weed:crop ratio of 3:1, at 10 days after the sowing (0.41 ± 0.30 mg GAE/g DW), as
well as at the weed:crop ratio of 3:1, at 14 days after the sowing (2.69 ± 1.10 mg GAE/g DW).
In maize leaves, the highest amount of the total phenolic compounds was obtained at the
weed:crop ratio of 3:1, at 10 days after the sowing (22.72 ± 1.49 mg GAE/g DW). The
content of the tannins in maize leaves was lower in the treatments compared with the
control group 14 days after the sowing.

Table 2. Total phenolics (TP) and total tannins (TT) in leaves of sunflower, soybean and maize plants of the three-term ratio
1:3, 1:1, 3:1 (weed-crop).

Time Ratio
Sunflower Soybean Maize

TP TT TP TT TP TT

7 days

C 11.67 ± 0.90 a 4.36 ± 0.46 ab 9.93 ± 1.18 a 3.09 ± 1.12 b 14.82 ± 2.13 ac 5.65 ± 1.99 bc

1:3 7.95 ± 0.92 a 3.35 ± 0.34 ab 11.23 ± 0.89 a 7.03 ± 0.67 d 14.34 ± 1.74 ac 8.00 ± 1.67 c

1:1 11.74 ± 0.89 a 4.76 ± 0.07 ab 10.12 ± 0.64 a 5.90 ± 0.60 cd 15.52 ± 1.20 ac 6.77 ± 0.82 c

3:1 7.18 ± 1.14 a 3.23 ± 0.17 ab 10.59 ± 1.09 a 5.19 ± 1.11 bcd 13.75 ± 0.96 b 5.86 ± 1.00 bc

10 days

C 11.20 ± 1.02 a 3.70 ± 0.22 ab 10.23 ± 0.78 a 4.30 ± 0.53 bc 15.86 ± 0.48 ac 7.98 ± 0.22 c

1:3 6.83 ± 0.78 a 2.89 ± 0.15 a 11.08 ± 0.47 a 4.93 ± 0.77 bcd 17.28 ± 0.57 c 8.40 ± 0.42 c

1:1 9.09 ± 1.34 a 3.88 ± 0.26 ab 10.90 ± 0.45 a 4.33 ± 1.01 bc 14.76 ± 1.09 ac 5.52 ± 0.92 bc

3:1 30.50 ± 5.18 b 5.01 ± 0.17 b 11.05 ± 0.94 a 0.41 ± 0.30 a 22.72 ± 1.49 a 5.70 ± 0.61 bc

14 days

C 12.81 ± 0.55 a 5.04 ± 0.38 b 10.32 ± 0.51 a 6.10 ± 0.31 c 16.55 ± 0.12 c 12.85 ± 0.22 a

1:3 14.26 ± 0.51 a 4.42 ± 0.44 ab 10.60 ± 0.35 a 4.22 ± 0.18 bc 15.05 ± 0.18 ac 6.91 ± 0.16 c

1:1 13.67 ± 1.19 a 5.00 ± 0.51 b 10.39 ± 0.53 a 3.66 ± 0.47 bc 14.64 ± 0.73 ac 5.70 ± 0.76 bc

3:1 16.14 ± 1.35 a 5.10 ± 0.14 b 14.17 ± 0.44 b 2.69 ± 1.10 b 12.72 ± 0.80 b 3.12 ± 0.17 b

TP (mgGAE/gDW); TT (mgGAE/gDW). The data are mean values ± standard error. a–d Values without the same superscripts within each
column differ significantly (p < 0.05).
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2.3. The Effects of Ambrosia trifida on Sunflower, Soybean and Maize Antioxidant Enzyme
Activity, GSH Content and MDA Content

The results of the A. trifida effects on the antioxidant enzyme activity, as well as
the GSH and MDA content of sunflower, soybean, and maize, are shown in Tables 3–5,
respectively.

Table 3. The activity of the antioxidant enzymes, reduced glutathione (GSH) content, and malondialdehyde (MDA) content
in leaves of sunflower plants of the three-term ratio 1:3, 1:1, 3:1 (weed-crop).

Time Ratio CAT SOD PX GSH MDA

7 days

C 0.29 ± 0.16 a 1241.71 ± 1150.06 d 0.77 ± 0.65 c 0.20 ± 0.20 a 35.04 ± 13.26 a

1:3 0.06 ± 0.07 b 1428.85 ± 1337.20 abc 0.47 ± 0.35 a 0.16 ± 0.15 b 32.16 ± 10.38 a

1:1 0.17 ± 0.04 c 1467.84 ± 1376.18 a 0.55 ± 0.43 ab 0.16 ± 0.16 b 25.21 ± 3.43 a

3:1 0.09 ± 0.04 c 888.89 ± 797.24 e 0.62 ± 0.50 abc 0.17 ± 0.16 b 35.26 ± 13.48 a

10 days

C 0.10 ± 0.03 a 1396.19 ± 1304.54 abc 0.63 ± 0.51 abc 0.180.17 a 42.73 ± 20.96 ab

1:3 0.12 ± 0.01 a 1443.81 ± 1352.16 ab 0.61 ± 0.49 abc 0.20 ± 0.19 b 34.83 ± 13.05 a

1:1 0.07 ± 0.06 a 1304.76 ± 1213.11 c 0.62 ± 0.50 abc 0.17 ± 0.16 c 55.66 ± 33.88 ab

3:1 0.15 ± 0.02 a 1329.52 ± 1237.87 b 0.70 ± 0.58 b 0.17 ± 0.16 a 45.62 ± 23.84 ab

14 days

C 0.11 ± 0.02 a 1505.24 ± 1413.59 a 0.81 ± 0.69 d 0.21 ± 0.20 a 40.49 ± 18.71 ab

1:3 0.09 ± 0.04 a 1456.86 ± 1365.21 ab 0.57 ± 0.49 ab 0.17 ± 0.16 b 39.53 ± 17.75 ab

1:1 0.17 ± 0.04 a 1472.55 ± 1380.90 a 0.89 ± 0.77 e 0.26 ± 0.25 c 71.69 ± 49.91 b

3:1 0.12 ± 0.01 a 1488.23 ± 1396.58 a 0.91 ± 0.79 e 0.20 ± 0.19 a 90.38 ± 68.61 c

Activity of antioxidant enzymes (U/g FW); CAT (catalase, U/g FW); SOD (superoxide dismutase, U/g FW); PX (peroxidase, U/g FW);
GSH content (reduced glutathione, μmol GSH/g FW); MDA content (nmol MDA/g FW). The data are mean values ± standard error.
a–e Values without the same superscripts within each column differ significantly (p < 0.05).

Table 4. The activity of the antioxidant enzymes, reduced glutathione (GSH) and malondialdehyde (MDA) content in leaves
of soybean plants of the three-term ratio 1:3, 1:1, and 3:1 (weed-crop).

Time Ratio CAT SOD PX GSH MDA

7 days

C 0.13 ± 0.03 a 1062.38 ± 956.17 a 1.50 ± 1.20 a 0.25 ± 0.24 a 91.13 ± 84.96 a

1:3 0.06 ± 0.04 a 877.19 ± 770.99 c 0.83 ± 0.53 b 0.20 ± 0.19 b 80.34 ± 74.17 b

1:1 0.13 ± 0.03 a 1027.29 ± 921.09 ac 1.05 ± 0.76 ab 0.20 ± 0.19 b 55.66 ± 49.49 f

3:1 0.08 ± 0.02 a 1109.16 ± 1002.96 a 1.27 ± 0.97 ab 0.31 ± 0.30 c 74.68 ± 68.51 be

10 days

C 0.07 ± 0.03 a 1308.57 ± 1202.37 b 1.20 ± 0.91 ab 0.24 ± 0.23 a 109.19 ± 103.01 cd

1:3 0.09 ± 0.01 a 1369.52 ± 1263.32 b 1.05 ± 0.76 ab 0.20 ± 0.19 b 101.39 ± 95.22 c

1:1 0.09 ± 0.01 a 1022.86 ± 916.65 ac 1.41 ± 1.12 a 0.26 ± 0.25 c 67.63 ± 61.45 e

3:1 0.20 ± 0.10 a 1099.05 ± 992.84 a 2.34 ± 2.05 cd 0.31 ± 0.30 d 85.36 ± 79.19 ab

14 days

C 0.08 ± 0.02 a 1392.16 ± 1285.95 b 2.39 ± 2.09 cd 0.31 ± 0.30 a 114.10 ± 107.93 c

1:3 0.11 ± 0.01 a 1447.06 ± 1340.86 b 2.01 ± 1.72 c 0.32 ± 0.31 a 100.32 ± 94.15 d

1:1 0.15 ± 0.05 a 1433.33 ± 1327.13 b 2.51 ± 2.21 d 0.29 ± 0.28 b 103.74 ± 97.57 d

3:1 0.11 ± 0.01 a 623.53 ± 517.33 d 2.36 ± 2.06 cd 0.24 ± 0.23 c 100.21 ± 94.04 d

Activity of antioxidant enzymes (U/g FW); CAT (catalase, U/g FW); SOD (superoxide dismutase, U/g FW); PX (peroxidase, U/g FW);
GSH content (reduced glutathione, μmol GSH/g FW); MDA content (nmol MDA/g FW). The data are mean values ± standard error.
a–e Values without the same superscripts within each column differ significantly (p < 0.05).

According to Duncan’s multiple range tests, a significant decrease in the activity of the
antioxidant enzymes CAT and PX was detected in sunflower leaves 7 days after the sowing
at all examined ratios (PX from 20 to 39%, CAT from 43 to 79%). The activity of the SOD
was lower only in the weed:crop ratio of 3:1 (28%). Lower production of GSH was detected
in the sunflower plants leaves 7 days after the sowing in all examined ratios. After 14 days,
there were no significant differences in the GSH production in the weed:crop ratio of 3:1,
statistically lower GSH was measured in the weed:crop ratio of 1:3 (19%), while, in the
weed:crop ratio of 1:1, significantly higher GSH content was measured (24%). The MDA
content, the main end product of the lipid peroxidation process, is used as a biomarker for
the oxidative stress. A statistically significant increase in MDA accumulation was recorded
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in sunflower leaves 14 days after the sowing whereby the weed:crop ratios were 3:1 and
1:1 (123% and 77%, respectively).

Table 5. The activity of the antioxidant enzymes, reduced glutathione (GSH) and malondialdehyde (MDA) content in leaves
of maize plants of the three-term ratio 1:3, 1:1, 3:1 (weed-crop).

Time Ratio CAT SOD PX GSH MDA

7 days

C 0.33 ± 0.16 a 1335.28 ± 1258.50 e 1.12 ± 0.96 c 0.20 ± 0.19 a 49.25 ± 33.69 a

1:3 0.23 ± 0.07 a 1085.77 ± 1008.99 b 1.00 ± 0.83 d 0.22 ± 0.20 a 43.80 ± 28.24 a

1:1 0.72 ± 0.55 b 1042.88 ± 966.10 b 1.32 ± 1.16 abc 0.20 ± 0.19 a 39.53 ± 23.96 a

3:1 0.20 ± 0.04 a 807.02 ± 730.23 d 1.04 ± 0.88 d 0.21 ± 0.20 a 51.17 ± 35.61 a

10 days

C 0.22 ± 0.06 a 754.29 ± 677.50 d 1.43 ± 1.27 ab 0.23 ± 0.22 a 50.43 ± 34.86 a

1:3 0.22 ± 0.06 a 923.81 ± 847.02 a 1.21 ± 1.05 a 0.25 ± 0.24 b 44.23 ± 28.67 a

1:1 0.34 ± 0.18 a 910.48 ± 833.69 ac 1.53 ± 1.37 b 0.19 ± 0.17 c 48.50 ± 32.94 a

3:1 0.21 ± 0.04 a 935.24 ± 858.45 abc 1.42 ± 1.26 ab 0.33 ± 0.32 d 54.06 ± 38.49 a

14 days

C 0.14 ± 0.02 a 851.15 ± 774.37 c 1.33 ± 1.17 abc 0.25 ± 0.24 a 58.01 ± 42.45 a

1:3 0.12 ± 0.04 a 1012.58 ± 935.79 ab 1.35 ± 1.19 abc 0.29 ± 0.27 b 58.65 ± 43.09 a

1:1 0.31 ± 0.15 a 1018.87 ± 942.08 ab 1.61 ± 1.45 e 0.28 ± 0.27 b 58.01 ± 42.45 a

3:1 0.23 ± 0.07 a 1008.39 ± 931.60 ab 1.78 ± 1.62 f 0.30 ± 0.29 b 52.88 ± 37.32 a

Activity of antioxidant enzymes (U/g FW); CAT (catalase, U/g FW); SOD (superoxide dismutase, U/g FW); PX (peroxidase, U/g FW);
GSH content (reduced glutathione, μmol GSH/g FW); MDA content (nmol MDA/g FW). The data are mean values ± standard error.
a–e Values without the same superscripts within each column differ significantly (p < 0.05).

A significant decrease in the activity of the SOD was detected in soybean leaves at the
weed:crop ratio of 3:1, at 10 and 14 days after the sowing (16% and 55%, respectively). No
significant difference was detected in the activity of CAT, while a significant increase in PX
activity was detected at 10 days after the sowing at the weed:crop ratio of 3:1 when the
highest increase in the activity of the PX was measured (95%). Furthermore, significant
production of the GSH was detected in the soybean plants leaves at 7 and 10 days after
the sowing at the weed:crop ratio of 3:1 (25% and 28%, respectively), while, in the same
ratio at the end of the experimental time, the production of GSH was lower compared to
the control (22%). In the soybean leaves, the amount of MDA was lower in the treatments
compared with the control during the experimental period (e.g., from 9 to 12%, 14 days
after the sowing).

The activity of the SOD showed an increase from 18 to 24% in maize leaves at 10
and 14 days after the sowing at all examined ratios. The highest activity of the CAT was
measured at the weed:crop ratio of 1:1, at 7 days after the sowing (119%). The highest
activity of PX was detected in maize leaves at the weed:crop ratios of 1:1 and 3:1, at 14 days
after the sowing (21% and 34%, respectively). Significant induction of the GSH production
was detected in the maize plants leaves 14 days after the sowing in all examined weed:crop
ratios (1:3, 1:1, and 3:1) and accumulation of the GSH compared with the control was 16%,
12%, and 20%, respectively. A significant increase in the LP intensity was recorded in maize
leaves 10 days after the sowing at the weed:crop ratio of 3:1 (8%). On the other hand, 14
days after the sowing, there was no significant increase in the LP intensity in the treatments
compared with the control.

3. Discussion

The allelopathic effect of A. trifida was investigated in a number of studies. It was
reported that A. trifida aqueous extracts were significantly inhibitory to the sorghum
seedling growth [23]. The effects of the A. trifida volatile oil on other plants were examined
and it was found that A. trifida volatile oil significantly inhibited the germination and
growth of maize and wheat but these volatiles also significantly stimulated the germination
and growth of barnyard grass weed (Echinochloa crus-galli) [24]. Primarily, the volatile
allelochemicals of A. trifida acting against other plants and stimulating the germination of
barnyard grass weed were terpenoids alcanfor, borneol, and borneol acetate.
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The main constituent of the phenolic components in Ambrosia trifida was protocate-
chuic acid, followed by p-hydroxy benzoic, vanillic, and syringic acid. Protocatechuic and
p-hydroxy benzoic acid formation result from reactions of hydroxylation and methylation
that can occur in the aromatic ring of benzoic acid [14].

The effect of A. trifida root exudates on wheat (T. aestivum) growth was examined and
it was found that soil phytotoxicity did not result primarily from A. trifida root exudates,
but from the residues in the soil [16]. It was also found that 1α-angeloyloxycarotol and
1α-(2-methylbutyroyloxy)-carotol released by A. trifida act as allelochemicals and inhibit
the growth of wheat. Another study reported that metabolites with carotene skeletons
have strong biological activity [25].

The allelochemical stress is a phenomenon when allelochemical compounds suppress
the plant growth. The accepted mode of action of many allelochemical compounds is
the production of reactive oxygen species (ROS) and induction of oxidative stress. The
excessive production of ROS is accompanied by the activation of enzymatic defenses. The
activity of the antioxidant enzymes is frequently used as an indicator of the oxidative stress
in plants, while an increase in the lipid peroxidation is a widely used stress indicator of
the plant membranes [26]. Taking into account that the activity of the antioxidant enzymes
in plants can be changed under oxidative stress [26], the changes in the activity of the
antioxidant enzymes in sunflower, soybean, and maize leaves could occur as a response
to the oxidative stress induced by the allelochemicals released by A. trifida. In addition,
if allelopathy-provoked stress is strong enough, the activity of the antioxidant enzymes
could not prevent the oxidative stress when lipid peroxidation is increased.

The study results showed that the presence of A. trifida strongly affected lipid per-
oxidation in sunflower leaves, particularly at 14 days after the sowing at the weed:crop
ratio was 3:1 when the MDA accumulation was the highest, which preceded a significant
decrease in the activity of the antioxidant enzymes, i.e., CAT, SOD, and PX (7 days after
the sowing), and significantly higher total phenolic content (10 days after sowing). The
level of the GSH molecule production differed between the three tested plant species. In
sunflower and maize leaves, increased production of GSH was detected at 14 days after
the sowing, while, in case of soybean leaves, the production decreased. The differences
in the GSH production among plant species were previously reported [27], where the
lower production of GSH compared with the control in Lactuca sativa cv. Phillipus and a
higher production compared with the control in Brassica oleracea cv. Bronco were observed.
The obtained results showed that the GSH production is in correlation with the MDA
production. Specifically, in sunflower and maize leaves, high levels of the GSH and MDA
production were detected at 14 days after the sowing, while, in soybean leaves, the levels
were low. The reason lies in the fact that the GSH has the role to reduce the occurred lipid
peroxides, after which it oxidizes to the GSSG [28].

It was reported that the stress-sensitive plants under the stress conditions accumulate
flavonoids, i.e., one group of the plant phenolics which are effective scavengers of ROS and
flavonoid productions under stress conditions. This represents negative correlations with
an increase in the antioxidant enzyme activity [29]. A significantly higher accumulation
of the MDA in sunflower leaves points to the fact that allelopathy-provoked stress by
A. trifida plants was strong enough and the scavenging effects of the antioxidant enzymes,
with decreased activity, could not prevent oxidative burst and induction of the lipid
peroxidation.

The maize plants were mildly affected; an increase in LP intensity was recorded at
10 days after the sowing, but at 14 days after the sowing, there was no significant increase
in the LP intensity. On the other hand, soybean plants were not affected by the presence
of A. trifida plants. The amount of MDA was lower in the treatments compared with
the control at 14 days after the sowing. The obtained results for the MDA content are in
accordance with the results for the activity of antioxidant enzymes when an increase in the
activity of antioxidant enzymes (CAT, SOD and PX) was detected. The increased activity of
the antioxidant enzymes in soybean and maize plants suggests that the defensive system of
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the plants prevailed. It was reported that the presence of the neighboring weeds caused an
accumulation of the hydrogen peroxide (H2O2) and the reduction in anthocyanin content
in the first leaf of the maize seedlings [30].

Total phenols were produced in higher amounts in all of the examined plants, but the
total tannins, which are antioxidants, had lower production compared with the control.
This could be correlated with the increased level of the lipid peroxidation in sunflower and
maize, since there are bigger amounts of phenolic compounds without the antioxidant role.

In this research, the sunflower was the most sensitive species to the A. trifida allelo-
chemicals among the investigated crops. The other two tested crops showed a different
sensitivity to A. trifida. The soybean did not show any sensitivity, while maize showed
sensitivity only at 10 days after the sowing. These findings are in agreement with the
results of the study which reported that different crops showed a different sensitivity to the
common ragweed (Ambrosia artemisiifolia L.) [31]. Among the tested crops (alfalfa, barley,
maize, lettuce, tomato, and wheat), the tomato was the most sensitive indicator species to
the A. artemisiifolia allelopathic residues.

4. Materials and Methods

4.1. The Validation of the Method

The LC-MD/MS validation parameters were set in accordance with the AOAC guide-
lines [32]. The validation parameters are shown in Table 6. The validation parameters
included retention time (Rt) (expressed in min), precursor product ion, the correlation
coefficient (R2), repeatability (expressed in %RSD), as well as the limit of quantification
(LOQ) (expressed in μg/kg).

Table 6. The LC-MS/MS validation parameters.

Phenolic Compounds Rt (min)
Precursor Product

Ion
R2 Repeatability

(RSD, %)
LOQ (μg/kg)

gallic acid 4.12 169→125 0.9967 9.5 0.1

ferulic acid 12.62 193→134
193→177.5 0.9988 12.1 0.1

2-hydroxycinnamic acid 7.25 163→117
163→119 0.9954 5.9 0.1

trans-cinnamic acid 13.27 147→147 0.9816 8.1 0.1
caffeic acid 10.86 179→135 0.9995 11.7 0.1

p-coumaric acid 12.20 163→93
163→119 0.9990 8.6 0.1

chlorogenic acid 10.05 353→191 0.9990 9.2 0.1

quercetin 15.13 301→151
301→179 0.9969 7.4 0.1

(+)-catechin 9.79 289→205
289→245 0.9980 4.3 0.1

protocatechuic acid 7.53 153→109 0.9995 4.3 0.1
p-hydroxybenzoic acid 9.62 137→93 0.9980 9.2 0.1

vanillic acid 10.68 167→108 0.9996 11.7 0.1
epicatechin 11.14 189→245 0.9986 5.9 0.1

syringic acid 11.17 197→182 0.9998 4.3 0.1

kaempferol 15.65 285→169
285→285 0.9968 4.2 0.1

4.2. Plant Material and Plant Extraction

The giant ragweed was collected in Kosančić village in Serbia (19◦28′30.07” E, 45◦30′30.20” N)
in the six-leaf stage in May 2017. The plants were dried at 30 ◦C for two weeks. Dried
leaves were powdered in the mill and stored at +4 ◦C.

The powdery material (1 g) was soaked in 10 mL of solvent (methanol and HPLC—
grade water) and sonicated for 60 min at 55 ◦C. The supernatant was removed after
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the centrifugation (4000 rpm for 5 min). The aliquot was evaporated to dryness and
reconstituted in 0.5 mL of the mobile phase. After that, the extract was ready for the
LC-MS/MS analyses. The method was performed with the modifications compared with
the previous studies [33,34].

4.3. LC-MS/MS Analysis

The LC was performed with an Agilent 1200 HPLC system equipped with a G1379B
degasser, a G1312B binary pump, a G1367D autosampler, and a G1316B column oven.
The chromatographic separation was achieved by the Zorbax Eclipse XDB C18 column
(150 × 4.6 mm, 1.8 μm) maintained at 30 ◦C. The mobile phases were 0.1% formic acid in
methanol (solvent A) and 0.1% formic acid in Milli-Q water (solvent B). The gradient was
0 min (80% B), 10 min (50% B), 20 min (5% B), 24 min (0% B), 25 min (80% B), with the
flow rate of 0.6 mL/min. For the MS analysis, an Agilent 6410 Triple-Quad LC/MS system
was applied. Agilent MassHunter data acquisition, qualitative analysis, and quantitative
analysis software were used for method development and data acquisition [34]. All of
the used solvents were of a chromatography grade and were obtained from J. T. Baker
(Deventer, The Netherlands). The gallic acid, ferulic acid, 2-hydroxycinnamic acid, trans-
cinnamic acid, caffeic acid, p-coumaric acid, chlorogenic acid, quercetin, (+)-catechin,
protocatechuic acid, p-hydroxybenzoic acid, vanillic acid, epicatechin, syringic acid, and
kaempferol were used as analytical standards. The stock solutions of individual phenol
compound were prepared at the concentration of 1.0 mg/mL in methanol. The stock
mixture standard (working solution containing all 15 phenol compounds) was obtained
by mixing and diluting the stock standards with a mobile phase in the final concentration
of 100 μg/mL. The composite mixtures of all phenolic compounds at the appropriate
concentrations were used to spike samples in the data validation settings. The acetic acid
was of a p.a. grade (Carl Roth).

4.4. Crop Plant Growth

A competition trial was conducted in vitro at the Laboratory of Biochemistry, Faculty
of Agriculture, Novi Sad, Serbia. The crop (maize (Zea mays L.), sunflower (Helianthus
annuus L.), soybean (Glycine max (L.) Merr.), and the weed (Ambrosia trifida L.) seeds were
surface-sterilized with 3% H2O2 (v/v) and washed with deionised water. The seeds of
crops and A. trifida were sown in pots 40 × 30 cm, at a three-term ratio of 1:3, 1:1, and 3:1
(weed:crop), for each crop separately, while the control pots contained crops only. The
sowing substrate consisted of garden humus and sterilized sand at a ratio 2:1. After the
sowing, the pots were covered with aluminum foil and put in a growing chamber under
the controlled conditions (28 ◦C, 60% relative humidity, a photoperiod of 18 h, and a light
intensity of 10.000 lx). The irrigation was carried out with the sterilized water every day.
The evaluation was conducted at 7, 10, and 14 days after the emergence.

4.5. Determination of Total Phenolics and Tannins

The air-dried crop leaves (from each growth condition), collected at 7, 10, and 14 days
after the emergence, were extracted with 10 mL of 70% ethanol. After 24 h, the extracts
were filtered through Whatman No. 4 filter paper and stored at 4 ◦C until analyzed.

The total phenolics (TP) and tannins (TT) were determined according to the Folin–
Ciocalteu method [35]. The leaf extracts were mixed with deionized water, 20% sodium
carbonate, and Folin–Ciocalteu reagent diluted with distilled water in proportion 1:2. The
absorbance of the reaction mixture was measured after incubation at the room temperature
for 30 min at 720 nm using an UV/VIS spectrophotometer (Thermo Scientific Evolution
220, Waltham, MA, USA). The standard curve for TP and TT contents was plotted using
gallic acid (GA) solution (0.1–2.0 mg/mL). The data were expressed as mg of gallic acid
equivalent per gram of dry weight (mg GAE/g DW).
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4.6. Determination of the Oxidative Stress Parameters

For the determination of the oxidative stress parameters, i.e., activity of antioxidant
enzyme activity, content of reduced glutathione (GSH), and intensity of lipid peroxidation,
2 g of fresh crop plant material (leaves from each growth condition: control and three
ratios 1:3, 1:1, 3:1 (weed:crop)), collected at 7, 10, and 14 days after the emergence, were
crushed and homogenized in 10 mL of phosphate buffer (0.1 M, pH 7.0) and prepared
in-house. After centrifugation, clear supernatants were used for further biochemical
analyses. Biochemical assays were carried out spectrophotometrically using an UV/VIS
spectrophotometer (Thermo Scientific Evolution 220 (USA)).

The catalase (CAT) (EC 1.11.1.6) activity was determined according to the following
method [36]. The decomposition of the H2O2 was followed by a decrease in absorbance
at 240 nm. The enzyme extract was added to the assay mixture containing 50 mM of
potassium phosphate buffer (pH 7.0) prepared in-house and 10 mM of H2O2. The activity
of the enzyme was expressed as U per gram of fresh weight (U/g FW).

The assay of the superoxide dismutase (SOD) (EC 1.15.1.1) activity [37] is based on
the ability of the enzyme extracts to inhibit the photochemical reduction in the nitro blue
tetrazolium (NBT) chloride. The reaction medium was prepared by mixing 50 mM of
phosphate buffer (pH 7.8), 75 μM of NBT, 13 mM of L-methionine, 0.1 mM of EDTA, 2 μM
of riboflavin, and enzyme extract. It was kept under a fluorescent lamp for 30 min, and the
absorbance was read at 560 nm. One unit of the SOD activity was defined as the amount
of enzymes required to inhibit reduction in NBT by 50%. The activity of the enzyme was
expressed as U per gram of fresh weight (U/g FW).

The peroxidase (PX) (EC 1.11.1.7) activity was measured using pyrogallol as a substrate.
This method [38] is based on the purpurogallin content measurement, i.e., a product of
the pyrogallol oxidation. The enzyme extract was added to the assay mixture containing
180 mM of pyrogallol and 2 mM of H2O2. The absorbance was recorded at 430 nm. The
activity of the enzyme was expressed as U per gram of fresh weight (U/g FW).

The reduced glutathione (GSH) was determined [39] and expressed as μmol GSH per
gram of fresh weight (μmol GSH/g FW).

The intensity of the lipid peroxidation (LP) was determined using the thiobarbituric
acid (TBA) test at 532 nm [34]. The enzyme extract was incubated with 20% trichloroacetic
acid (TCA) containing 0.5% thiobarbituric acid for 40 min at 95 ◦C. The reaction was stopped
by cooling on ice for 10 min, after which the product was centrifuged at 10,000 rpm for
15 min. The total amount of TBA-reactive substances was given as nmol of malondialde-
hyde (MDA) equivalents per gram of fresh weight (nmol MDA/g FW).

4.7. Statistical Analysis

All measurements were performed in triplicates. The values of the biochemical
parameters were expressed as a mean ± standard error of mean and tested by ANOVA,
followed by a comparison of the means by Duncan’s multiple range test (p < 0.05). The
data were analyzed using STATISTICA for Windows, version 11.0. Comparable percentage
was calculated with the formula:

Δ (%) = (100 × sample/control) − 100

5. Conclusions

According to the obtained results for the oxidative stress parameters, it can be con-
cluded that the tested crops showed different sensitivity to A. trifida. The highest amount
of MDA was detected in sunflower leaves, particularly 14 days after the sowing at the
weed:crop ratio of 3:1, thus the sunflower was the most sensitive crop tested. Maize showed
mild sensitivity, while the soybean did not show sensitivity in these conditions.
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10. Ćetković, G.S.; Čanadanović-Brunet, J.M.; Djilas, S.M.; Tumbas, V.T.; Markov, S.L.; Cvetković, D.D. Antioxidant potential, lipid
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Abstract: This paper investigates 71 isolates of two genera of entomopathogens, Metarhizium and
Beauveria, and a biostimulative genus Trichoderma, for their ability to infect yellow mealworms
(Tenebrio molitor) and to stimulate maize (Zea mays) growth. Fungal origin, host, and isolation
methods were taken into account in virulence analysis as well. Isolates Metarhizium brunneum (1154)
and Beauveria bassiana (2121) showed the highest mortality (100%) against T. molitor. High virulence
seems to be associated with fungi isolated from wild adult mycosed insects, meadow habitats,
and Lepidopteran hosts, but due to uneven sample distribution, we cannot draw firm conclusions.
Trichoderma atroviride (2882) and Trichoderma gamsii (2883) increased shoot length, three Metarhizium
robertsii isolates (2691, 2693, and 2688) increased root length and two M. robertsii isolates (2146 and
2794) increased plant dry weight. Considering both criteria, the isolate M. robertsii (2693) was the
best as it caused the death of 73% T. molitor larvae and also significantly increased maize root length
by 24.4%. The results warrant further studies with this isolate in a tri-trophic system.

Keywords: entomopathogenic fungi; Tenebrio molitor; virulence; pathogenicity; growth stimulation;
plant–microbe–pest interactions; rhizosphere competence

1. Introduction

Entomopathogenic fungi are primarily known for their ability to parasitize insects and
kill or severely harm them [1–3]. Fungi of the hypocrealean family Cordycipitaceae include
important entomopathogens, of which certain species of Metarhizium, Beauveria and Isaria
are most studied. The use of these typically facultative parasitic fungi as biopesticides
is prevalent due to the wide range of target hosts and their ability to complete their life
cycles also independently from insect hosts [4]. Entomopathogens can also colonize the
rhizosphere and plant tissues as endophytes and act as plant growth promoters [5,6].
The occurrence of entomopathogenic endophytes is reported in more than 50 host plants,
including cereals, legumes, oil and fiber crops, herbs, deciduous and coniferous trees,
and others (reviewed in [7]). Their association with plants allows them to interact closely
with insect herbivores in a tri-trophic system [8,9], ultimately impacting economic aspects,
particularly in agriculture [10]. However, to design successful pest management strategies,
it is necessary to fully understand the ecological role of implemented microbes.

Coating seeds with plant beneficial entomopathogens is a viable method for delivering
microbes to germinating crops. It can be a cost-reducing alternative to soil inoculation,
which requires large amounts of microbial inoculum, which could be an economic dis-
advantage if applied on a larger scale [11]. Seed coating can improve plant defenses by
adding a certain concentration of beneficial organisms to the soil in the immediate vicinity
of the germinated seed, which promotes seedling development and acts against plant
pathogens or insect pests. For example, reducing wireworm pressure during the first
three weeks of maize growth can significantly minimize crop loss [12,13]; therefore, a
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specific treatment that would enhance seed germination or speed up early-stage growth
would be highly beneficial as it would give the plant an advantage to oppose soil pests.
Secondly, the level of defense can be improved by direct insect interfering activities of
entomopathogens. If present as endophytes and rhizosphere colonizers, they could directly
protect plants at later physiological stages. Coating bean Phaseolus vulgaris L. seeds with
Beauveria bassiana (Balsamo) Vuillemin and Metarhizium robertsii J.F.Bisch., Rehner and
Humber significantly reduced the population of the spider mite Tetranychus urticae Koch
while improving plant growth within five weeks after inoculation [14]. Similar effects were
observed when maize and tobacco seeds were coated with M. robertsii [1,15] and white jute
seeds with B. bassiana [16].

However, biotic and abiotic conditions, as well as genotypic and phenotypic plasticity
of host plants and fungi, can significantly affect the insect associated fungi–host interac-
tions [17]. Evolutionary theory supports the important role of grass endophytes in defense
against herbivores in a mutualistic manner. However, this relationship is not fixed and
may, under certain conditions, turn into a neutral or even antagonistic interaction [18]. As
plants influence the chemical and nutritional properties of their rhizospheres, the ento-
mopathogenic fungi living there are under strong selection pressure to utilize the specific
rhizodeposits and might be subject to habitat selection rather than the presence/absence
of an insect host [19,20]. Therefore, these factors should be considered, especially at tri
(multi)-trophic levels when considering entomopathogens for commercial use.

Our question was whether the origin of the fungus, host, or the isolation method
could affect the fungal virulence of the fungus and whether biostimulative properties
are common among highly virulent fungal isolates. Therefore, we looked at 66 strains
belonging to the entomopathogenic genera Metarhizium and Beauveria, as well as five from
genus Trichoderma, primarily known as a biostimulative fungus [21,22], however, also a
proven insects’ facultative pathogen [23–26] in order to evaluate their ability to infect yellow
mealworms (Tenebrio molitor Linnaeus, 1758) and stimulate maize (Zea mays L.) growth.
Mealworms are known for their susceptibility to entomopathogenic fungal infection and
are a suitable test organism for assessing fungal virulence. Although they are mostly
known as storage pests, their natural environment is dark and moist earth’s floor, mostly
under rocks or in leaf-litter [27]. Maize served as a model plant because most isolates were
isolated from maize fields or from the rhizosphere of wild Poaceae species growing in dry
Karst meadows.

2. Results

2.1. Virulence Bioassay

Altogether 71 fungal isolates were analyzed for their virulence against T. molitor
(Table 1). All isolates, with the exception of Trichoderma atroviride P.Karst. (number of
strains tested: n = 2), Trichoderma harzianum Rifai (n = 1) and Trichoderma gamsii Samuels
and Druzhin. (n = 1), showed pathogenicity against T. molitor. After 14 days Metarhizium
brunneum Petch (n = 4) caused mortality ranging from 21.43 to 100.00%, while M. robertsii
(n = 53) caused mortality ranging from 5.27 to 84.62%, and Metarhizium guizhouense Q.T.
Chen and H.L. Guo (n = 3) caused mortality ranging from 3.70 to 32.14%. The isolates of B.
bassiana (n = 5) caused mortality ranging from 53.33 to 100.00%. Isolates B. bassiana (2121)
and M. brunneum (1154) had the highest Abbott’s corrected mortality after 7- and 14-days
post inoculation. Three isolates of B. bassiana, two of M. brunneum, and two of M. robertsii
caused mortality of at least 75% after 14 days.
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Table 1. Origin and virulence of selected fungal isolates against larvae of Tenebrio molitor. ACM–Abbott’s corrected mortality
7 and 14 days after inoculation; LT50–Median lethal time of T. molitor in days; Green fill indicates most virulent isolates with
ACM 14 days after inoculation >75%, yellow fill indicates moderately virulent isolates with ACM 14 days after inoculation
between 50% and 75%; * Asterisk indicates significance for survival curve analysis; Italic font indicates unreliable ACM
results due to high control mortality (sterile 0.1% Tween 80).

Isolate Taxon
Habitat or

Origin
Isolation Type/
Host Organism

Host
Developmental

Stage
Host Origin

ACM 7.00
(%)

ACM 14.00
(%)

LT50 (d)

1154 MB soil Galleria mellonella larvae reared 61.54 100.00 6.00 *
1868 MB meadow Agriotes sp. adult wild 26.92 86.96 8.00 *

2121 BB cauliflower
field Curculionidae adult wild 65.38 100.00 6.00 *

2631 MR maize field Tenebrio molitor larvae reared 10.34 52.00 12.5 *
2632 MR maize field Tenebrio molitor larvae reared 10.34 32.00
2245 MR maize field Tenebrio molitor larvae reared 6.90 28.00
2246 MR maize field Tenebrio molitor larvae reared 0.00 20.00
2215 MR maize field Tenebrio molitor larvae reared 11.11 37.50 14.00
2216 MR maize field Tenebrio molitor larvae reared 7.41 54.17 10.00 *
2299 BB meadow Galleria mellonella larvae reared 18.52 54.17 10.00 *
2300 BB meadow Galleria mellonella larvae reared 33.33 79.17 10.00 *
2635 MR maize field Tenebrio molitor larvae reared 21.43 65.38 11.50 *
2637 MR maize field Tenebrio molitor larvae reared 17.86 84.62 11.00 *
2641 MR maize field Tenebrio molitor larvae reared 21.43 65.38 11.00 *
2697 ND maize field Tenebrio molitor larvae reared −18.18 −23.08
2298 BB meadow Galleria mellonella larvae reared 42.11 88.24 6.00 *
2243 MR maize field Tenebrio molitor larvae reared 0.00 37.50 14.00
2151 MR maize field Tenebrio molitor larvae reared −18.18 20.00 13.00
2703 MB soil ND ND ND 0.00 21.43 *
2009 MR soil selective medium - - 10.34 32.14 14.00 *
2010 MG soil selective medium - - 3.45 32.14 *
2011 MR soil Galleria mellonella larvae reared 16.67 31.03
2686 MR maize field Tenebrio molitor larvae reared 7.41 43.48 13.00 *
2687 MR maize field Tenebrio molitor larvae reared 11.11 56.52 11.00 *
2690 MB soil ND ND ND 7.41 47.83 12.00 *

2692 MR maize field Diabrotica v.
virgifera adult wild 7.41 39.13 14.00 *

2152 MR maize field Tenebrio molitor larvae reared −3.45 26.92 *
2146 MR maize field Tenebrio molitor larvae reared 20.00 54.17 11.00 *
2147 MR maize field Tenebrio molitor larvae reared 23.33 58.33 11.00 *
2251 MR maize field Tenebrio molitor larvae reared 16.67 75.00 11.00 *

2789 MR maize field Diabrotica v.
virgifera larvae wild 16.67 41.67 13.00 *

2793 MR maize field selective medium - - 20.00 70.83 11.00 *
2794 MR maize field selective medium - - 10.00 20.83
2795 MR maize field selective medium - - 36.67 66.67 11.00 *
2645 MR maize field Tenebrio molitor larvae reared 3.33 26.92
2691 MR blueberry field Tenebrio molitor larvae reared 6.67 53.85 11.00 *
2693 MR blueberry field Tenebrio molitor larvae reared 6.67 73.08 11.00 *

2790 MR maize field Diabrotica v.
virgifera larvae wild 0 19.23 14.00

2634 MR maize field Tenebrio molitor larvae reared 10.34 8.33
2214 MR maize field Tenebrio molitor larvae reared 10.34 33.33 14.00
2702 MR maize field Tenebrio molitor larvae reared 0 8.33
2791 MR maize field selective medium - - 37.93 62.50 12.00 *
2250 MG maize field Tenebrio molitor larvae reared 3.33 3.70
2685 MR maize field Tenebrio molitor larvae reared 3.33 14.81
2640 MR maize field Tenebrio molitor larvae reared 17.24 29.63

2694 MR strawberry
field Tenebrio molitor larvae reared −3.45 25.93

2695 MR strawberry
field Tenebrio molitor larvae reared 6.90 22.22

2788 MR maize field Diabrotica v.
virgifera larvae wild 10.34 29.63

2792 MR maize field selective medium - - 3.45 29.63
2796 MR maize field selective medium - - 3.45 22.22
2688 MR maize field Tenebrio molitor larvae reared 3.33 5.27 *
2154 MR maize field Tenebrio molitor larvae reared 3.57 −23.81
2153 MR maize field Tenebrio molitor larvae reared 3.33 23.33 *
2217 MR maize field Tenebrio molitor larvae reared 3.33 10.00
2698 MR basil leaf unknown larva larvae wild 3.33 13.33
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Table 1. Cont.

Isolate Taxon
Habitat or

Origin
Isolation Type/
Host Organism

Host
Developmental

Stage
Host Origin

ACM 7.00
(%)

ACM 14.00
(%)

LT50 (d)

2699 MR blueberry field Tenebrio molitor larvae reared 3.33 10.00
2700 MR maize field Tenebrio molitor larvae reared 10 20.00
2701 MR maize field Tenebrio molitor larvae reared 3.33 13.33
2239 MR maize field Tenebrio molitor larvae reared 0 20.00
2704 BB meadow unknown larva larvae wild 0 53.33 14.00 *
2247 MG maize field Tenebrio molitor larvae reared 3.33 13.33

2752 TA decaying corn
ear natural substratum - - 0 0.00

2815 TB maize field selective medium - - 0 3.33
2878 TH maize field selective medium - - 0 0.00
2882 TA maize field selective medium - - 0 0.00
2883 TG maize field selective medium - - 0 0.00
2150 MR maize field Galleria mellonella larvae reared 16.67 46.67 *
2240 MR maize field Tenebrio molitor larvae reared 23.33 50.00 14.00 *
2148 MR maize field Galleria mellonella larvae reared 23.33 53.33 14.00 *
2636 MR maize field Tenebrio molitor larvae reared 16.67 63.33 12.50 *
2642 MR maize field Tenebrio molitor larvae reared 3.33 23.33 *

Actara
25 WG

- - - - - 11.86 47.37 13.50 *

Mycotal LM - - - - −1.69 −3.51
Force - - - - - 1.69 1.75
Met52

EC
MB - - - - 2.54 11.18

Note: Actara 25 WG–insecticide based on the active ingredient Thiamethoxam (25% w/w); Mycotal–biological insecticide based on the
active ingredient L. muscarium strain Ve6; Force 1.5G–insecticide based on the active ingredient Tefluthrin (0.15% w/w); Met52 EC–biological
insecticide based on the active ingredient M. brunneum strain F52. MB: Metarhizium brunneum; MR: Metarhizium robertsii; MG: Metarhizium
guizhouense; BB: Beauveria bassiana; LM: Lecanicillium muscarium; TA: Trichoderma atroviride; TB: Trichoderma brevicompactum; TG: Trichoderma
gamsii; TH: Trichoderma harzianum; ND: No data.

2.2. Influence of Fungal Origin and Isolation Method on Mortality Rate

For exploratory data analysis, we illustrated different parameters in correlation with
ACM of 67 fungal isolates (Figure 1). The results indicate positive correlation between
ACM and the genus Beauveria, adult Lepidoptera insect host, and meadows. Conversely, a
negative correlation is shown between ACM and the genus Trichoderma.

We detected no significant difference in ACM on 14th day between isolates isolated
from a wild host versus a reared host (F1,50 = 0.897, p = 0.348), from a live organism versus
a selective medium (χ2(1) = 1.8712, p = 0.1713) and from bulk soil versus rhizosphere
soil (F1,56 = 0.144, p = 0.706). On the other hand, we detected a significant difference in
ACM on 14th day between isolates of different genera (χ2(2) = 18.423, p = 0.0001), isolates
isolated from a meadow versus a field (F1,57 = 7.182, p = 0.0096), and marginally significant
differences in ACM of isolates from an adult insect host versus larvae (χ2(1) = 4.0098,
p = 0.0452) and from a Lepidoptera insect host versus a Coleoptera (χ2(1) = 4.1391,
p = 0.0419).

2.3. Growth Stimulation Bioassay

Seventy-one fungal isolates were tested for stimulation of maize growth (Table 2).
The average number of conidia per maize seed was 2.43 × 106 ± 1.99 × 105. There was a
significant difference in the average number of conidia per maize seed between isolates
of different genera (χ2(1) = 5.2406, p = 0. 0.0221) and between different habitats or origin
of the isolate (χ2(4) = 21.219, p = 0.0002). Isolates that originated from maize fields had a
higher number of conidia per maize seed (p ≤ 0.05) as opposed to isolates from meadows,
soil, blueberry field, or insects. Furthermore, isolates of the genus Metarhizium had a higher
number of conidia per maize seed as opposed to genus Beauveria.
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Figure 1. Correlation circle of predictor variables toward mortality rate (ACM). Green dots indicate positive correlation
with the dependent variable and yellow dots indicate negative correlation with the dependent variable. Predictor variables
within the red circle are significantly correlated with the dependent variable (p < 0.05).

Table 2. Growth stimulating effects of maize treated with selected fungal isolates and grown in twice autoclaved substrate
for 21 days. Data presented are the mean values ± SE (n = 15 for Chapalu variety (3 replicates with 5 seeds each) and n = 30
for Belokranjka variety (3 replicates with 10 seeds each). Green fill indicates isolates with significant growth promoting
properties, red fill indicates isolates with growth inhibitory properties and grey fill indicates a significant difference from
negative control (sterile 0.1% Tween 80), p ≤ 0.05. Striped horizontal lines separate individual experiments.

Isolate Taxon
Maize
Variety

Emergence
Success [n]

Emergence
Time [d]

Root Length
[cm]

Shoot
Length [cm]

Total Plant
Length [cm]

Plant Dry
Weight [g]

Control Chapalu 4.67 ± 0.33 4.33 ± 0.33 22.57 ± 1.15 32.87 ± 1.15 55.43 ± 2.45 0.30 ± 0.04
1154 MB Chapalu 4.67 ± 0.33 4.13 ± 0.13 21.67 ± 1.63 30.90 ± 0.78 52.57 ± 2.28 0.29 ± 0.02
1868 MB Chapalu 4.67 ± 0.33 4.33 ± 0.33 21.50 ± 0.15 29.60 ± 1.19 51.09 ± 1.21 0.28 ± 0.02
2121 BB Chapalu 5.00 ± 0.00 4.40 ± 0.23 21.50 ± 1.10 32.27 ± 0.74 53.75 ± 1.73 0.30 ± 0.01

Control Chapalu 5.00 ± 0.00 4.27 ± 0.07 20.97 ± 0.45 29.97 ± 0.13 50.95 ± 0.37 0.27 ± 0.02
2631 MR Chapalu 4.67 ± 0.33 4.38 ± 0.32 21.23 ± 0.47 26.37 ± 0.43 47.58 ± 0.88 0.24 ± 0.01
2632 MR Chapalu 4.33 ± 0.33 4.40 ± 0.31 21.40 ± 1.51 27.97 ± 0.65 49.37 ± 1.69 0.26 ± 0.01
2245 MR Chapalu 5.00 ± 0.00 4.53 ± 0.07 18.80 ± 0.56 27.23 ± 1.43 46.04 ± 1.62 0.22 ± 0.02
2246 MR Chapalu 4.67 ± 0.33 4.17 ± 0.17 18.50 ± 0.40 28.10 ± 0.81 46.56 ± 1.19 0.23 ± 0.01

Control Chapalu 5.00 ± 0.00 4.93 ± 0.07 21.23 ± 0.64 31.47 ± 0.83 52.70 ± 1.02 0.27 ± 0.01
2215 MR Chapalu 4.67 ± 0.33 4.43 ± 0.03 21.55 ± 0.75 29.30 ± 0.82 50.85 ± 0.08 0.25 ± 0.01
2216 MR Chapalu 4.67 ± 0.33 4.57 ± 0.23 22.39 ± 0.55 29.82 ± 0.32 52.21 ± 0.73 0.25 ± 0.01
2299 BB Chapalu 4.33 ± 0.33 4.40 ± 0.31 21.53 ± 0.48 26.43 ± 1.41 47.96 ± 1.81 0.21 ± 0.01
2300 BB Chapalu 4.67 ± 0.33 4.40 ± 0.23 22.25 ± 1.02 27.40 ± 1.09 49.64 ± 2.10 0.22 ± 0.01

Control Chapalu 5.00 ± 0.00 4.13 ± 0.07 18.60 ± 0.95 29.57 ± 0.78 48.16 ± 1.71 0.25 ± 0.01
2635 MR Chapalu 4.67 ± 0.33 4.37 ± 0.09 21.40 ± 1.14 28.53 ± 0.96 49.94 ± 1.57 0.23 ± 0.03
2637 MR Chapalu 4.67 ± 0.33 4.62 ± 0.50 19.93 ± 0.46 28.67 ± 1.08 48.59 ± 1.51 0.23 ± 0.02
2641 MR Chapalu 5.00 ± 0.00 4.40 ± 0.31 19.57 ± 0.71 28.27 ± 1.07 47.81 ± 0.70 0.22 ± 0.02

Control Chapalu 4.67 ± 0.33 4.00 ± 0.00 16.30 ± 0.47 30.30 ± 1.30 46.61 ± 1.78 0.22 ± 0.01
2697 ND Chapalu 5.00 ± 0.00 4.07 ± 0.07 17.90 ± 0.23 27.27 ± 2.83 45.20 ± 2.70 0.23 ± 0.02
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Table 2. Cont.

Isolate Taxon
Maize
Variety

Emergence
Success [n]

Emergence
Time [d]

Root Length
[cm]

Shoot
Length [cm]

Total Plant
Length [cm]

Plant Dry
Weight [g]

2698 MR Chapalu 4.33 ± 0.67 4.44 ± 0.08 19.13 ± 0.99 27.60 ± 1.80 46.73 ± 2.17 0.21 ± 0.01
2699 MR Chapalu 5.00 ± 0.00 4.20 ± 0.00 18.07 ± 0.61 31.27 ± 0.67 49.35 ± 1.20 0.22 ± 0.01
2700 MR Chapalu 4.33 ± 0.33 4.53 ± 0.15 19.17 ± 0.24 33.30 ± 1.65 52.46 ± 1.83 0.26 ± 0.01

Control Chapalu 5.00 ± 0.00 4.07 ± 0.07 20.07 ± 1.28 30.33 ± 1.21 50.43 ± 2.28 0.22 ± 0.03
2298 BB Chapalu 4.33 ± 0.33 4.85 ± 0.52 20.80 ± 1.12 30.30 ± 0.66 51.09 ± 1.80 0.26 ± 0.02
2243 MR Chapalu 5.00 ± 0.00 4.93 ± 0.13 15.60 ± 1.21 27.00 ± 0.95 42.59 ± 1.96 0.21 ± 0.01
2636 MR Chapalu 5.00 ± 0.00 4.80 ± 0.23 16.77 ± 0.70 28.47 ± 0.38 45.26 ± 0.91 0.20 ± 0.02
2642 MR Chapalu 4.33 ± 0.33 4.50 ± 0.25 17.20 ± 0.85 34.53 ± 0.32 51.72 ± 0.73 0.25 ± 0.01

Control Chapalu 4.67 ± 0.33 4.13 ± 0.07 20.70 ± 0.31 32.93 ± 1.88 53.61 ± 1.80 0.31 ± 0.05
2148 MR Chapalu 5.00 ± 0.00 4.27 ± 0.18 21.37 ± 0.45 35.77 ± 0.47 57.15 ± 0.50 0.32 ± 0.02
2151 MR Chapalu 4.67 ± 0.33 4.57 ± 0.12 19.47 ± 0.58 36.77 ± 0.78 56.22 ± 0.50 0.32 ± 0.02
2152 MR Chapalu 4.33 ± 0.33 4.28 ± 0.17 21.50 ± 0.64 35.67 ± 2.11 57.19 ± 2.76 0.31 ± 0.03
2701 MR Chapalu 5.00 ± 0.00 4.47 ± 0.07 20.57 ± 0.62 33.60 ± 0.55 54.15 ± 0.38 0.33 ± 0.01

Control Chapalu 4.67 ± 0.33 4.20 ± 0.12 20.27 ± 0.26 34.70 ± 0.59 54.98 ± 0.83 0.32 ± 0.01
2703 MB Chapalu 4.33 ± 0.33 4.25 ± 0.25 24.43 ± 1.56 35.00 ± 1.59 59.44 ± 0.11 0.36 ± 0.01
2009 MR Chapalu 5.00 ± 0.00 4.47 ± 0.18 20.70 ± 0.46 33.97 ± 2.72 54.65 ± 2.84 0.31 ± 0.04
2010 MG Chapalu 5.00 ± 0.00 4.13 ± 0.13 20.40 ± 1.68 31.53 ± 1.82 51.94 ± 3.47 0.27 ± 0.04
2011 MR Chapalu 5.00 ± 0.00 4.53 ± 0.13 20.93 ± 0.94 30.83 ± 1.43 51.81 ± 2.37 0.23 ± 0.00

Control Chapalu 4.67 ± 0.33 4.43 ± 0.07 13.03 ± 0.03 15.90 ± 1.46 28.91 ± 1.44 0.15 ± 0.01
2239 MR Chapalu 5.00 ± 0.00 4.59 ± 0.21 14.63 ± 1.76 18.90 ± 0.20 33.50 ± 1.56 0.19 ± 0.01
2704 BB Chapalu 3.33 ± 0.33 5.00 ± 0.25 11.10 ± 0.50 18.00 ± 1.06 29.11 ± 1.30 0.17 ± 0.00
2247 MG Chapalu 3.33 ± 0.33 4.81 ± 0.13 15.33 ± 1.06 18.80 ± 0.65 34.13 ± 1.61 0.19 ± 0.01
2752 TA Chapalu 3.00 ± 0.58 5.29 ± 0.14 13.93 ± 0.73 18.40 ± 1.34 32.33 ± 2.03 0.19 ± 0.03
2815 TB Chapalu 3.67 ± 0.33 4.71 ± 0.22 13.33 ± 1.48 18.20 ± 1.04 31.53 ± 2.35 0.20 ± 0.02
2878 TH Chapalu 3.33 ± 0.33 4.44 ± 0.34 14.70 ± 1.51 18.73 ± 0.50 33.39 ± 1.62 0.17 ± 0.01
2882 TA Chapalu 3.33 ± 0.33 4.84 ± 0.30 14.27 ± 1.08 20.00 ± 0.60 34.32 ± 1.11 0.21 ± 0.01
2883 TG Chapalu 3.33 ± 0.33 4.41 ± 0.12 14.67 ± 1.21 19.47 ± 0.65 34.13 ± 1.83 0.17 ± 0.03

Control Belokranjka 9.00 ± 0.58 5.19 ± 0.05 23.87 ± 1.58 32.73 ± 0.83 56.58 ± 2.41 0.31 ± 0.03
2686 MR Belokranjka 10.00 ± 0.00 5.07 ± 0.20 24.50 ± 3.10 30.97 ± 0.58 55.48 ± 2.55 0.30 ± 0.01
2687 MR Belokranjka 10.00 ± 0.00 5.33 ± 0.07 24.30 ± 2.31 30.70 ± 0.23 54.96 ± 2.22 0.30 ± 0.01
2690 MB Belokranjka 9.33 ± 0.33 5.14 ± 0.07 23.23 ± 0.43 29.10 ± 0.40 52.35 ± 0.21 0.30 ± 0.01
2692 MR Belokranjka 10.00 ± 0.00 5.20 ± 0.06 24.13 ± 2.70 30.90 ± 1.06 55.01 ± 2.82 0.29 ± 0.03

Control Belokranjka 9.67 ± 0.33 5.41 ± 0.11 25.17 ± 0.59 32.80 ± 1.36 57.95 ± 1.96 0.30 ± 0.02
2152 MR Belokranjka 10.00 ± 0.00 5.43 ± 0.07 28.00 ± 2.11 33.47 ± 0.23 61.46 ± 2.21 0.29 ± 0.01

Control Belokranjka 9.33 ± 0.33 5.11 ± 0.00 28.53 ± 0.87 26.87 ± 0.93 55.39 ± 0.82 0.27 ± 0.01
2146 MR Belokranjka 9.33 ± 0.33 5.22 ± 0.16 26.33 ± 1.87 30.00 ± 0.35 56.36 ± 1.75 0.35 ± 0.02
2147 MR Belokranjka 10.00 ± 0.00 4.90 ± 0.21 24.83 ± 1.42 26.03 ± 0.43 50.84 ± 1.51 0.25 ± 0.02
2251 MR Belokranjka 9.33 ± 0.33 5.31 ± 0.22 28.33 ± 3.80 28.00 ± 0.78 56.27 ± 4.42 0.27 ± 0.03
2789 MR Belokranjka 9.67 ± 0.33 5.07 ± 0.14 27.23 ± 1.95 26.10 ± 1.01 53.37 ± 2.55 0.28 ± 0.02
2793 MR Belokranjka 9.33 ± 0.67 4.93 ± 0.09 26.27 ± 2.03 27.47 ± 1.83 53.71 ± 1.97 0.30 ± 0.00
2794 MR Belokranjka 8.67 ± 0.88 4.85 ± 0.03 29.03 ± 2.22 29.43 ± 0.50 58.47 ± 2.68 0.35 ± 0.03
2795 MR Belokranjka 9.67 ± 0.33 5.27 ± 0.18 24.60 ± 2.01 29.10 ± 1.46 53.69 ± 0.85 0.27 ± 0.01

Control Belokranjka 9.67 ± 0.33 5.11 ± 0.21 19.60 ± 1.91 25.23 ± 1.12 44.81 ± 2.82 0.25 ± 0.01
2645 MR Belokranjka 9.67 ± 0.33 5.00 ± 0.06 23.57 ± 0.52 26.23 ± 1.36 49.76 ± 1.90 0.34 ± 0.06
2691 MR Belokranjka 9.00 ± 0.00 5.26 ± 0.04 24.40 ± 3.21 25.50 ± 1.19 49.91 ± 4.36 0.30 ± 0.01
2693 MR Belokranjka 10.00 ± 0.00 5.07 ± 0.09 23.93 ± 0.91 26.27 ± 0.78 50.19 ± 1.61 0.32 ± 0.04
2790 MR Belokranjka 9.67 ± 0.33 5.34 ± 0.18 21.50 ± 0.49 27.37 ± 1.92 48.86 ± 2.42 0.31 ± 0.02

Control Belokranjka 8.33 ± 0.33 5.47 ± 0.16 20.63 ± 1.77 23.40 ± 1.08 44.05 ± 2.27 0.31 ± 0.03
2634 MR Belokranjka 9.33 ± 0.33 5.56 ± 0.20 21.20 ± 1.10 25.40 ± 0.71 46.57 ± 1.06 0.34 ± 0.06
2214 MR Belokranjka 9.33 ± 0.33 5.25 ± 0.04 23.57 ± 0.73 27.07 ± 0.87 50.63 ± 0.22 0.33 ± 0.03
2243 MR Belokranjka 9.00 ± 0.58 5.23 ± 0.07 23.90 ± 1.99 28.37 ± 1.06 52.25 ± 2.88 0.36 ± 0.00
2702 MR Belokranjka 9.00 ± 0.00 5.07 ± 0.04 22.10 ± 2.80 27.07 ± 1.39 49.18 ± 3.64 0.32 ± 0.00
2791 MR Belokranjka 9.33 ± 0.33 5.10 ± 0.10 25.33 ± 4.53 27.10 ± 1.61 52.42 ± 6.14 0.32 ± 0.03

Control Belokranjka 9.00 ± 0.58 4.91 ± 0.21 24.20 ± 0.38 28.30 ± 0.51 52.52 ± 0.21 0.31 ± 0.01
2250 MG Belokranjka 8.33 ± 0.88 5.13 ± 0.07 24.20 ± 2.08 26.77 ± 0.42 50.98 ± 1.81 0.26 ± 0.02
2685 MR Belokranjka 9.00 ± 0.58 4.99 ± 0.11 22.50 ± 0.25 29.97 ± 1.39 52.45 ± 1.59 0.30 ± 0.02

Control Belokranjka 8.67 ± 0.33 5.23 ± 0.17 24.10 ± 0.75 26.63 ± 0.12 50.75 ± 0.67 0.29 ± 0.02
2640 MR Belokranjka 9.67 ± 0.33 5.17 ± 0.09 23.37 ± 2.00 26.10 ± 0.29 49.47 ± 1.89 0.28 ± 0.02
2694 MR Belokranjka 9.67 ± 0.33 5.28 ± 0.32 24.87 ± 1.07 27.90 ± 0.66 52.77 ± 1.05 0.26 ± 0.00
2695 MR Belokranjka 9.33 ± 0.33 5.11 ± 0.06 24.40 ± 2.94 26.57 ± 0.90 50.96 ± 3.77 0.28 ± 0.02
2788 MR Belokranjka 8.67 ± 0.67 5.15 ± 0.27 23.87 ± 2.12 28.20 ± 1.33 52.07 ± 2.48 0.32 ± 0.02
2792 MR Belokranjka 9.33 ± 0.33 5.57 ± 0.36 25.20 ± 3.54 28.10 ± 0.96 53.27 ± 4.46 0.29 ± 0.01
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Table 2. Cont.

Isolate Taxon
Maize
Variety

Emergence
Success [n]

Emergence
Time [d]

Root Length
[cm]

Shoot
Length [cm]

Total Plant
Length [cm]

Plant Dry
Weight [g]

2796 MR Belokranjka 8.67 ± 1.33 4.98 ± 0.11 21.90 ± 1.20 27.70 ± 2.06 49.62 ± 0.86 0.32 ± 0.02

Control Belokranjka 8.67 ± 0.88 4.67 ± 0.13 22.93 ± 1.71 28.00 ± 1.13 50.96 ± 2.47 0.29 ± 0.02
2688 MR Belokranjka 9.00 ± 0.58 5.10 ± 0.23 26.80 ± 0.68 28.97 ± 0.37 55.76 ± 0.48 0.36 ± 0.03

Control Belokranjka 8.33 ± 0.67 4.52 ± 0.24 15.53 ± 1.49 21.43 ± 0.88 36.97 ± 2.00 0.15 ± 0.01
2154 MR Belokranjka 7.67 ± 0.33 5.09 ± 0.25 14.90 ± 0.92 22.43 ± 0.78 37.35 ± 1.07 0.14 ± 0.01

Control Belokranjka 9.67 ± 0.33 4.14 ± 0.10 22.97 ± 0.84 26.53 ± 0.55 49.54 ± 1.18 0.23 ± 0.01
2150 MR Belokranjka 10.00 ± 0.00 4.47 ± 0.37 23.13 ± 1.39 27.07 ± 1.20 50.23 ± 2.56 0.26 ± 0.01
2240 MR Belokranjka 9.67 ± 0.33 4.28 ± 0.09 24.07 ± 0.77 27.53 ± 1.78 51.60 ± 2.41 0.25 ± 0.02

Note: MB: Metarhizium brunneum; MR: Metarhizium robertsii; MG: Metarhizium guizhouense; BB: Beauveria bassiana; TA: Trichoderma atroviride;
TB: Trichoderma brevicompactum; TG: Trichoderma gamsii; TH: Trichoderma harzianum; ND: No data.

In Chapalu variety, there was no significant effect of tested isolates on emergence
success and total plant length (root + shoot length). ANOVA showed a significant prolon-
gation of emergence time with two M. robertsii isolates (2698 and 2700) and one T. atroviride
(2752). Root length was significantly reduced by two M. robertsii isolates (2243 and 2636).
Shoot length was significantly reduced by B. bassiana (2299) but increased by T. atroviride
(2882) and T. gamsii (2883). Plant dry weight was significantly reduced by two B. bassiana
isolates (2299 and 2300) and M. robertsii (2011).

In Belokranjka variety, there was no significant effect of tested isolates on emergence
success, shoot length, and total plant length (root + shoot length). ANOVA showed a
significant prolongation of emergence time with M. robertsii (2154). Root length was
significantly increased by three M. robertsii isolates (2691, 2693, and 2688) and plant dry
weight was significantly increased by two M. robertsii isolates (2146 and 2794).

2.4. Enhancement of Nutrient Utilization by Fungi in Maize

Thirty fungal isolates were further tested for growth stimulation of maize (Chapalu
variety only) in sand with or without fertilizers (General Hydroponics, Flora Series®)
(Table 3). In the absence of fertilizer, there was no significant effect of the tested isolates
on emergence success and total plant length. However, ANOVA showed a significant
prolongation of emergence time with M. guizhouense (2010) and a significant reduction in
root length with B. bassiana (2299) and M. robertsii (2148). Shoot length was significantly
reduced by M. robertsii (2642) but increased by M. robertsii (2011). Plant dry weight was
significantly increased by M. robertsii (2216) in unfertilized sand.

There was no significant effect of tested isolates on emergence success, root length,
total plant length, and dry weight in the presence of fertilizer. ANOVA showed a significant
prolongation of emergence time of maize treated with M. brunneum (2703), M. robertsii
(2009), and M. guizhouense (2010). Shoot length was significantly increased with M. robertsii
(2011) in fertilized sand.

When all data were analyzed together, fertilization caused an average increase in shoot
length of 32.3% (t(74) = 13.13, p = < 0.0001) and an increase in total plant length of 13.2%
(t(74) = 6.47, p = < 0.0001) compared to unfertilized plants. Fertilizer itself had no significant
effect of on emergence success, emergence time, root length and plant dry weight.

Two-way ANOVA was performed to determine if fungal isolates altered the growth
parameters of maize in fertilized vs. unfertilized sand compared to untreated maize.
Dunnett’s multiple comparison test showed a prolonged emergence time in fertilized sand
when treated with B. bassiana (2009). The isolate M. guizhouense (2010) prolonged emergence
time in fertilized sand as well as in unfertilized sand. M. robertsii (2631) significantly
increased root length in unfertilized sand and M. robertsii (2632) in fertilized sand. On
the other hand, B. bassiana (2299) and M. robertsii (2148) significantly reduced root length
in unfertilized sand. Two isolates of M. brunneum (1868 and 1154) and B. bassiana (2121)
increased dry weight in fertilized sand.
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Fungal treatment had a significant effect on emergence time in two out of eight
experiments, on root length in three out of eight experiments, on shoot length in four out
of eight experiments, and on plant dry weight in one out of eight experiments. However,
no significant effect of fungi on emergence success was observed.

Fertilization significantly affected emergence time and plant dry weight in one out of
eight experiments, root length in two out of eight experiments, and in all experiments the
presence of fertilizer significantly affected shoot length. No significant effect of fertilizer on
emergence success was observed.

3. Discussion

A total of 71 fungal isolates were obtained mainly from soil samples, by using the
Galleria–Tenebrio bait method, but also using selective media and mycosed insects found in
different agroecosystems. Overall, the most frequently isolated representatives were M.
robertsii (i.e., 75% of isolates). Therefore, it is possible that the isolation techniques favor
this species. However, Sharma et al. [28] also used the Galleria-Tenebrio bait method, where
twice as many B. bassiana than M. robertsii were isolated. Moreover, Medo and Cagáň [29]
used the Galleria bait method to isolate fungi, but the predominant species was B. bassiana
and no M. robertsii was isolated.

In the present study, only M. robertsii and M. guizhouense were isolated with Tenebrio
as bait, while with Galleria as bait approximately half of the isolates were B. bassiana and
the other half belonged to the genus Metarhizium. There are some reports where B. bassiana
was recovered more frequently when Galleria was used as bait, while Tenebrio bait resulted
in more frequent isolation of Metarhizium species [28,30,31]. Therefore, to obtain more
representative and less biased information about the entomopathogenic fungal community
in an agroecosystem, it is recommended to increase the number of arthropod species used
as bait.

A total of 71 isolates were tested for virulence against T. molitor and maize growth
stimulation. The isolates differed significantly in their degree of virulence. The most
virulent isolates were those obtained from lepidopteran insect hosts and from mycosed
wild adult coleopterans. One would expect higher virulence from isolates derived from T.
molitor baits, which is the same species as the model insect used in our bioassays, but this
was not the case in our study. The positive controls (Actara, Force) and the commercial
bioinsecticides (Mycotal, Met52) showed very low mortality after 14 days: Mycotal, Force,
and Met52 around 10% ACM or less, and Actara less than 50% ACM. Mycotal and Met52
are both biopesticides primarily intended for whitefly and thrips control (Met52 also fungus
gnats and mites), but have also been tested for Coleoptera [32,33]. Force and Actara are,
among others, used to control coleopteran pests. Although mortality was low 14 days after
Actara treatments, it is worth noting that mealworms were ecologically dead (i.e., insects
were lethargic, spasming, no longer feeding) a few days after treatment.

Although our analysis suggests a higher correlation of B. bassiana with mortality, one
cannot conclude that one species is more pathogenic than the others. The level of virulence
often varies within species and even clades, as shown by the phylogenetic analyses of
Medo et al. [34] and Lopes et al. [35]. Moreover, the seven most virulent isolates in our study
belong to three different species. The origin of soil samples and their chemical and physical
properties can have significant effects on the presence, abundance, and pathogenicity
of insect-associated entomopathogens. For example, the infection rate of pupae of the
Mediterranean fruit fly, Ceratitis capitata (Wiedemann) was higher with fungi isolated from
soils with a sandy texture and high organic matter content [36] and in soils with a water
potential of –0.1 MPa [37].

Our study also suggests a stronger association of B. bassiana with meadows. Higher
abundance and diversity of B. bassiana in more semi-natural habitats and less physically
disturbed soils has also been observed in other studies and is likely the result of many
biotic and abiotic factors, such as increased humidity, reduced ultra-violet radiation, and
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temperature, reduced agricultural activities (e.g., tillage or fungicide use), higher insect
diversity, etc. [38,39].

Trichoderma species are important biological control agents due to their antagonistic
properties against various pathogenic fungi. Some species are capable of colonizing plants,
including maize, in addition to increasing photosynthetic rate [40], root and shoot growth,
plant biomass [41], and enhancing the immune system of plants [42]. However, there
are also a few reports on the entomopathogenic properties of Trichoderma, where direct
damage to insect pests has been observed. Trichoderma viride Pers. derived chitinases
have effectively degraded the chitinous vital structures of Bombyx mori (Linnaeus, 1758)
larvae [26], Trichoderma koningiopsis Samuels, Carm. Suárez and H.C.Evans have shown
significant entomotoxicity against Delia radicum (L.) pupae in the soil environment, and
T. atroviride against D. radicum eggs in in vitro tests [25], while T. harzianum caused up to
80% larval mortality against the Egyptian cotton leafworm Spodoptera littoralis (Boisduval,
1833) [23] and up to 100% mortality of T. molitor larvae [24]. In contrast, the Trichoderma
isolates tested in this study showed little or no pathogenicity against T. molitor. In terms
of stimulation of maize growth, shoot length was significantly increased by 25.8% by
T. atroviride (2882) and 22.5% by T. gamsii (2883). However, significant prolongation of
emergence time was observed with T. atroviride (2752). Ousley et al. [43] also reported
no significant growth-promoting or even inhibitory properties of Trichoderma, especially
in relation to germination rate. Metarhizium robertsii isolates (2698, 2700 and 2154) also
significantly prolonged the emergence time. Razinger et al. [44] and Kuzhuppillymyal-
Prabhakarankutty et al. [45] also reported a lower germination rate of maize seed; this
could be a consequence of the method by which the conidia were applied to the seeds,
namely by using carboxymethyl cellulose or methylcellulose. In our case, the maize seeds
were soaked in a suspension of fungal conidia using only 0.1% Tween 80 to overcome
the difficulties with the hydrophobic properties of the conidia of the fungal species under
study and to allow adequate adhesion of the conidia to the maize kernels. Therefore,
the method of conidia attachment to the seeds used may not be the (only) reason for the
inhibition of germination and emergence; more likely the reason lies in the fungi tested.
It should be noted that entomopathogenicity may have evolved later, especially within
the Clavicipitaceae, meaning that their ancestors used plants or plant debris as a food
source [46]. This could explain the inhibitory effect of entomopathogenic fungi, as their
metabolites, i.e., destruxins, might also be toxic for plants [47].

In general, there are very few studies observing the emergence speed of plant seeds
treated with entomopathogens [48,49]. The focus of most research is more prone to study
germination rate rather than emergence time. However, rapid and reliable emergence is
of particular importance to maize seed growers, especially in temperate regions, where
maize is usually planted in spring in soil with suboptimal temperatures for emergence [50].
Rapid emergence also shortens the time plants are exposed to (soil) pests and reduces weed
infestation [51,52].

Metarhizium and Beauveria species as typical entomopathogens were also tested for
their growth stimulation properties to maize. Beauveria bassiana isolate (2299) significantly
reduced shoot length and plant dry weight (isolates 2299 and 2300) in the variety Chapalu.
Rivas-Franco et al. [53] also noticed a reduction in root and shoot dry weight in maize seeds
treated with B. bassiana. However, Kuzhuppillymyal-Prabhakarankutty et al. [45] observed
higher plant dry and fresh weight as well as better performance of coated maize exposed
to drought. In addition, Russo et al. [54] detected positive effects on all yield characteristics,
seed germination, and measured growth parameters when maize was inoculated by a leaf
spraying technique. Tall and Meyling [55] reported increased root and shoot biomass in
maize treated with B. bassiana and grown in nutrient-rich soil. However, when nutrient
availability was low, they observed reduced plant growth compared to the control, which
may indicate that fungi act as potential resource sink. Our results showed no significant
growth stimulation of maize treated with B. bassiana growing in sand with added fertilizers.
However, in the absence of fertilizers, B. bassiana (2299) and M. robertsii (2148) showed a
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significant decrease in root length and M. robertsii (2642) also showed a decrease in shoot
length, which could indicate the uptake of nutrients by the fungi in an environment where
resources are scarce.

Metarhizium robertsii isolates significantly reduced root length (isolates 2243 and 2636)
and plant dry weight (isolate 2011) in the Chapalu variety. In contrast, other isolates of
the same species significantly increased root length (isolates 2691, 2693, and 2688) and
plant dry weight (isolates 2146 and 2794) in the Belokranjka variety. The effects of coating
maize seeds with Metarhizium are often beneficial. Razinger et al. [44] reported a significant
increase in fresh weight of maize by coating seeds with M. robertsii, but no effect on plant
length, whereas colonized maize plants of Ahmad et al. [1] were greater in length and
shoot biomass. Kabaluk and Ericsson [56] treated maize seeds with Metarhizium anisopliae
(Metschn.) Sorokı̄n conidia, which resulted in increased stand density and plant fresh
weight in a wireworm-infected field. However, their laboratory experiments showed that
treating maize with 3.8 × 108 conidia per seed actually reduced seed germination and root
growth, indicating the possibility of a potential limit of conidia per seed at which seed
viability is not at risk.

4. Materials and Methods

4.1. Isolation of Fungi

Entomopathogenic fungi were isolated either from naturally present sporulating insect
cadavers, or from soil samples using Galleria mellonella (Linnaeus, 1758) and T. molitor larvae
as bait [57], or from serially diluted soil suspensions plated on semi-selective media as
described by Cooke [58] and Williams et al. [59]. In the latter two cases, soil samples
were obtained from maize fields (mainly bulk soil) or from Karst extensive hay meadows,
accommodating a high diversity of Poaceae species (soil from the Poaceae rhizosphere).
Sampling sites and host/medium characteristics are summarized in Table 1. A Nikon
(SMZ800, Nikon Corp., Melville, NY, USA) binocular was used to identify sporulating
structures formed by fungi on cadavers that were placed in droplets of sterile water to
generate spore suspensions. Aliquots of the suspension were moved over the surface of
potato dextrose agar supplemented with bacteria suppressing antibiotics (streptomycin and
penicillin) to generate single spore cultures. The isolates obtained were identified on the
basis of morphological characters seen on the insect cadavers or in pure culture or through
DNA barcoding according to Razinger et al. [60]. In brief, molecular barcode sequences of
the intron-rich part of the elongation factor 1-alpha (tef ) were obtained by adopting the
strategies described by Bischoff et al. [61] but using the EF2 primer of O’Donnell et al. [62].
The 50 μL reaction mixture for PCR consisted of 5 μL of Taq PCR buffer with (NH4)2SO4
(Fermentas, Waltham, MA, USA), 2 mM MgCl2, 0.2 mM dNTP (Promega, Madison, WI,
USA), 0.5 mM of each of the primers, 1 unit of native Taq polymerase (Fermentas, Waltham,
MA, USA) and 1 μL of genomic DNA. In PCR, we used an initial denaturation step at 94 ◦C
for 3 min, 5 cycles of 94 ◦C for 60 s (denaturation), 56 ◦C for 45 s (annealing), 72 ◦C for
60 s (elongation), and 35 cycles as described before but with an annealing temperature of
53 ◦C, and a final extension at 72 ◦C for 8 min. Sequencing reactions were performed at the
Macrogen Europe sequencing facility (Amsterdam, The Netherlands) in both directions by
using the same primers as used in PCR. The data were inspected and edited with the aid
of the software program BioEdit v7.2.0 [63]. Representative sequences were deposited at
NCBI database.

4.2. Fungal Virulence toward Tenebrio molitor

Single-dose virulence testing was performed on larvae of mealworms T. molitor, reared
at the Agricultural Institute of Slovenia. Fungal strains were subcultured on Potato Dextrose
agar (PDA; Biolife, Italy) and incubated in an incubation chamber (IPP 500, Memmert)
at 22 ◦C for 14 days or longer to obtain the required amount of sporulating structures.
Spores were washed-off by pipetting approximately 10–15 mL of sterile 0.1% Tween 80
solution onto the top of cultures and scraping colonies with a Drigalski spatel. The obtained
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suspensions were collected into sterile 50 mL Falcon tubes. Haemocytometer (Bürker-Türk,
BRAND GMBH + CO. KG, Wertheim, Germany) counting was used to adjust obtained
suspensions to a concentration of 1 × 108 conidia ml−1 [44]. The viability of conidia
was determined by counting germinated conidia after 24 h of incubation of the diluted
suspension sample.

Thirty larvae per strain were immersed in 1 × 108 mL−1 conidial suspension for 15 s,
with a slight stirring. Two commercial insecticides were used as positive controls: 0.1% tap-
water dilution of Actara 25 WG (Syngenta, Switzerland; active ingredient Thiamethoxam,
25% w/w) and 0.1% Force 1.5G (Syngenta, Switzerland; a.i. Tefluthrin, 0.15% w/w). In
addition, two commercial bioinsecticides were used as reference biocontrol agents: 0.1%
Mycotal (Koppert, Netherlands; a.i. Lecanicillium muscarium (Petch) Zare and W.Gams Ve6)
and 1% Met52 EC (Novozymes, France; a.i. M. brunneum strain F52). Sterile 0.1% Tween
80 was used as a negative control. Mealworms were afterwards transferred into a petri
dish (each strain to a separate Petri dish) and allowed to dry under a laminar flow hood
for 20–30 min. Each mealworm was placed in its own well in a six-well plate with a few
pieces of oatmeal as food. Five replicates of six-well plates were made per strain (n = 30 per
strain). Treated mealworms were kept in a loosely closed cardboard box in an incubation
chamber for 2 weeks set to 75% r.h., 21 ◦C and 14:10 h (light:dark) regime. The number of
dead or immobile larvae was checked every 3 days. Dead larvae were incubated at room
temperature on water agar to confirm infection by the fungi. For further information on
the virulence bioassay see Supplementary Materials Figures S1 and S2.

4.3. Maize Growth Biostimulation Tests
4.3.1. Maize Seed Treatment

The fungal suspensions for the growth stimulation trials were prepared as described
above. Maize seeds were soaked in the suspension or in sterile 0.1% Tween 80 (control
treatment) and placed on an orbital shaker for 1 h and 15 min at 200 RPM. The seeds were
then placed on filter paper and dried in a laminar flow hood for 1 h.

For each experiment, the number of conidia of each fungal strain per maize seed was
evaluated. Three ml of 0.1% Tween 80 was added to 10 inoculated maize seeds in a Falcon
tube (Deltalab, Barcelona, Spain) and vortexed for 10 s at 3000 rpm. The Falcon tube was
left on an orbital shaker for 30 min at 600 rpm and afterwards vortexed again for 10 s at
3000 rpm. The number of conidia was determined using a hemocytometer [64].

4.3.2. Growth Stimulation Bioassay

Two maize varieties, namely Chapalu (Saatzucht Gleisdorf, Austria) and Belokranjka
(Organic farm Župnca, Slovenia), were used for the growth stimulation assays. The
experiments with Chapalu variety were conducted with 5 seeds and 3 replicates and with
Belokranjka variety with 10 seeds and 3 replicates. Seventy-one fungal isolates were tested
for potential growth stimulation of maize in (i) twice autoclaved commercial planting
substrate (Potgrond H, Klasmann, Germany).

Coated seeds were planted in 12 L plastic pots containing the substrates and kept
in an incubation chamber at 22 ◦C/20 ◦C day/night temperature with a photoperiod of
14:10 h (light:dark) and 70–75% r.h. The number of emerged sprouts was counted every
day until the end of seedling emergence. Three weeks after planting, growth parameters
such as root length, shoot length and plant dry weight were measured on the harvested
maize plants. For obtaining the dry weight, the substrate was carefully washed from the
roots and all plants from one pot were placed in a paper bag, dried at 60 ◦C for 48 h, and
weighed (BP301S, Sartorius).

4.3.3. Fungal Nutrient Utilization Enhancement in Maize

Thirty fungal isolates were further tested for their potential enhancement of nutrient
utilization in Chapalu variety only. Tests were performed in (ii) non-autoclaved sand
and (iii) non-autoclaved sand with mineral fertilizers FloraMicro:FloraGro:FloraBlooom
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(General Hydroponics, Flora Series®, Europe) added to the sand on the 7th and 14th day
of the experiment in the ratio FloraMicro:FloraGro:FloraBlooom = 2:1:1 mL per 3.79 L of
water on day 7 and 4:5:1 mL per 3.79 L of water on day 14.

Coated seeds were planted in 0.25 L plastic pots with fertilized or unfertilized sand.
The growth conditions and evaluation parameters were the same as in the ‘Growth stimu-
lation bioassay’.

4.4. Data Analysis

The time-based larval mortality was analyzed using Kaplan–Meier survival analysis
and its significance was analyzed using the log-rank (Mantel–Cox) test. When multiple
survival curves were compared, the significance threshold was corrected using the Bon-
ferroni method [65]. Survival analysis and calculation of median lethal time (LT50) were
performed using GraphPad Prism 5.00 (GraphPad Software, Inc., La Jolla, CA, USA). Ad-
ditionally, Abbott’s corrected mortality (ACM) was calculated to eliminate the effect of
natural or unexplained mortality of the negative control group [66].

Focused principal component analysis (FPCA) was implemented for a more accurate
interpretation of correlation of predictor variables, in our case fungal origin, habitat charac-
teristics, and isolation method, toward mortality rate (ACM) using the packages “psy” [67]
and “dummies” [68] in R 3.6.1 [69]. Selected parameters were as follows: genus of the
isolates, habitat type (field vs. meadow), soil sample location (bulk vs. rhizosphere), field
type, isolation method/type (insect host vs. selective medium), insect host order, and their
origin (wild vs. reared) and developmental stage (adult vs. larva). The significance of the
analysis was tested using the non-parametric Kruskal–Wallis test, followed by Dunn’s post
hoc test, where the p-value was adjusted using the Benjamini–Hochberg (BH) correction.
Normally distributed data were tested using the one-way ANOVA, followed by a post hoc
Tukey HSD test. For this purpose, packages “dplyr” [70] and “rstatix” [71] were used.

All growth stimulation data were subjected to one-way ANOVA followed by a
Bonferroni–Holm multiple comparisons test. For experiments where fertilizer was one of
the parameters, also two-way ANOVA, followed by Dunnett’s multiple comparison test,
was used in order to compare the effect of substrate (fertilized vs. unfertilized) and fungal
isolates on the growth parameters of Chapalu maize. The analyses were carried out using
GraphPad Prism software.

5. Conclusions

The aim of this study was to find the ideal fungal isolate that would combine two
important characteristics of entomopathogenic and biostimulative fungi, namely the ability
to infect insect pests and promote plant growth, and to test whether fungal virulence
depends on the source of the isolate(s). The isolates M. brunneum (1154) and B. bassiana
(2121) showed the highest mortality (100%) against T. molitor. High virulence was observed
in isolates from wild adult mycosed insects, meadow habitats, and Lepidopteran hosts,
but due to the uneven distribution of samples, we cannot draw any conclusive inferences.
Trichoderma atroviride (2882) and T. gamsii (2883) showed the greatest promotion of plant
growth, followed by two M. robertsii isolates (2693 and 2794). Even though we did not find
the super fungus, M. robertsii (2693) came closest to meet our requirements. Maize seeds
inoculated with this isolate showed a positive effect on all measured growth and emergence
parameters while causing the death of 73% of T. molitor larvae. Therefore, it would be
beneficial to test this isolate in a tri-trophic system that also includes a pest organism, e.g.,
wireworms, to determine its potential effect on maize stand density and/or yield increase.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/plants10112498/s1, Figure S1: Most virulent fungal isolates in pure culture (left) and on
mycosed Tenebrio molitor larvae and adults (right). Isolates 1154 and 1868 are representatives of
Metarhizium brunneum, isolates 2251 and 2637 representatives of Metarhizium robertsii and 2300 and
2121 are representatives of Beauveria bassiana. Figure S2: Virulence bioassay. Spore suspension in
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50 mL Falcon tubes (left). After 15 s immersion in spore suspension, mealworm larvae were placed
in a six-well plate (right).

Author Contributions: Conceptualization, J.R.; methodology, E.P., J.R. and J.L.; formal analysis,
E.P. and J.R.; investigation, E.P., J.R. and J.L.; resources, E.P., J.R. and J.L.; data curation, E.P. and
J.R.; writing—original draft preparation, E.P.; writing—review and editing, J.R.; visualization, E.P.;
supervision, J.R.; funding acquisition, J.R. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by the Slovenian Research Agency (ARRS), grant number 100-18-
0401 to E.P. and grant no. P4-0072 (Agrobiodiversity program) and by the European Union’s Horizon
2020 research and innovation program under grant agreement no. 817946 (Excalibur project) and no.
771367 (ECOBREED project).

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We would like to thank to Hans-Josef Schroers, Agricultural Institute of Slovenia,
for isolating and identifying studied fungal isolates as well as commenting the manuscript and to
Marko Mechora for technical assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ahmad, I.; Jiménez-Gasco, M.D.M.; Luthe, D.S.; Shakeel, S.N.; Barbercheck, M.E. Endophytic Metarhizium robertsii promotes
maize growth, suppresses insect growth, and alters plant defense gene expression. Biol. Control 2020, 114, 104167. [CrossRef]

2. Barra-Bucarei, L.; González, M.G.; Iglesias, A.F.; Aguayo, G.S.; Peñalosa, M.G.; Vera, P.V. Beauveria bassiana multifunction as an
endophyte: Growth promotion and biologic control of Trialeurodes vaporariorum, (Westwood) (Hemiptera: Aleyrodidae) in tomato.
Insects 2020, 11, 591. [CrossRef] [PubMed]

3. Reinbacher, L.; Bacher, S.; Knecht, F.; Schweizer, C.; Sostizzo, T.; Grabenweger, G. Preventive field application of Metarhizium
brunneum in cover crops for wireworm control. Crop Prot. 2021, 150, 105811. [CrossRef]

4. Jaronski, S.T.; Jackson, M.A. Mass production of entomopathogenic Hypocreales. In Manual of Techniques in Invertebrate Pathology,
2nd ed.; Lacey, L.A., Ed.; Academic Press: London, UK, 2012; pp. 225–284.

5. Vega, F.E.; Goettel, M.S.; Blackwell, M.; Chandler, D.; Jackson, M.A.; Keller, S.; Koike, M.; Maniania, N.K.; Monzón, A.; Ownley,
B.H.; et al. Fungal entomopathogens: New insights on their ecology. Fungal Ecol. 2009, 2, 149–159. [CrossRef]

6. Fisher, J.J.; Rehner, S.A.; Bruck, D.J. Diversity of rhizosphere associated entomopathogenic fungi of perennial herbs, shrubs and
coniferous trees. J. Invertebr. Pathol. 2011, 106, 289–295. [CrossRef]

7. Bamisile, B.S.; Dash, C.K.; Akutse, K.S.; Keppanan, R.; Afolabi, O.G.; Hussain, M.; Qasim, M.; Wang, L. Prospects of endophytic
fungal entomopathogens as biocontrol and plant growth promoting agents: An insight on how artificial inoculation methods
affect endophytic colonization of host plants. Microbiol. Res. 2018, 217, 34–50. [CrossRef]

8. Biere, A.; Bennett, A.E. Three-way interactions between plants, microbes and insects. Funct. Ecol. 2013, 27, 567–573. [CrossRef]
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Abstract: The main purpose of this study is to determine the contents of 3 major phenolic com-
pounds (gallic acid, catechin, and epicatechin) in 22 different grape cultivars/hybrids obtained from
2 different breeding programs. Additionally, changes in these phenolic components in the grape
leaves of some resistant/tolerant species were determined in relation to powdery and downy mildew
diseases in viticulture. The skin, pulp, and seeds of grape berries were analysed over two years, while
changes in the phenolic contents of grape leaves were determined before and after these diseases
for two years. The major phenolic contents of new hybrids/cultivars were compared with those of
popular cultivars in different parts of the grapes, and significant differences in phenolic contents were
found among hybrids/cultivars and different grape parts. Variations in the contents of phenolics
in grape seeds, skins, and pulp were high, but seeds contained higher levels of these phenolics
than pulp and skin. Analyses of the relationship between two viticultural diseases and phenolic
changes in resistant/tolerant cultivars in relation with the susceptible “Italia” cultivar revealed that
an increase in the content of the phenolic compounds was found after powdery mildew disease.
Hybrids/cultivars with high phenolic contents are recommended to develop new superior cultivars,
which are resistant to grape fungal diseases, in breeding programs.

Keywords: gallic acid; catechin; epicatechin; fungal diseases; grape berry; hybrids

1. Introduction

Grapes are one of the richest sources of phenolics among fruits, and many of them
are renowned for their therapeutic or health-promoting properties, making grapes an
important fruit for human health [1]. Phenolic compounds are an extensive family of
numerous natural bioactive compounds with health benefits [2] and constitute one of the
most common and widespread groups of substances in plants [3]. Most of the phenolic
compounds in plants are important for pigmentation, plant reproduction activities, juice
and wine production and flavour formation, and as substrates for enzymatic browning,
while playing an important role in the resistance of plants against diseases [4]. The con-
centration of these compounds in different parts of plants may vary, and stress factors,
to which plants are exposed, may change their contents in grape berries [5]. Although
the phenolic profiles of grapes depend on various factors, such as cultivar, maturity [6],
genetic diversity [7], viticulture practices [8], soil characteristics [9], environmental stress
and vine health status [9], the composition of phenolic compounds in grape berries strongly
depends on cultivars [10–12]. The distribution of phenolic compounds in grape berries
seems irregular. About 64% of the total of free phenolic compounds are found in seeds,
30% in skins, and 6% in pulps, and phenolic compounds in seeds, skin, and pulp are repre-
sented by flavan-3-ols, flavonols, and hydroxycinnamic acids, respectively [13,14]. Grape
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seeds and skins are important sources of phytochemicals, such as gallic acid, catechin,
and epicatechin, and suitable raw materials for the production of antioxidative dietary
supplements [15,16].

Secondary metabolites in plants may act as a part of defence mechanism against
herbivores, microbes, viruses, and competing plants, and signal compounds to attract
pollinating or seed-dispersing animals, as well as protection of the plant from ultraviolet
radiation and oxidants [17,18]. While plant phenolics as secondary metabolites may inhibit
the growth of insects [19], their resistance role against fungi is more dynamic than their
role against insects. Infection, wounding or herbivory, in plants may induce the production
of several classes of secondary metabolites. Genetic variation in the speed and extent of
such induction may account for the difference between resistant and susceptible cultivars.
When plants are exposed to diseases, a rapid accumulation of phenolic compounds are
usually observed as a part of their defence mechanism in the infected part first, and
this slows down the development of pathogens [20]. Researchers working on this topic
have previously found a correlation between increased host resistance and high phenolic
compound content [21,22]. A variety of factors contribute to the ability of plants to resist
attacks by different pathogenic microorganisms, and the level of phenolics in different
parts of grapes may differ. Concentration of phenolics may increase significantly after the
infection of fungal diseases [23,24].

Downy mildew (P. viticola) and powdery mildew (U. necator) are the most common
destructive grapevine diseases that occur worldwide, particularly in warm and humid
climates [25]. According to recent global surveys, researchers and agricultural profes-
sionals in the main grape growing regions have considered these diseases as the most
harmful for grape production [26,27]. Although these diseases damage almost all the
above-ground organs of vine, they cause great damage, especially in grape berries. With
different breeding studies carried out in the world, new grape cultivars resistant to these
diseases are developed continually [28,29]. Such studies are carried out by two different
exclusive research institutes, Tekirdağ Viticulture Research Institute (TVRI) and Yalova
Atatürk Horticultural Central Research Institutes (YAHCRI), in Turkey for many years [29].
The cultivars and hybrids used in this study have been developed under the breeding
programs of these institutes.

Flavonoids are a group of the most abundant biologically active phytonutrients among
polyphenolic compounds present in grapes, and they represent a large family of secondary
metabolites, with nearly 6000 structures identified in plants. Catechin and epicatechin
are among the most common flavonoids found in grapes [30,31]. Gallic acid is a trihy-
droxybenzoic acid and classified as a phenolic acid, which may have various therapeutic
properties, including antioxidant, anti-cancer, anti-inflammatory, antifungal, and antiviral
activities [32]. Gallic acid, catechin, and epicatechin have been studied by many researchers,
especially their concentrations in different parts of grape berries from various cultivars
because of their health-beneficial properties [33,34].

Monitoring the major phenolics of grape berries and response of grape plants to viti-
cultural diseases are critical for the selection of superior cultivars/hybrids in the breeding
programs of viticultural studies. Therefore, the contents of gallic acid, epicatechin, and
catechin in three different berry parts (pulp, skin, and seed) of grape cultivars/hybrids
from the breeding programs of TVRI and YAHCRI were monitored for two years in the
first part of the study. In the second part, cultivars/hybrids that were resistant/tolerant
to powdery and downy mildew diseases at different rates were selected and the contents
of gallic acid, epicatechin, and catechin in grape leaves were evaluated before and after
the disease. Finally, the relationship between the contents of phenolics and the diseases of
cultivars/hybrids were determined.
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2. Materials and Methods

2.1. Plant Materials

In the first part of the study, the contents of 3 different phenolic compounds present
in 3 different parts of grape berries (skin, pulp, and seed) were determined in 22 culti-
vars/hybrids grafted on Kober 5 BB rootstocks over two years. The properties of grape
cultivars/hybrids used in this first part are given in Table 1.

Table 1. Main characteristics and origin of grape cultivars/hybrids used in this study.

Cultivar/Hybrid Species Origin of Material Berry Colour Special Flavour Seed Status

Isabella
Interspecies

(V. labrusca ×
V. vinifera)

Common Cultivar Black Foxy Seeded
Özer Karası TVRI * Black No Seeded

BX1-166 TVRI Yellow/Green No Seeded
FX1-1 TVRI Yellow/Green No Seeded
FX1-10 YAHCRI Yellow/Green No Seeded

Alphonse Lavallée

V. vinifera

Common Cultivar Black No Seeded
Muscat Hamburg Common Cultivar Black Muscat Seeded

Yalova Misketi YAHCRI ** Black Muscat Seeded
Trakya İlkeren TVRI Blue/Black No Seeded

Bilecik İrikarası Common Cultivar Black No Seeded
İsmetbey YAHCRI Black No Seeded
KXP-10 TVRI Black No Seeded

Tekirdağ Çekdsz. TVRI Dark Red/Purple No Seedless
Reçel Üzümü TVRI Red/Black No Seedless

Güz Gülü TVRI Rose No Seedless
Pembe 77 YAHCRI Dark Pink No Seeded

Uslu YAHCRI Rose No Seeded
83/1 YAHCRI Rose No Seeded
85/1 YAHCRI Yellow/Green Muscat Seeded
53/1 YAHCRI Yellow/Green No Seeded
86/1 YAHCRI Yellow/Green Muscat Seeded
130/1 YAHCRI Yellow/Green No Seedless
Italia Common Cultivar Yellow/Green Muscat Seeded

* TVRI, Tekirdağ Viticulture Research Institute (Tekirdağ, Turkey); ** YAHCRI, Yalova Atatürk Horticultural Central Research Institutes
(Yalova, Turkey).

Standard grape cultivars were grown in the Marmara region, northwest Turkey, with
an exception of Isabella, a local grapevine cultivar in the Black Sea region in northern
Turkey. It is grown especially in humid areas because of its resistance to fungal dis-
eases. Other cultivars/hybrids were selected from the disease-resistant cultivation breed-
ing program of TVRI (Tekirdağ, Turkey). The fresh berry samples were harvested from
22 different cultivars between the third week of August and end of September during two
consecutive growing seasons. Soluble solid levels ranged from 25.3 to 30.4◦ Brix during the
harvest. Plants were grown at the ACHRI vineyards in Yalova, Turkey.

In the second part of the study, 10 grape cultivars/hybrids were inoculated with
powdery and downy mildew diseases artificially in a greenhouse over 2 years. V. vinifera
“Italia” was used as control because of its sensitivity to the diseases. Related analyses
were conducted in the Food Technology Laboratory at YAHCRI. Disease inoculations were
carried out in a greenhouse using 2-year-old potted vines grown in 5 L pots filled with a soil
mixture (1/3 garden soil, 1/3 peat moss, and 1/3 compost). Optimum climatic conditions
were ensured for the development of both diseases in the greenhouse.

2.2. Inoculation of Vines and Evaluation of Fungal Diseases

All cultivars/hybrids were planted in pots and cultivated in the greenhouse for downy
and powdery mildew inoculations. Inoculation was applied according to Wang et al. [35]
and Boso et al. [36]. Fungal conidia were collected from infected leaves from the YAHCRI
vineyards. For the propagation of powdery mildew, inoculum vines were sprayed with a
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suspension of sporangia (40,000 sporangia per mL of distilled water) on the abaxial leaf
side and plants were completely covered with polyethylene covers overnight. Next day,
polyethylene covers were removed, and incubation lasted 5–6 days at 25 ◦C. This procedure
was repeated after a week.

The vine leaves were inoculated with a conidial suspension at 2 × 105 conidia mL−1

by spraying the upper surface of the leaves for downy mildew inoculation. The inoculated
leaves were immediately covered with thin plastic for 6 h. Fogging was applied for a
limited period in order to stimulate the formation of the diseases at a desired level. Both
disease inoculations were taken place independently in two separate compartments in the
greenhouse.

Depending on the vigour of vines, four-to-six young leaves from the shoot tip were
selected from each vine, and were observed for powdery mildew at different times during
June–August. The severity of infections on leaves was determined based on the percentage
of disease spots observed on the entire leaf area [37], according to the procedure described in
Table 2. Disease severity was scored 3 weeks after inoculation. Since plants in a greenhouse
usually develop faster than those in an open field, disease inoculation and scoring were
done earlier. All leaves of each plant were observed at different times during May–August
for a downy mildew disease. The infection severity on leaves was determined based on the
percentage of disease spots observed on the entire leaf area (Table 2). Scoring was done
after 6 weeks of inoculation.

Table 2. Scoring scale used for downy and powdery mildew diseases in grape leaves (from 1: very low, to 9: very high).

Scale Level
Symptom/Reaction

Powdery Mildew Downy Mildew Host Response

1 Very low Tiny spots or no symptoms; neither
visible sporulation nor mycelium

Tiny necrotic spots or no symptoms;
neither sporulation nor mycelium Extremely Resistant

3 Low

Limited patches < 2 cm diameter;
limited sporulation and mycelium;

the presence of Uncinula is only
indicated by a slight curling of the

blade

Small patches < 1 cm in diameter;
little sporulation or mycelium Resistant

5 Medium Patches usually limited with a
diameter of 2–5 cm

Little patches 1–2 cm diameter; more
or less strong sporulation; irregular

formation of mycelium
Tolerant

7 High Vast patches; some limited; strong
sporulation and abundant mycelium

Vast patches; strong sporulation and
abundant mycelium; leaf drop later

than below
Susceptible

9 Very high
Very vast unlimited patches or

totally attached leaf blades; strong
sporulation and abundant mycelium

Vast patches or totally attached leaf
blades; strong sporulation and dense

mycelium; very early leaf drop
Extremely Susceptible

2.3. Collection and Preparation of Samples

Samples in the first part of the study were taken as follows: the clusters of culti-
var/hybrids were checked every week for the ideal harvest time, and those that reached
the ideal Brix ratio were harvested. At the time of harvest, 2–3 kg samples were collected
from different vines and different parts of vines, representing each cultivar. A bunch
of grapes was brought to the laboratory immediately after harvest. The seed, skin, and
pulp parts of the grapes were carefully separated manually. Each part was divided into
three equal parts, representing replicates. Seeds were partially dried at 45 ◦C for 4 h in a
convection oven (Memmert UN110, Nurnberg, Germany) in order to facilitate the grinding
process. The pulp and skin parts were frozen at −20 ◦C until analysis. The partially dried
seeds were ground with a coffee grinder (Bosch, MKM 6000, Istanbul, Turkey), whereas
the pulp or skin parts were chopped with a blender immediately after thawing. Analyses
were performed in duplicates within a month.
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Grape cultivars/hybrids in the second part of the study were kept in separate sections
in the greenhouse with 3 replications and at least 3 vines in each repeat. Samples were
collected from all replicates before and after diseases. The first 6 leaves of the grape
cultivars/hybrids from the shoot tip (before and 3 weeks after disease inoculation) were
used for analyses. The first 6 leaves of each of the 3 vines (healthy and infected vines) were
used, and the leaves were separated carefully from their petioles and washed in pure water.
Each part was divided into three equal parts, representing replicates. Clean leaves were
dried for 48 h at room temperature under dark. Dried leaves were ground at a high speed
for 60 s by a grinder, and then 2 g of leaf powder was added to 40 mL of methanol and
shaken for 60 min at 60 ◦C in a water bath. The samples were centrifuged for 10 min at
7000 rpm (5810 Eppendorf AG, Hamburg, Germany). The supernatants were collected in
amber bottles and stored at −20 ◦C until analysis. Three extracts were obtained for each
grape cultivar/hybrid: the first week of June (healthy), end of June (downy mildew), and
end of July (powdery mildew).

2.4. Determination of Major Phenolic Compounds

The contents of gallic acid, catechin, and epicatechin in the leaf extracts of grape
cultivars/hybrids were determined by using a chromatographic unit (HP1100 System
HPLC, Agilent Technologies Inc., Palo Alto, CA, USA), according to the method of
Katalinic et al. [38] with some modifications.

The separations were conducted at room temperature in an Agilent Eclipse XDB-C18
column (4.6 × 250 mm, particle size 5 μm), protected by a guard column. The compounds
were detected with an HP 1100 series ultraviolet (UV) Diode Array Detector (DAD). The
mobile phase included A: 2.0% acetic acid in distilled water, and B: acetonitrile. The column
was eluted at 1.0 mL/min under a linear gradient from 5% mobile phase B to 75% over
20 min, to 100% over 5 min, isocratic for 5 min, to 25% over 5 min, and to 5% over 5 min.
The injection volume was 20 μL for each sample. Phenolic compounds were identified
according to the retention times of the available pure compounds and the UV–Vis data
obtained from authentic standards and/or published in previous studies [39]. Gallic acid,
catechin, and epicatechin (Sigma-Aldrich) were quantified at 280 nm. Their contents in
grape seeds, skins, and pulps and leaf samples were expressed as milligrams per weight
(mg 100 g−1). The results of these phenolic compounds were the averages of triplicates.

2.5. Statistical Analysis

An analysis of variance (ANOVA) was used to determine significant differences among
means. The data were presented as arithmetic means of three replications ± standard
deviations, which represented the means of two consecutive years. For each parameter,
the LSD (the least significant difference) was used to determine the level of significant
differences for all accessions. Differences at p < 0.05 were considered significant. The
correlation coefficients (R) of a parametric Pearson’s test was used to evaluate covariance
relationships among variables. The statistical analyses were performed using JMP 15.0
software [40].

3. Results

3.1. Evaluation of Fungal Diseases

The resistance level of the cultivars/hybrids against downy and powdery mildew
diseases was monitored for two years after the artificial inoculation of vine, and results
are given in Table 3. Results indicated that the cultivar “Isabella” was very resistant to
downy mildew disease, while the cultivar “Özer Karası” and the hybrid of FX1-1 exhibited
resistance to this disease (with a score of 3). Other five cultivars/hybrids determined as
tolerant to downy mildew diseases.
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Table 3. Scores of grape cultivars/hybrids after artificial inoculation of downy and powdery mildew
diseases (1: High Resistance; 3: Resistance; 5: Tolerance; 7: Susceptible; 9: High Susceptible).

Cultivar/Hybrid Species Downy Mildew Powdery Mildew

Isabella

Interspecies
(V. vinifera × V. labrusca)

1 1
Özer Karası 3 3

FX1-1 3 3
FX1-10 5 1

BX1-166 5 5

KXP-10

V. vinifera

5 5
86/1 5 7

Güz Gülü 5 5
Italia 5 7

In terms of a powdery mildew disease, results, which are similar to the scores for
downy mildew diseases, were obtained in general (Table 3). The cultivar “Italia”, known to
be susceptible to powdery mildew diseases, was used as a control cultivar, and it was found
“susceptible” to powdery mildew diseases in our study. In addition, the 86/1 hybrid had a
score of 7, indicating that it was “susceptible” to powdery mildew diseases. Of the other
cultivars/hybrids, “Isabella” and “FX1-10” had “a high resistance”, while “FX1-1” and
“Özer Karası” were resistant. “Güzgülü”, “BX1-166”, and “KXP-10” showed “tolerance” to
powdery mildew disease.

3.2. Determination of Phenolic Compounds in Grape Leaves

The gallic acid, catechin, and epicatechin contents of grape leaves from different
cultivars/hybrids were monitored for two years before and after downy and powdery
mildew diseases, and results are given in Table 4. In addition, Pearson’s correlation
coefficients among the contents of phenolic compounds in grape leaves before and after
diseases are given in Table 5, representing the averages of the two harvesting seasons.

Table 4. Contents of major phenolic compounds before and after downy/powdery mildew diseases in grape leaves.

Cultivars/
Hybrids

Catechin * (mg 100 g−1)

Before Disease After Downy Mildew After Powdery Mildew

1st Year 2nd Year 1st Year 2nd Year 1st Year 2nd Year

Isabella 0.09 ± 0.02 c ** 15.63 ± 0.07 b Nd *** 1.60 ± 0.06 e 0.10 ± 0.00 c 1.14 ± 0.03 d

Özer Karası 0.23 ± 0.02 b 54.50 ± 2.40 a Nd 3.83 ± 0.01 a Nd 3.67 ± 4.34 cd

Fx1-1 0.21 ± 0.02 b 0.23 ± 0.00 f 0.09 ± 0.02 c 2.38 ± 0.06 d Nd 1.18 ± 0.08 d

Fx1-10 0.06 ± 0.01 c 5.63 ± 0.02 e 0.25 ± 0.10 b 0.24 ± 0.04 g 0.13 ± 0.00 c 4.83 ± 0.44 bc

BX1-166 0.29 ± 0.02 a 9.12 ± 0.31 d 0.09 ± 0.01 c 3.52 ± 0.06 b 2.62 ± 0.18 c 8.81 ± 0. 24 a

KXP-10 0.21 ± 0.03 b 53.50 ± 0.42 a 0.87 ± 0.10 a 1.49 ± 0.00 e 45.83 ± 4.35 a 3.86 ± 0.06 cd

86/1 Nd 12.77 ± 0.07 c Nd 0.17 ± 0.00 g Nd 1.60 ± 0.03 cd

Güzgülü Nd 8.38 ± 0.06 d Nd 2.79 ± 0.07 c Nd 4.12 ± 0.06 b–d

Italia Nd 0.09 ± 0.00 f 0.05 ± 0.00 c 0.87 ± 0.15 f 13.67 ± 0.29 b 7.27 ± 0.21 b

Epicatechin (mg 100 g−1)

Isabella Nd 0.71 ± 0.04 e Nd 0.30 ± 0.00 i 42.52 ± 6.04 e 1.24 ± 0.02 cd

Özer Karası Nd 12.20 ± 0.42 b Nd 5.43 ± 0.18 d 127.81 ± 14.15 c Nd
Fx1-1 13.64 ± 3.14 c 17.30 ± 0.31 a 48.70 ± 5.12 c 2.50 ± 0.11 e Nd 4.18 ± 0.11 ab

Fx1-10 27.83 ± 3.68 a 0.88 ± 0.01 e Nd 1.01 ± 0.01 h Nd 1.79 ± 0.00 a

BX1-166 Nd 4.70 ± 0.06 d Nd 15.37 ± 0.30 a 20.92 ± 1.71 f 0.68 ± 0.01 de

KXP-10 Nd 11.25 ± 1.03 c 86.66 ± 9.19 a 7.66 ± 0.25 b 101.01 ± 2.41 d Nd
86/1 Nd 1.17 ± 0.07 e Nd 1.50 ± 0.07 g 427.00 ± 8.49 a 4.55 ± 5.24 a

Güzgülü 7.58 ± 1.17 d 1.14 ± 0.05 e 63.09 ± 1.66 b 6.40 ± 0.11 c 7.53 ± 0.20 fg Nd
Italia 18.69 ± 0.69 b 0.62 ± 0.01 e 70.29 ± 4.84 b 1.94 ± 0.02 f 176.27 ± 1.66 b 0.14 ± 0.00 e
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Table 4. Cont.

Gallic Acid (mg 100 g−1)

Isabella 1.24 ± 0.10 e 2.33 ± 0.04 c 0.51 ± 0.07 fg 2.02 ± 0.03 a 2.68 ± 0. 43 cd 3.52 ± 0.03 e

Özer Karası 1.82 ± 0.11 a 2.81 ± 0.01 b 0.28 ± 0.01 g 0.24 ± 0.06 g 2.57 ± 0.29 cd 3.26 ± 0.08 f

Fx1-1 1.56 ± 0.13 bc 1.28 ± 0.11 g 2.53 ± 0.35 a 1.05 ± 0.07 c 1.51 ± 0.03 d 2.61 ± 0.01 h

Fx1-10 1.50 ± 0.09 cd 1.44 ± 0.06 f 0.82 ± 0.09 c–e 0.69 ± 0.13 e 1.86 ± 0.19 cd 2.77 ± 0.14 g

BX1-166 1.31 ± 0.09 de 3.55 ± 0.07 a 0.92 ± 0.02 cd 0.90 ± 0.14 d 1.91 ± 0.20 cd 2.48 ± 0.11 i

KXP-10 0.96 ± 0.09 f 0.55 ± 0.07 h 0.97 ± 0.01 c 0.88 ± 0.11 d 4.91 ± 0.04 ab 4.98 ± 0.11 b

86/1 1.79 ± 0.02 ab 3.62 ± 0.03 a 0.64 ± 0.04 d–f 0.65 ± 0.07 e 4.20 ± 0.36 ab 6.51 ± 0.01 a

Güzgülü 1.63 ± 0.12 a–c 1.86 ± 0.08 d 1.50 ± 0.03 b 1.39 ± 0.13b 4.06 ± 1.58 ab 4.53 ± 0.04 d

Italia 1.52 ± 0.07 cd 1.58 ± 0.04 e 0.61 ± 0.05 ef 0.51 ± 0.02 f 3.02 ± 0.09 bc 4.78 ± 0.11 c

* For each phenolic compound within a column, different superscripts across the table indicate significant differences at p ≤ 0.05. ** All
means are expressed as means ± standard deviation (n = 3). *** Nd = not detected.

Table 5. Pearson’s correlation coefficients (R) among major phenolic compounds before (BD) and after downy mildew (DM)
or powdery mildew diseases (PM) in grape leaves (n = 9).

Variable,
Disease

Condition

By Variable,
Disease

Condition

Correlation
Coefficient

Lower
95%

Upper
95%

Significance
Probability

Sign of Correlation

Gallic acid, DM Gallic acid, BD −0.3561 −0.8251 0.4034 0.3468  

Gallic acid, PM Gallic acid, BD −0.0298 −0.6805 0.6471 0.9393

Gallic acid, DM −0.2248 −0.7735 0.5164 0.5608

Catechin, BD Gallic acid, BD −0.1289 −0.7305 0.5853 0.7410

Gallic acid, DM −0.4373 −0.8535 0.3197 0.2392

Gallic acid, PM 0.2791 −0.4726 0.7957 0.4671

Catechin, DM Gallic acid, BD 0.0781 −0.6181 0.7056 0.8416

Gallic acid, DM 0.1181 −0.5925 0.7253 0.7621

Gallic acid, PM −0.3554 −0.8248 0.4041 0.3480

Catechin, BD 0.4408 −0.3158 0.8547 0.2351

Catechin, PM Gallic acid, BD −0.6395 −0.9150 0.0428 0.0637

Gallic acid, DM −0.1769 −0.7526 0.5521 0.6488

Gallic acid, PM 0.4257 −0.3323 0.8496 0.2532

Catechin, BD 0.4882 −0.2603 0.8702 0.1824

Catechin, DM 0.0616 −0.6282 0.6972 0.8749

Epicatechin, BD Gallic acid, BD −0.5155 −0.8788 0.2259 0.1554

Gallic acid, DM 0.1934 −0.5401 0.7599 0.6180

Gallic acid, PM −0.4900 −0.8708 0.2581 0.1806

Catechin, BD −0.2703 −0.7922 0.4800 0.4818

Catechin, DM −0.1225 −0.7274 0.5896 0.7536

Catechin, PM −0.0092 −0.6692 0.6589 0.9812
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Table 5. Cont.

Variable,
Disease

Condition

By Variable,
Disease

Condition

Correlation
Coefficient

Lower
95%

Upper
95%

Significance
Probability

Sign of Correlation

Epicatechin, DM Gallic acid, BD −0.6992 −0.9310 −0.0654 0.0361 *

Gallic acid, DM 0.2901 −0.4632 0.8001 0.4488

Gallic acid, PM 0.3828 −0.3772 0.8347 0.3092

Gallic acid, BD 0.0931 −0.6087 0.7131 0.8118

Catechin, DM 0.1435 −0.5755 0.7373 0.7127

Catechin, PM 0.7056 0.0781 0.9327 0.0337*

Epicatechin, BD 0.2261 −0.5154 0.7740 0.5585

Epicatechin, PM Gallic acid, BD 0.4776 −0.2732 0.8668 0.1935

Gallic acid, DM −0.5198 −0.8801 0.2204 0.1515

Gallic acid, PM 0.6913 0.0502 0.9289 0.0392 *

Catechin, BD 0.1081 −0.5990 0.7205 0.7819

Catechin, DM −0.4882 −0.8702 0.2604 0.1825

Catechin, PM 0.0093 −0.6589 0.6693 0.9811

Epicatechin, BD −0.4049 −0.8425 0.3545 0.2797

Epicatechin, DM −0.1681 −0.7486 0.5584 0.6655

* indicates that the correlation coefficient is statistically significant at p ≤ 0.05.

The catechin contents of grape leaves for different grape cultivars/hybrids were
compared in Table 4 within each harvesting season, and they seemed to fluctuate over
the two harvesting seasons, although a statistical comparison was not included in the
study. In the first year, the catechin contents remained low during the healthy period of the
first harvesting season before mildew diseases; they increased especially after powdery
mildew infections. It was noticeable that the catechin contents of leaves before diseases in
the second year were generally higher than those in the first year. The values in Table 4
indicate that the effect of diseases on the catechin contents of leaves was dependent on the
grape cultivar/hybrid. In terms of the numerical results in Table 4, although the catechin
content of grapes leaves for the “Italia” cultivar, highly susceptible to diseases, increased
after diseases, the leaves of the disease-resistant cultivars “Isabella” and “Özer Karası” had
a low content of catechin in general. These results show that the catechin content in grape
leaves may be influenced by mildew diseases differently depending on the susceptibility
of grape vine to diseases. Among all cultivars/hybrids, the grape leaves of “KXP-10” and
“Özer Karası” (disease resistant) with dark berries had a catechin content of about 54 mg
100 g−1 in the healthy period before diseases (Table 4). In terms of correlations within
catechin itself, the highest, but insignificant correlation (0.49) was found between the values
obtained before disease (Catechin, BD) and after powdery mildew disease (Catechin, PM)
(p > 0.05).

The epicatechin contents of grape leaves increased numerically for almost all culti-
vars/hybrids in the 1st year of harvesting, regardless of mildew disease conditions in
plants. In the 2nd year, this trend was unclear. Although seasonal changes in phenolics or
the effect of diseases on major phenolics were not compared statistically in this study, this
result could be attributed to the fact that the epicatechin response of vine might be highly
influenced by the harvesting season (most likely climatic conditions in a season) and the
severity of mildew diseases as well as the variety of grapes. An increase in the epicatechin
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contents was observed for the leaves of the “Italia” cultivar, which is more susceptible to
mildew diseases than others, after diseases. The epicatechin contents of grape leaves from
the disease-resistant cultivars “Isabella” and “Özer Karası” seemed to increase especially
after powdery mildew disease. In terms of the averages of the two harvesting years, the
catechin content of grape leaves increased for the cultivars/hybrids, which was much
more noticeable after powdery mildew. Among the grape cultivars/hybrids studied, the
epicatechin content of the “86/1” hybrid with yellow flesh colour and intense Muscat
flavour after powdery mildew infection in the 1st year of harvesting was 427 mg 100 g−1.
After downy mildew infection, the leaves of the “KXP-10” hybrid in dark fruit colour had
an epicatechin content of about 87 mg 100 g−1.

The results of the correlation study within epicatechin itself show that the highest,
but insignificant correlation (R = −0.40) was found before diseases (Epicatechin, BD) and
after powdery mildew disease (Epicatechin, PM) (p > 0.05). When we look at the cor-
relation between other phenolic compounds and epicatechin, the epicatechin content of
grape leaves after downy mildew disease (Epicatechin, DM) was significantly and posi-
tively correlated with the catechin content of leaves after powdery mildew (Catechin, PM)
(R = 0.71), but negatively correlated with the gallic acid content before disease (Gallic acid,
BD) (R = −0.70) (p < 0.05). Moreover, the epicatechin content of grape leaves after powdery
mildew disease (Epicatechin, PM) was positively correlated with the gallic acid content
after powdery mildew disease (Gallic acid, PM) (R = 0.69) (p < 0.05).

In general, small increases in the gallic acid contents of grape leaves were found numer-
ically in the 2nd harvesting year after powdery mildew infection for all cultivars/hybrids.
Furthermore, the gallic acid contents of grape leaves seemed to decrease after downy
mildew infections in comparison to the healthy period. The reduction in the gallic acid
contents of grape leaves before the disease and after downy mildew infection in the 2nd
harvesting year was similar for all cultivars/hybrids. Among all cultivars/hybrids stud-
ied, the gallic acid contents of grape leaves after powdery mildew disease were 6.51 mg
100 g−1 for the “86/1” hybrid with yellow berry colour and intense Muscat flavour and
4.98 mg 100 g−1 for the “KXP-10” hybrid with dark berry colour in the 2nd year of har-
vesting. Especially after powdery mildew, the grape leaves from the cultivars/hybrids
with intense Muscat flavour and dark coloured berries tended to have higher gallic acid
contents than those with less flavoured and light coloured berries.

The highest, but insignificant correlation (R = −0.37) was found between the gallic
acid contents of grapes leaves before disease values (Gallic acid, BD) and downy mildew
infection (Gallic acid, DM) (p > 0.05). Negative and significant correlation coefficients
in Table 5 indicate that the gallic acid contents of healthy vines decreases after powdery
mildew infection or vice versa. As reported in the previous paragraph, the gallic acid
content of grape leaves after powdery mildew disease (Gallic acid, PM) was positively
correlated with the epicatechin content after powdery mildew disease (Epicatechin, PM)
with R = 0.69 (p < 0.05).

3.3. Determination of Phenolic Compounds in Different Parts of the Grape Berry

The contents of catechin, epicatechin, and gallic acid in the skins, pulps, and seeds of
grape berries from 22 cultivars/hybrids for two years are given in Tables 6–8.

Especially the seed parts of grape berries from the cultivars/hybrids studied contained
generally high amounts of catechin in comparison to their skin or pulp parts. The catechin
contents of grape pulps ranged from 0.50 to 0.81 mg 100 g−1 in the 1st year and from 0.54
to 0.76 mg 100 g−1 in the 2nd year, while the catechin contents of grape skins ranged from
0.03 to 4.59 mg 100 g−1 in the 1st year and from 0.03 to 3.22 mg 100 g−1 in the 2nd year.
Moreover, grape seeds had a catechin content ranging from 48.17 to 494.91 mg 100 g−1

in the 1st year and from 44.95 to 494.95 mg 100 g−1 in the 2nd year. The highest catechin
content in seeds was detected for the “KXP-10” hybrid grapes as 492 mg 100 g−1 in the 1st
year and 495 mg 100 g−1 in the 2nd year of harvesting (p < 0.05). Additionally, the second
highest catechin content was determined for the seeds of the “85/1” hybrid, which has the
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yellow coloured berries and intense Muscat flavour (about 370 mg 100 g−1) (p < 0.05). The
pulp and skin parts of the grape cultivars/hybrids studied had a low content of catechin.
In terms of the catechin content of skins and pulps, a high content was determined in
cultivars/hybrids with dark coloured berry, such as “Isabella” and “Trakya İlkeren”, or
light coloured berries, such as “85/1” and “86/1”, containing an intense Muscat flavour.
Catechin could not be detected in the skins of two cultivars/hybrids (“Güz Gülü” and
“130/1”) in both years, probably due to its very low content (Table 6).

Table 6. Catechin contents (mg 100 g−1) of pulps, skins, and seeds of grape cultivars/hybrids used in the study in two
growing seasons.

Cultivar/
Hybrid

Pulp * Skin Seed

1st Year 2nd Year 1st Year 2nd Year 1st Year 2nd Year

Isabella 0.81 ± 0.03 a ** 0.76 ± 0.01 a 1.86 ± 0.07 e 1.88 ± 0.01 d 48.17 ± 2.99 m 44.95 ± 1.55 l

Alphonse L. 0.70 ± 0.03 cd 0.68 ± 0.02 b–d 3.07 ± 0.05 c 3.02 ± 0.22 ab 103.18 ± 2.70 k 100.80 ± 5.60 ij

Muscat Ham. 0.72 ± 0.01 bc 0.69 ± 0.02 bc 1.21 ± 0.02 h 1.20 ± 0.10 f 176.05 ± 2.85 f 176.55 ± 2.25 ef

Yalova Misketi 0.69 ± 0.11c–e 0.65 ± 0.00 d–g 0.69 ± 0.51 j 0.11 ± 0.01 j 262.11 ± 6.20 c 263.60 ± 3.20 c

Trakya İlkeren 0.65 ± 0.02 c–g 0.68 ± 0.01 b–d 3.28 ± 0.06 b 3.22 ± 0.36 a 187.45 ± 1.96 e 187.10 ± 10.80 de

Bilecik İrikarası 0.69 ± 0.06 c–e 0.66 ± 0.02 c–f 0.76 ± 0.02 j 0.74 ± 0.06 h 117.85 ± 1.84 j 118.00 ± 3.90 i

İsmetbey 0.63 ± 0.02 d–g 0.64 ± 0.01 e–g 0.04 ± 0.00 l 0.04 ± 0.00 j 130.86 ± 1.73 i 135.00 ± 3.20 h

KXP-10 0.68 ± 0.06 c–f 0.69 ± 0.00 bc 2.55 ± 0.06 d 2.49 ± 0.44 c 491.91 ± 2.76 a 494.95 ± 18.05 a

Özer Karası 0.66 ± 0.08 c–g 0.65 ± 0.04 d–g 1.73 ± 0.05 ef 1.73 ± 0.01 de 163.73 ± 2.02 g 163.50 ± 17.80 fg

Tekirdağ
Çekirdeksizi 0.69 ± 0.05 c–e 0.65 ± 0.06 d–g 0.48 ± 0.04 k 0.44 ± 0.02 i Seedless Seedless

Reçel Üzümü 0.79 ± 0.08 ab 0.71 ± 0.02 b 0.47 ± 0.04 k 0.44 ± 0.01 i Seedless Seedless
Güz Gülü 0.60 ± 0.02 f–h 0.66 ± 0.01 d–g Nd *** Nd Seedless Seedless
Pembe 77 0.62 ± 0.03 d–g 0.66 ± 0.01 d–g 1.67 ± 0.06 fg 1.60 ± 0.03 e 151.56 ± 6.80 h 154.10 ± 19.70 g

Uslu 0.60 ± 0.05 f–h 0.66 ± 0.01 d–g 2.58 ± 0.04 d 2.61 ± 0.05 c 191.78 ± 1.17 de 191.93 ± 0.88 d

83/1 0.65 ± 0.05 c–g 0.67 ± 0.01 c–e 0.77 ± 0.02 j 0.77 ± 0.11 gh 197.16 ± 1.23 d 198.35 ± 1.85 d

FX1-1 0.52 ± 0.04 hi 0.58 ± 0.02 h 1.15 ± 0.07 hi 1.10 ± 0.05 f 83.42 ± 2.97 l 82.65 ± 2.04 k

85/1 0.66 ± 0.03 c–g 0.67 ± 0.02 c–e 4.59 ± 0.05 a 2.87 ± 0.06 b 370.58 ± 7.06 b 367.70 ± 2.50 b

BX1-166 0.50 ± 0.03 i 0.54 ± 0.05 i 1.00 ± 0.02 i 0.98 ± 0.03 fg 113.59 ± 1.78 j 109.00 ± 6.86 ij

53/1 0.61 ± 0.02 e–g 0.67 ± 0.02 cd 0.03 ± 0.01 l 0.03 ± 0.00 j 117.26 ± 2.67 j 171.80 ± 3.60 f

86/1 0.68 ± 0.06 c–f 0.63 ± 0.00 fg 1.53 ± 0.10 g 3.20 ± 0.10 a 170.89 ± 1.46 f 170.25 ± 2.95 f

FX1-10 0.59 ± 0.03 gh 0.63 ± 0.02 g 1.08 ± 0.05 hi 1.12 ± 0.10 f 100.84 ± 0.91 k 101.33 ± 2.19 j

130/1 0.67 ± 0.02 c–g 0.70 ± 0.02 bc Nd Nd Seedless Seedless

* Different superscripts within a column indicate significant differences at p ≤ 0.05. ** All means are expressed as means ± standard
deviations (n = 3). *** Nd = not detected.

The seeds of the grape cultivars/hybrids studied contained more epicatechin than
their skins or pulps for the two harvesting years. The epicatechin contents of grape pulps
ranged from 0.01 to 1.06 mg 100 g−1 in the 1st year and from 0.01 to 1.23 mg 100 g−1 in the
2nd year. The epicatechin contents of grape skins ranged from 0.14 to 1.79 mg 100 g−1 in
the 1st year and from 0.10 to 1.79 mg 100 g−1 in the 2nd year. Morevoer, the epicatechin
contents of the grape seeds ranged from 20.65 to 106.91 mg 100 g−1 in the 1st year and
from 20.50 to 107.20 mg 100 g−1 in the 2nd year. Among the cultivars/hybrids, the highest
epicatechin content was determined in the seeds of “86/1” hybrid grapes with yellow-
coloured fruits and an intense Muscat flavour (107 mg 100 g−1), which was followed by the
seeds of the “KXP-10” hybrid grapes with black berry colour in both years (about 100 mg
100 g−1) (p < 0.05). The epicatechin content of the seeds of “Isabella” and “Özer Karası”,
two dark berry cultivars, was about 21 mg 100 g−1, and their epicatechin content was the
lowest (p < 0.05). The high levels of epicatechin in pulps and skins were obtained from
cultivars with dark berry colour, such as the “Bilecik İrikarası” and “İsmetbey” cultivars.
The skins or pulps of the cultivar “Pembe 77” grapes with a dark pink berry colour had a
relatively high epicatechin content. The epicatechin contents in the pulps or skins of some
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grape cultivars/hybrids could not be detected in some of the harvesting years, possibly
due to the existence of their very low levels (Table 7).

Table 7. Epicatechin contents (mg 100 g−1) of pulps, skins, and seeds of grape cultivars/hybrids used in the study in two
growing seasons.

Cultivar/
Hybrid

Pulp * Skin Seed

1st Year 2nd Year 1st Year 2nd Year 1st Year 2nd Year

Isabella 0.05 ± 0.00 e–h ** Nd *** Nd Nd 20.65 ± 0.17 n 20.70 ± 0.90 j

Alphonse L. 0.24 ± 0.01 b–d 0.23 ± 0.02 d 1.22 ± 0.01 d 1.21 ± 0.03 c 44.72 ± 0.87 jk 44.65 ± 1.4 h

Muscat Ham. 0.12 ± 0.01 e–g 0.12 ± 0.01 fg 0.28 ± 0.03 j 0.26 ± 0.04 f 52.48 ± 0.71 i 51.70 ± 0.70 g

Yalova Misketi 0.01 ± 0.00 gh 0.01 ± 0.00 i Nd Nd 72.74 ± 0.81 d 73.50 ± 1.10 d

Trakya İlkeren 0.16 ± 0.00 c–e 0.16 ± 0.02 ef 1.39 ± 0.02 b 1.37 ± 0.01 b 56.13 ± 3.24 h 58.60 ± 1.20 f

Bilecik İ.K. 0.02 ± 0.00 gh 0.01 ± 0.00 i 1.79 ± 0.02 a 1.79 ± 0.08 a 43.01 ± 1.32 kl 42.50 ± 3.70 h

İsmetbey 1.06 ± 0.03 a 1.03 ± 0.07 b Nd Nd 33.88 ± 1.62 m 35.65 ± 0.85 i

KXP-10 0.03 ± 0.00 f–h 0.91 ± 0.01 c 0.91 ± 0.01 f 0.91 ± 0.01 d 99.45 ± 1.91 b 99.65 ± 0.55 b

Özer Karası 0.29 ± 0.02 b Nd Nd Nd 20.95 ± 0.81 n 20.50 ± 2.30 j

Tekirdağ Ç. 0.14 ± 0.02 d–f 0.14 ± 0.02 ef 0.10 ± 0.00 m 0.10 ± 0.02 g Seedless Seedless
Reçel Üzümü 0.02 ± 0.00 gh 0.01 ± 0.00 i Nd Nd Seedless Seedless

Güz Gülü Nd Nd Nd Nd Seedless Seedless
Pembe 77 0.02 ± 0.00 gh 1.23 ± 0.11 a 1.25 ± 0.02 c 1.23 ± 0.11 c 79.52 ± 0.46 c 79.30 ± 9.22 c

Uslu Nd Nd Nd Nd 66.44 ± 2.17 e 66.80 ± 1.90 e

83/1 Nd Nd 0.67 ± 0.02 g 0.65 ± 0.00 e 46.17 ± 2.59 j 45.85 ± 0.35 h

FX1-1 0.26 ± 0.18 bc 0.24 ± 0.06 d 0.22 ± 0.03 k Nd 62.46 ± 1.70 g 59.25 ± 3.53 f

85/1 0.23 ± 0.01 b–d 0.23 ± 0.06 d 1.09 ± 0.03 e Nd 63.42 ± 0.50 fg 62.90 ± 0.30 ef

BX1-166 0.08 ± 0.01 e–h 0.06 ± 0.02 hi 0.32 ± 0.03 i Nd 36.11 ± 0.56 m 34.14 ± 1.92 i

53/1 0.31 ± 0.22 b 0.19 ± 0.01 de Nd Nd 40.73 ± 1.15 l 45.40 ± 3.90 h

86/1 Nd Nd 0.56 ± 0.03 h Nd 106.91 ± 1.15 a 107.20 ± 6.10 a

FX1-10 0.11 ± 0.08 e–g 0.08 ± 0.04 gh 0.14 ± 0.02 l 0.11 ± 0.03 g 65.80 ± 1.42 ef 61.15 ± 2.02 f

130/1 Nd Nd Nd Nd Seedless Seedless

* Different superscripts within a column indicate significant differences at p ≤ 0.05. ** All means are expressed as means ± standard
deviations (n = 3). *** Nd = not detected.

Based on the results of grape pulps, the gallic acid contents ranged from 0.57 to 0.76
in the 1st year and from 0.56 to 0.76 mg 100 g−1in the 2nd year. The gallic acid contents
of the grape skins ranged from 0.59 to 1.47 mg 100 g−1in the 1st year and from 0.58 to
1.43 mg 100 g−1in the 2nd year. Moreover, the gallic acid contents of the grape seeds
ranged from 1.35 to 6.88 mg 100 g−1in the 1st year and from 1.26 to 6.88 mg 100 g−1 in
the 2nd year. Among different grape parts, grape seeds had the highest content of gallic
acid in the manner of the other two phenolic compounds. Furthermore, compared to the
catechin and epicatechin levels, the content of gallic acid in seeds was somewhat limited.
The seeds of the “İsmetbey” cultivar grapes with black berry colour contained the highest
gallic acid content (about 6.9 mg 100 g−1) in the 1st and 2nd harvesting years (p < 0.05)
while its difference from the seeds of “FX1-10” was found insignificant in the 2nd year
(p > 0.05). Moreover, in the 1st year, the second highest gallic acid content was determined
in the seeds of the “FX1-10” hybrid grapes with yellow berry flesh colour. In the pulps and
skins, the gallic acid contents were generally found high for the cultivars/hybrids with
dark berry colour, such as “Isabella”, “83/1”, “Pembe 77”, and “Reçel Üzümü”, and for the
hybrid of “86/1” with an intense Muscat flavour (Table 8).
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Table 8. Gallic acid contents of pulps, skins, and seeds of grape cultivars/hybrids used in the study in two growing seasons
(mg 100 g−1).

Cultivar/
Hybrid

Pulp * Skin Seed

1st Year 2nd Year 1st Year 2nd Year 1st Year 2nd Year

Isabella 0.76 ± 0.01 a ** 0.76 ± 0.01 a 0.59 ± 0.03 d 0.59 ± 0.01 k 1.35 ± 0.10 i 1.26 ± 0.05 k

Alphonse L. 0.69 ± 0.02 c–e 0.67 ± 0.01 c–e 0.85 ± 0.03 c 0.82 ± 0.01 d 4.50 ± 0.31 d 4.16 ± 0.20 ef

Muscat Ham. 0.68 ± 0.01 c–f 0.69 ± 0.00 c 0.72 ± 0.01 cd 0.72 ± 0.01 ef 3.93 ± 0.10 e 3.95 ± 0.05 fg

Yalova Misketi 0.65 ± 0.01 h–j 0.65 ± 0.00 fg 1.20 ± 0.18 b 0.98 ± 0.05 c 3.71 ± 0.06 e 3.72 ± 0.03 g

Trakya İlkeren 0.68 ± 0.03 c–f 0.68 ± 0.01 cd 0.68 ± 0.03 cd 0.67 ± 0.00 f–i 5.27 ± 0.64 c 5.47 ± 0.27 b

Bilecik İ.K. 0.66 ± 0.01 g–i 0.66 ± 0.01 d–f 0.63 ± 0.02 d 0.63 ± 0.02 h–k 1.58 ± 0.13 i 1.47 ± 0.05 k

İsmetbey 0.64 ± 0.02 i–j 0.64 ± 0.01 gh 0.69 ± 0.04 cd 0.69 ± 0.00 fg 2.17 ± 0.10 h 4.73 ± 0.08 d

KXP-10 0.70 ± 0.02 bc 0.69 ± 0.00 bc 0.75 ± 0.03 cd 0.76 ± 0.07 e 6.88 ± 0.04 a 6.88 ± 0.22 a

Özer Karası 0.65 ± 0.02 h–j 0.65 ± 0.04 c–g 0.65 ± 0.04 d 0.65 ± 0.01 g–j 3.08 ± 0.04 f 3.04 ± 0.26 hi

Tekirdağ Ç. 0.64 ± 0.01 i–j 0.65 ± 0.06 fg 0.59 ± 0.02 d 0.59 ± 0.02 k Seedless Seedless
Reçel Üzümü 0.72 ± 0.00 b 0.72 ± 0.01 b 0.63 ± 0.01 d 0.62 ± 0.00 i–k Seedless Seedless

Güz Gülü 0.66 ± 0.01 g–i 0.66 ± 0.01 d–f 0.64 ± 0.01 d 0.63 ± 0.01 h–k Seedless Seedless
Pembe 77 0.66 ± 0.01 g–i 0.66 ± 0.01 d–f 1.32 ± 0.03 ab 1.31 ± 0.05 b 2.92 ± 0.06 fg 2.98 ± 0.31 hi

Uslu 0.66 ± 0.02 g–i 0.66 ± 0.01 d–f 0.73 ± 0.03 cd 0.72 ± 0.01 ef 2.67 ± 0.15 g 2.54 ± 0.03 j

83/1 0.68 ± 0.03 c–f 0.67 ± 0.01 c–e 1.47 ± 0.07 a 1.43 ± 0.11 a 3.21 ± 0.02 f 3.21 ± 0.02 h

FX1-1 0.57 ± 0.03 l 0.56 ± 0.03 i 0.61 ± 0.02 d 0.61 ± 0.01 jk 4.40 ± 0.38 d 4.25 ± 0.27 e

85/1 0.67 ± 0.02 e–h 0.67 ± 0.02 c–e 1.42 ± 0.49 a 0.68 ± 0.01 f–h 3.86 ± 0.18 e 3.93 ± 0.02 fg

BX1-166 0.59 ± 0.02 l 0.60 ± 0.01 h 0.59 ± 0.03 d 0.58 ± 0.04 k 2.88 ± 0.05 fg 2.90 ± 0.08 i

53/1 0.68 ± 0.01 c–f 0.68 ± 0.00 cd 0.63 ± 0.01 d 0.62 ± 0.02 i–k 2.27 ± 0.10 h 5.01 ± 0.09 c

86/1 0.63 ± 0.02 jk 0.63 ± 0.00 gh 1.44 ± 0.11 a 0.82 ± 0.01 d 3.74 ± 0.05 e 3.77 ± 0.04 g

FX1-10 0.62 ± 0.01 k 0.63 ± 0.01 gh 0.64 ± 0.03 d 0.66 ± 0.02 g–j 6.35 ± 0.44 b 6.63 ± 0.11 ab

130/1 0.70 ± 0.02 bc 0.69 ± 0.00 c 0.68 ± 0.01 cd 0.65 ± 0.00 g–j Seedless Seedless

* Different superscripts within a column indicate significant differences at p ≤ 0.05. ** All means are expressed as means ± standard
deviation (n = 3).

Correlations among major phenolic components in three different parts of the grape
berries were determined over the averages for two harvesting seasons. A positive and
highly significant correlation coefficient (R = 0.95) was found between the catechin content
of pulps (Catechin, Pulp) and the gallic acid of skins (Gallic acid, Skin) (p < 0.05). In
addition, significant correlations were found for the phenolic components of grape seeds.
While the correlation between gallic acid (Gallic acid, Seed) and the epicatechin contents
of seeds (Epicatechin, Seed) (R = 0.77) was high and significant (p < 0.05), the catechin
content of seeds (Catechin, Seed) was positively correlated with the epicatechin contents of
seeds (Epicatechin, Seed) (R = 0.74) (p < 0.05). Moreover, there was a positive correlation
coefficient between the catechin (Catechin, Seed) and gallic acid contents of seeds (Gallic
acid, Seed) (R = 0.70) (p < 0.05). This correlation analysis showed that the contents of almost
all phenolic compounds in grape seeds increased more than those in the other two parts of
grape berries (Table 9).

Table 9. Pearson’s correlation coefficients (R) among major phenolic compounds in different parts of grapes (seeds, skins,
and pulps) (n = 22).

Variable
(Compound, Part)

By Variable
(Compound, Part)

Correlation
Coeffi-
cient

Lower
95%

Upper
95%

Significance
Probability

Sign of Correlation

Gallic acid (Skin) Gallic acid (Pulp) −0.0155 −0.4343 0.4088 0.9454  

Catechin (Pulp) Gallic acid (Pulp) 0.0866 −0.3477 0.4903 0.7015

Gallic acid (Skin) 0.9538 0.8901 0.9809 <0.0001 *
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Table 9. Cont.

Variable
(Compound, Part)

By Variable
(Compound, Part)

Correlation
Coeffi-
cient

Lower
95%

Upper
95%

Significance
Probability

Sign of Correlation

Catechin (Skin) Gallic acid (Pulp) 0.1320 −0.3067 0.5244 0.5583

Gallic acid (Skin) 0.2235 −0.2187 0.5896 0.3173

Catechin (Pulp) 0.3376 −0.0980 0.6646 0.1244

Epicatechin (Pulp) Gallic acid (Pulp) −0.1293 −0.5224 0.3092 0.5664

Gallic acid (Skin) 0.0713 −0.3611 0.4786 0.7524

Catechin (Pulp) −0.0011 −0.4225 0.4207 0.9960

Catechin (Skin) 0.0003 −0.4213 0.4219 0.9988

Epicatechin (Skin) Gallic acid (Pulp) 0.1002 −0.3356 0.5007 0.6572

Gallic acid (Skin) 0.2852 −0.1551 0.6309 0.1983

Catechin (Pulp) 0.2420 −0.2000 0.6022 0.2778

Catechin (Skin) 0.4435 0.0269 0.7288 0.0387 *

Epicatechin (Pulp) 0.1315 −0.3071 0.5241 0.5597

Gallic acid (Seed) Gallic acid (Pulp) −0.2728 −0.6228 0.1682 0.2194

Gallic acid (Skin) 0.2028 −0.2393 0.5752 0.3655

Catechin (Pulp) 0.1714 −0.2697 0.5531 0.4456

Catechin (Skin) 0.5039 0.1045 0.7633 0.0168 *

Epicatechin (Pulp) 0.3185 −0.1191 0.6525 0.1486

Epicatechin (Skin) 0.2882 −0.1519 0.6329 0.1934

Epicatechin (Seed) Gallic acid (Pulp) −0.2651 −0.6176 0.1762 0.2332

Gallic acid (Skin) 0.5137 0.1175 0.7688 0.0145 *

Catechin (Pulp) 0.5203 0.1264 0.7724 0.0131 *

Catechin (Skin) 0.5358 0.1475 0.7810 0.0102 *

Epicatechin (Pulp) 0.2019 −0.2402 0.5746 0.3677

Epicatechin (Skin) 0.3505 −0.0834 0.6727 0.1098

Gallic acid (Seed) 0.7746 0.5243 0.9017 <0.0001 *

Catechin (Seed) Gallic acid (Pulp) 0.0129 −0.4109 0.4322 0.9545

Gallic acid (Skin) 0.4117 −0.0120 0.7101 0.0570

Catechin (Pulp) 0.4531 0.0389 0.7344 0.0342 *

Catechin (Skin) 0.5494 0.1664 0.7884 0.0081 *

Epicatechin (Pulp) 0.2565 −0.1851 0.6120 0.2491

Epicatechin (Skin) 0.3047 −0.1342 0.6436 0.1680

Gallic acid (Seed) 0.6983 0.3921 0.8652 0.0003 *

Epicatechin (Seed) 0.7388 0.4607 0.8848 <0.0001 *

* indicates that the correlation coefficient is statistically significant at p ≤ 0.05.
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4. Discussion

In this study, changes in the catechin, epicatechin, and gallic acid contents of grape
leaves after two important fungal diseases and differences in the contents of these com-
pounds in skins, pulps, and skins of grape berries for two harvesting seasons were deter-
mined. After downy mildew and powdery mildew diseases, differences in the contents
of these phenolic compounds were observed among grape leaves depending on the culti-
var/hybrid, harvesting year, and the type of phenolic compounds.

Although there may be a variety of factors influencing the concentration of phenolic
compounds in grapes, their concentration is highly dependent on the cultivar types and
even species. There may be differences in the phenolic contents of grapes among different
cultivars, as well as within the fruits of the same cultivar grown in different regions [41]
Several factors, such as the type of cultivar, processing techniques, viticultural practices,
geographical region, and climatic conditions, may significantly influence the phenolic
compositions of grapes [42–46]. In a study on the contents of some phenolic compounds
in different grape cultivars, Eyduran et al. [47] reported that the quantity of phenolic
compounds could vary depending on the type of cultivars. Doshi et al. [48] also reported
that the concentrations of rutin and quercetin hydrates representing the flavanols group of
phenolics might change in different organs of grapevine, and sometimes it could be barely
detected.

In species, such as Vitis labrusca, Vitis riparia, and Vitis rupestris hybrids, differences in
the chemical structures of phenolic components have been reported in the literature. The
contents of phenolic compounds may differ in V. vinifera species [49], and for this reason, in
most hybrid cultivars that are tolerant or resistant to grapevine diseases, the composition
of these components can flactuate considerably. In our study, it was noteworthy that the
contents of some phenolic components were higher in the disease-resistant varieties, such
as “Özer Karası” and “Isabella”, which are cross-bred between species, especially in their
skins and pulps.

Yaman et al. [50] reported that resveratrol levels in two different grape cultivars might
be dependent on the vegetation time, cultivar, and region. In another study on changes in
the total phenolic contents and seven phenolic compounds (gallic acid, catechin, catechol,
chlorogenic acid, o-coumaric acid, rutin, and quercetin) of the shoot tips from “Cardinal”
and “Uslu” grape cultivars collected in different months, Baydar [51] reported that the
concentration of these phenolic compounds varied depending on the type of cultivar and
harvesting month. The flavonol and anthocyanin contents of five red fungus-resistant
grape cultivars (“Frontenac”, “Maréchal Foch”, “Marquette”, “Sabrevois”, and “St. Croix”)
were characterised from berry (skin, seed, and free-run must) to wine to evaluate varietal
differences and relationships between the berry and wine composition by Gagne et al. [52],
and they reported that the principal component analysis of berry composition showed
significant differences among the cultivars. In our study, we also found that the contents of
phenolic compounds varied depending on the type of grape cultivar/hybrid.

In the present study, there were significant increases in the contents of catechin,
epicatechin, and gallic acid in 22 different cultivars/hybrids, especially after powdery
mildew disease. Using two wine grape cultivars (“Cabernet Sauvignon” and “Sauvignon
Blanc”) and a table grape (“Thompson Seedless”), Taware et al. [53] determined the total
phenolic contents and some phenolic compounds in the leaves, berries, and wines from
healthy and powdery mildew-infected grapes, and they reported higher phenolic contents
in the leaves of wine grapes compared to “Thompson Seedless”. Moreover, they reported
that this disease significantly altered the phenolic profile of the leaves, berries, and wines
while the foliar infection resulted in the accumulation of phenolic compounds in leaves
and reduction in berries and wines because of cluster disease infection. In a study by
Romero-Perez et al. [54], concentrations of phenolic compounds increased considerably in
grape berries infected by powdery mildew disease in comparison to healthy grape berries.
Santos et al. [55] compared the contents of phenolic compounds and trans-resveratrol in
different berry parts from V. vinifera and V. labrusca cultivars/genotypes, and reported that
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V. labrusca cultivars/genotypes contained more phenolic compounds and trans-resveratrol
than V. vinifera cultivars. Dani et al. [56] found a high level of phenolic compounds in
the leaves of a V. labrusca cultivar, and reported that these compounds reduced the vine
damage from lipids and proteins significantly. This result could explain how and why V.
labrusca or interspecies cultivars with high contents of phenolic compounds in our study
had significantly minimum damages after the inoculation of diseases. Rebello et al. [57]
determined the contents of some phenolic components in the skins, pulps, and seeds of
the “BRS Violeta” cultivar, a hybrid grape, and reported a very high content of phenolic
components in skins, most probably because of the very thick skin of this cultivar (46% of
grape weight).

Coklar [58] investigated the phenolic profile of whole berry, skin, and seeds of the local
“Ekşikara” (V. vinifera) cultivar and determined the effect of harvesting year and altitude
of the vineyard location. Anthocyanins, resveratrol, rutin, and isorhamnetin-3-glucoside
were mainly found in skins, while monomers and dimers of flavan-3-ols were detected
mainly in seeds. In the study, altitude had a drastic effect on phenolic compounds in whole
berry, skins, and seeds, and very high amounts of catechin and epicatechin, especially in
the seeds. The quantities of gallic acid, epicatechin, and catechin varied depending on
harvesting year. Our results were in good agreement with this study.

Based on the chemical structure, phenolic compounds are mostly classified into
flavonoid and non-flavonoids. Flavonoids are found mainly in grape seeds and skins
while proanthocyanidins in grapes are present mainly in berry skins and seeds. Grape seed
proanthocyanidins comprise only (+)-catechin, (−)-epicatechin, and procyanidins, whereas
grape skin proanthocyanidins comprise both prodelphinidins and procyanidins [16,59].
Procyanidins are dimers resulting from the union of monomeric units of flavanols (+)-
catechin. Among grape cultivars, there are differences in procyanidin concentrations, but
their profile remains mostly unchanged. Prodelphinidins are only present in grape skin
and their monomers are catechin, epicatechin, gallocatechin, and epigallocatechin units.
Proanthocyanidins (procyanidins and prodelphinidins) are the major phenolic compounds
in grape seeds and skins, and about 60–70% of total polyphenols are stored in seeds [16,59].
Similarly, in our study, monomeric phenolic compounds, such as catechin and epicatechin,
were found at a very high concentration in grape seeds in comparison to grape skins.

Mulero et al. [60] reported that the skin, pulp, and seeds of grapes contain an enor-
mous amount of different phenolic compounds, while Rodriguez-Montealegre et al. [61]
found that the phenolic composition of grapes and different grape parts may depend on
multiple factors, including climate, ripeness, berry size, grapevine cultivar, and viticulture
practices. Our results also indicated significant differences in the contents of phenolic
compounds in different berry parts of grapes from various cultivars/hybrids. Moreover,
the catechin and epicatechin contents of seeds were much higher than those of pulps and
skins. Most phenolic compounds are located in different parts of grape berries, and it
would be beneficial to re-evaluate the processing techniques for many food products so that
the phenolic components migrate or are incorporated into these products. Many phenolic
components originating from grape skins and seeds could be health-beneficial especially
during processing for food products. Phenolic compounds are related to not only human
health, but also the fight of plants against diseases, and their composition may vary under
the effect of different stress factors for plants.

5. Conclusions

The contents of major phenolic compounds, such as catechin, epicatechin, and gallic
acid, in grape leaves increased especially after powdery mildew disease, but this increase
seemed to be independent from the cultivar being disease resistant/tolerant. In order to
understand the phenolic response of vine plants against downy and powdery mildew
diseases, more comprehensive studies are needed. In addition, registration studies for
novel grape cultivars should be accelerated so that candidate grape hybrids/cultivars,
such as “86/1”, “85/1”, and “KXP-10”, which contained high levels of major phenolic
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compounds, could be used in the grape juice industry. Besides these hybrids, (interspecies)
cultivars, such as “Isabella” and “Özer Karası”, with a high content of phenolics could also
be used as parents in future breeding studies planning to develop new grape cultivars with
a rich phenolic content.
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Abstract: The use of synthetic chemical products in agriculture is causing severe damage to the
environment and human health, but agrochemicals are still widely used to protect our crops. To
counteract this trend, we have been looking for alternative strategies to control plant diseases without
causing harm to the environment or damage to our health. However, these alternatives are still
far from completely replacing chemical products. Microorganisms have been widely known as a
biological tool to control plant diseases, but their use is still limited due to the high variability in
their efficacy, together with issues in product registration. However, the metabolites produced by
these microorganisms can represent a novel tool for the environment-friendly management of plant
diseases, while reducing the issues mentioned above. In this study, we explore the soil microbial
diversity in natural systems to look for microorganisms with the potential to be used in pre- and post-
harvest protection against fungal plant pathogens. Using a simple workflow, we isolated 22 bacterial
strains that were tested both in vitro and in vivo for their ability to counteract the growth of common
plant pathogens. The three best isolates, identified as members of the bacterial genus Pseudomonas,
were used to produce a series of alcoholic extracts, which were then tested for their action against
plant pathogens in simulated real-world applications. Results show that extracts from these isolates
have an exceptional biocontrol activity and can be successfully used to control plant pathogens in
operational setups. Thus, this study shows that the environmental microbiome is an important source
of microorganisms producing metabolites that might provide an alternative strategy to synthetic
chemical products.

Keywords: Penicillium; Botrytis; Colletotrichum; Alternaria; Monilinia; post-harvest diseases

1. Introduction

Evidence that a lot of the chemical products used in agriculture are harmful to the
environment and human health has been around for several decades [1–3]. This has
generated a huge response from consumers, farmers, scientists, and policy makers, which
has promoted the use of agricultural products obtained with low or no chemical inputs;
at the same time, this has fostered research on alternative strategies to prevent damage
from pests and pathogens [4]. Microorganisms have been found to be potential competitors
of chemical pesticides. However, microbial-based products still struggle to penetrate the
market and replace synthetic molecules, mainly because of the high variability of their
action, availability, and persistence, together with issues in product registration [5–8].

Microorganisms have a long story of being used to control pre-harvest and post-harvest
pathogens [9–11]. These microbes belong to several taxonomical groups [12] and exploit
a wide variety of mechanisms to contrast the development of fungal plant pathogens,
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including the production of metabolites, enzymes, and siderophores; the competition for
nutrients and space; and the modulation of plant physiology (e.g., the induction of systemic
resistance) [13]. Several potential biocontrol agents have been studied, and a few have
been commercialized [14], but their marketability is still insufficient because of their low
efficiency and reliability compared to chemical products [11]. Bacillus, Pseudomonas, and
Paenibacillus are all bacterial genera that include strains with biocontrol activity [7,15,16],
and they are commonly found to be associated with plants and soil. Although microbial
biocontrol agents are still not competitive on the market, recent studies on plant and soil mi-
crobiomes show that the diversity of these microbial communities is incredibly high [17,18].
Thus, there is still a wide potential pool of microorganisms in natural environments that
might offer new opportunities for the biocontrol of pre- and post-harvest diseases.

Screenings for biocontrol organisms have been mainly performed on plant tissues or
the rhizosphere of diseased plants, resulting in isolates with high capacity for contrasting
plant pathogens [7]. Biocontrol organisms can be isolated from the environment and
screened in mass to select those with antagonistic action against the target pathogens.
In this framework, the extreme diversity of the environmental microbiome [17] might
represent a powerful source of microorganisms with the potential to be used in pre- and
post-harvest protection. Within these complex microbial communities, the competition
between species and strains is very high, and some microbes can diversify to reduce the
fitness of competing species (e.g., antibiotics, fungicides), so they increase their competitive
ability and occupy new niches. These microbial strains and the metabolites they produce
thus have a high potential to be isolated and used to counteract the growth of pathogens
that damage agricultural products. Here, we test the hypothesis that the environmental
microbiome is a source of microorganisms that can be isolated, selected, cultivated, and used
as a source of active metabolites to control fungal plant diseases in real-world applications.

2. Materials and Methods

2.1. Study Overview

In this study, we exploited the soil microbial diversity in natural environments in
order to discover novel bacterial isolates as a potential source of bioactive compounds
that can be used in plant protection (Figure 1). We started by collecting soil from different
environments with low anthropic impact, creating a microbial wash from each of these
soils and plating each microbial wash together with a suspension of spores of Penicillium
digitatum. This allowed us to select 22 bacterial isolates that showed antifungal activity.
All these isolates were then tested for their antifugal activity both in vitro (dual-culture
assay) and in vivo (co-inoculating fruits together with a pathogen) against 5 different fungal
pathogens (Table 1). Subsequently, we selected the 3 isolates that showed the best results
in both assays, and we taxonomically identified them as species of the bacterial genus
Pseudomonas. To better investigate the molecules with antifungal action, we produced
an alcoholic extract from each bacterial isolate, characterized by using metabolomics and
tested for: (i) efficacy to prevent diseases caused by fungal pathogens, (ii) induction of
systemic resistance, (iii) curative activity of early-stage infections, (iv) efficacy in field trials.
Data analysis was performed using R 4.1.0 [19] with the packages lme4 [20] and car [21].
The modeling strategy is detailed for each trial described below. The package emmeans [22]
was used to extract post hoc contrasts.
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Figure 1. Workflow used in this study. (A) A microbial wash from environmental samples was
mixed with a solution containing a high density of spores of Penicillium digitatum. (B) Isolates
were screened for their efficacy using a wide set of in vitro and in vivo trials and (C) identified as
Pseudomonas spp. by sequencing a portion of the 16S rRNA gene. From the most promising bacterial
isolates, we produced a set of alcoholic extracts (D) that were then tested (E) for their efficacy in
vivo and in setups simulating real-world applications, and (F) using an untargeted metabolomics
approach, we attempted an annotation of the molecules likely to have antifungal activity. Created
with BioRender.com.

Table 1. Summary of the host–pathogen combinations used for each trial. Tests were performed
using alcoholic extracts from bacterial cultures, except the experiment marked with “*”, where we
used live bacterial cultures.

Trial Fruit Variety Pathogen

Preventive antifungal activity of live bacteria * Apple Golden delicious Penicillium expansum
Grape Italia Botrytis cinerea
Olive Ottobratica Colletotrichum acutatum
Tangerine Avana Penicillium digitatum
Tomato Datterino Alternaria alternata
Tomato Datterino Botrytis cinerea

Preventive antifungal activity of extracts Apricot Tsunami Monilinia fructicola
Tangerine Avana Penicillium digitatum
Tomato Datterino Botrytis cinerea

Induction of resistance Apricot Tsunami Monilinia fructicola
Grape Italia Botrytis cinerea
Tomato Datterino Botrytis cinerea

Curative effects Tangerine Avana Penicillium digitatum

Post-harvest disease control on olives Olive Ottobratica Colletotrichum acutatum

Post-harvest disease control on cherries Sweet cherry Ferrovia, Giorgia Monilinia fructicola

Field trial Grape Gaglioppo Uncinula necator
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2.2. Isolation of Potential Biocontrol Agents

Potential biocontrol agents were isolated from soil collected in five different forests
located in southern Italy (Table S1). At each location, we collected soil from the top 5 cm
below the litter, bulking together 10 subsamples of ∼100 g from 10 randomly selected spots
within a radius of 50 m. The soil was then sieved through a 2 mm mesh to eliminate large
debris (e.g., leaves, roots, stones) and stored at 4 °C until further processing.

We selected potential biocontrol agents by growing together a microbial mix obtained
from soil and a high-density suspension of spores of P. digitatum (106 spores/mL). The
microbial mix was obtained from each location (Table S1) by mixing 10g of soil with 100 mL
of water using a magnetic stirrer for ∼20 min. Each soil was then serially diluted to a 1:1000
ratio with sterile water. This process was repeated three times for each location, and the
three subsamples were bulked together before plate inoculation. The spore suspension
of P. digitatum was obtained by harvesting conidia from isolates grown on PDA (Potato
Dextrose Agar) plates at 20 °C for 7–10 days. Conidia were collected with a spatula,
suspended in sterile distilled water, filtered through a double layer of sterile gauze, and
vortexed for 1 min to ensure uniform mixing. Conidia from this stock solution were counted
using a Thoma cell and then diluted to a density of 106 spores/mL. A total of 100 μL of
each soil microbial mix was then co-inoculated with 100 μL of P. digitatum spore suspension
on PDA, evenly distributed with a sterile spatula and incubated at 25 °C for 7 days. The
plates were periodically observed to identify bacteria producing inhibition halos, yielding
125 bacterial colonies that were then isolated on Nutrient Broth Agar (NBA). These isolates
were grown on NBA plates for 7 days at 24 °C, and then roughly screened to select isolates
with different morphological features (e.g., different colony shape, color, and size). This
yielded 22 bacterial isolates that were then used for the experiments below.

2.3. In Vitro Antifungal Activity

The 22 bacterial isolates were first tested to estimate their capacity to inhibit in vitro
the growth of three common plant pathogens: Botrytis cinerea, Alternaria alternata, and
Phytophtora palmivora. Tests were run using a dual-culture assay [7], growing together
combinations of each bacterial isolate with one of the three pathogens, and then estimating
the growth reduction of the fungal pathogen. Each PDA Petri dish was inoculated with
∼0.16 cm2 agar plug with fungal mycelium (obtained from a pure culture of the pathogen)
placed on one side of the plate. On the opposite side of the plate, a single bacterial isolate
was inoculated in a single spot by transferring cells from the pure cultures using a sterile
needle. Each pathogen-bacterial isolate combination was replicated 3 times, and a set of
3 plates for each pathogen without the bacterial isolate served as control. Plates were
incubated at 22 °C for 5 days in the dark, and the radial growth of the pathogen was then
measured for each plate. The inhibition of fungal growth was then estimated as percentage
reduction compared to control plates. Data were fit to a linear model, including isolate ID,
pathogen ID, and their interaction as fixed factors.

2.4. Preventive Antifungal Activity of Live Bacteria

The same 22 bacterial isolates were tested for their ability to contrast fungal infection
on fruits. For this assay, we used six different fruit–pathogen combinations (Table 1).
Fruit surface was sterilized by immersion in a 2% sodium hypochlorite solution for 2 min,
washed with tap water, air-dried, and fixed onto polypropylene panels using a double-sided
tape [23]. Fruits were kept 1–2 cm apart to avoid nesting, and wounded to a uniform and
standard depth of 3 mm using a nail with diameter of 1 mm. Wounds were inoculated by
applying 10 μL of bacterial suspension or water (negative control). The bacterial inoculum
was prepared by growing each isolate in Erlenmeyer flasks with 5 mL of Luria–Bertani
(LB) broth on a rotary shaker at 100 rpm, for 48 h at 25 °C. The cells were harvested
by centrifugation (1100× g for 15 min), rinsed twice with water, and resuspended in
5 mL of distilled water. All bacterial suspensions were diluted at a 1:10 ratio before
inoculation. After two hours from bacterial inoculation, the same wounds were inoculated
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with 10 μL of fungal conidial suspension obtained from each fungal species, as reported
above for P. digitatum, and diluted with distilled water in order to have 5 × 104 conidia/mL
(P. digitatum) or 105 conidia/mL (P. expansum, A. alternata, Colletotrichum acutatum, and B.
cinerea). These concentrations were chosen according to preliminary trials. A pomegranate
peel extract (PGE) at a concentration of 6 mg/L was used as a positive control [23,24].
Tests were performed on 15 fruits (apple, tomato) or 30 fruits (grape, olive, tangerine) for
each treatment.

After the inoculations, fruits were maintained at room temperature (22 ± 2 °C) in
plastic boxes containing wet paper to ensure high relative humidity, and the presence or
absence of fungal growth was recorded after 7 days. Within each host–pathogen combi-
nation, disease incidence for groups treated with a bacterial isolate was compared to the
negative control by fitting a generalized linear model, using isolate ID as the fixed factor
and specifying a binomial error distribution. According to the results from these assays
(see below), all the following trials focused only on isolates B01, B05, and B09.

2.5. Preventive Antifungal Activity of Extracts

Alcoholic extracts from isolates B01, B05, and B09 were prepared to test the efficacy of
metabolites produced by these bacteria in protecting harvested fruits from fungal diseases.
Each bacterial isolate was grown in an Erlenmeyer Flask containing 20 mL of Nutrient Broth
(NB) for 2 days at 28 °C on a rotary shaker. Then, bacterial suspensions were transferred into
500 mL glass bottles containing 80 mL of absolute ethanol. Bottles were vigorously shaken
for 5 min and then kept overnight on a rotary shaker. The extract was aliquoted in 1.5 mL
tubes and transferred to a rotary evaporator overnight. Once dry, the pellet (approximately
0.02 g) was transferred to a single tube and suspended in 66.7 mL of absolute ethanol and
then stored at −20 °C until use.

We tested the efficacy of these extracts to prevent fungal disease in fruits artificially
inoculated with pathogens using three host–pathogen combinations (Table 1): apricot—
M. fructicola, tangerine—P. digitatum, and tomato—B. cinerea. The fruits selected had a
uniform size, and they were surface-sterilized and wounded, as described above. Each
wound received 10 μL of bacterial extract diluted with sterile distilled water, with final
concentrations at 1.5, 3, 6, 12, 24, and 36 mg/L. The fruits treated with a 10 μL water
solution containing 12 mL/L of ethanol (similar to the ethanol concentration inoculated in
fruits treated with 36 mg/L of extract) were used as a negative control. Once dry (∼2 h), the
wounds were inoculated with a 10 μL spore suspension containing 5 × 104 (P. digitatum)
or 5 × 105 (B. cinerea and M. fructicola) conidia/mL. Tests were run on 45 (apricots),
54 (tangerine), or 180 (tomato) fruits per group. The fruits were incubated at room temper-
ature (22 ± 2 °C), in plastic boxes containing wet paper to ensure high relative humidity,
and after 7 days, they were scored for the presence or absence of fungal growth. Data were
then fit to a generalized linear model using the isolate ID and dose (and their interaction) as
fixed factors and specifying a binomial error distribution.

We used an untargeted metabolomics approach to characterize the composition of the
alcoholic extract of the three isolates B01, B05, and B09. Analyses were conducted according
to Luzzatto-Knaan et al. [25]. Briefly, liquid chromatography was carried out on a UPLC
ultimate 3000 dionex system with a C-18 column (Phenomenex 1.7 μm C18 50 × 2.1 mm) in
the following conditions: A- ACN: 0.1% FA; B- H20: 0.1% FA. Flow: 0.5 mL/min; 0 min:
90% B, 0.5 min: 90% B, 3 min: 50% B, 8 min: 1% B, 11 min: 1% B, 11.5 min: 90% B, 12.5 min:
90% B. Mass spectrometry measurements were carried out on a Bruker Maxis impact
QTQF system in an ESI positive mode. The method used was tune positive MS/MS, with
the following MS conditions: Ionization mode: ESI positive; Capillary: 4000 V; Corona:
4000 nA; Nebulizer: 2 Bar; Dry Gas: 5 L/min; Dry temp: 200; Vaporizer Temp: 450; Active:
5; Exclude after: 4; Release after: 0.5 min; Absolute Threshold: 213 cts; Relative Threshold:
0%; Spectra rate: 1 Hz; Precursor Ion list: exclude. For MS2, Auto MS/MS transitions
were used. LC-MS raw data files were converted to the mzXML format by Compass
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DataAnalysis 4.2 software (Bruker Daltonics). Feature detection was performed by GNPS
molecular networking based on MS/MS spectra.

2.6. Induction of Resistance

We tested the efficacy of extracts from the B01, B05, and B09 bacterial isolates in
inducing resistance in fruits artificially inoculated with pathogens. For this test, we used
three host–pathogen combinations (Table 1): apricot—M. fructicola, grape—B. cinerea, and
tomato—B. cinerea. The fruits selected had a uniform size, and they were surface sterilized,
as described above. In this case, each fruit was wounded twice at a distance of ∼2 cm.
We first inoculated the bacterial extract into one wound at a concentration of 1.5, 12, and
36 mg/L. Then, after 24 h, the fungal pathogen was inoculated into the other wound by
applying 10 μL of a suspension containing 5 × 105 conidia/mL. In this way, we were able
to test whether the bacterial extracts could induce resistance mechanisms in fruits, reducing
their susceptibility to fungal pathogens. A group of fruits inoculated with a water solution
containing 12 mL/L of ethanol served as a negative control. Fruits (45 per group) were
incubated at room temperature (22 ± 2 °C), in plastic boxes containing wet paper to ensure
high relative humidity, and after 7 days, they were scored for the presence/absence of
fungal growth. Data were then fit to a generalized linear model, using isolate ID and dose
(and their interaction) as fixed factors and specifying a binomial error distribution.

2.7. Curative Effects

We tested the curative effect (control of pre-existing infections) of extracts from the
B01, B05, and B09 bacterial isolates. Tangerine fruits were selected to have a uniform size,
surface-sterilized as described above, wounded, and inoculated with 10 μL of a suspension
containing 5 × 104 conidia/mL of P. digitatum. After 24 h from inoculating the pathogen,
we inoculated 10 μL of each extract at the concentration of 1.5, 12, and 36 mg/L. This
time frame was considered enough for the germination of the conidia of P. digitatum and
the starting of the infection process. A group of fruits inoculated with a water solution
containing 12 mL/L of ethanol served as a negative control. Fruits (45 per group) were
incubated at room temperature (22 ± 2 °C), in plastic boxes containing wet paper to ensure
high relative humidity, and after 7 days, they were scored for the presence/absence of
fungal growth. Data were then fit to a generalized linear model, using the isolate ID and
dose (and their interaction) as fixed factors and specifying a binomial error distribution.

2.8. Control of Post-Harvest Rots on Olives

After selecting and assessing the biocontrol potential of our bacterial extracts, we
tested their efficacy in situations close to real-world applications. In this first trial, we
tested whether extracts from the isolates B01, B05, and B09 were able to control post-
harvest fruit decay caused by Colletotrichum spp. on olive fruits (Table 1). The fruits
were collected in a commercial orchard located within the Gioia Tauro plain (southern
Italy) where Colletotrichum species (mainly C. acutatum s. str. and C. godetiae) are endemic,
selected to be uniform in size and ripeness, avoiding fruits with lesions and any symptoms
of fungal disease. Fruits were then divided into 4 groups (∼1500 fruits each) and treated
with one of each of the three isolates or water as a negative control. The olives were
left to dry for ∼2 h at room temperature, transferred to plastic boxes, and incubated at
room temperature (22 ± 2 °C). The boxes contained wet paper to ensure high relative
humidity. After 7 days, we scored each fruit for the presence/absence of fungal rots, and
we scored the decay severity using an empirical scale, according to the amount of fruit
surface showing symptoms: 0 (no rot), 1 (<25%), 2 (25–50%), 3 (50–75%), 4 (>75%). This
allowed us to calculate McKinney’s index [26], which considers the disease incidence
(presence/absence) together with its severity. Data were then fit to a linear model, using
treatment as a fixed factor.
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2.9. Control of Post-Harvest Rots on Sweet Cherries

In this second trial, we tested the efficacy of the alcoholic extracts of the B09 bacterial
isolate to control post-harvest diseases (mainly M. fructicola) on sweet cherries. We selected
only this bacterial isolate because it is the one consistently showing the best results across
all the previous trials. For this experiment, we collected two cherry varieties (Ferrovia and
Giorgia) in a commercial orchard located in Puglia (southern Italy). Fruits with lesions or
disease symptoms were discarded. The fruits (50 per group) were dipped into a solution
containing the alcoholic extract from isolate B09 at different concentrations (6, 12, and
24 mg/L) or tap water (negative control), dried at room temperature for 2 h on blotting
paper, placed in plastic trays, covered with plastic sheet, and stored at 2 ± 1 °C. Incidence
and severity of decay were evaluated after 14 days of cold storage, using the same empirical
scale described above. Data were then fit to a linear model, using treatment as fixed factor.

2.10. Control of Powdery Mildew in a Commercial Grapevine Orchard

In this third trial, we tested the efficacy of the alcoholic extract from isolate B09 in
controlling powdery mildew (Uncinula necator) in grapevine commercial orchards. Field
trials were conducted in Cirò (southern Italy), in a 10-year-old vineyard cultivated with the
variety Gaglioppo (Table 1) and managed using an organic farming approach. The trial
consisted of three blocks, each divided into 4 groups, which were treated using: (i) the
alcoholic extract from isolate B09 at a concentration of 24 mg/L; (ii) a pomegranate peel
extract (PGE) at a concentration of 6 mg/L as a positive control [24,27]; (iii) chemical
products as normally used for the rest of the vineyard as second positive control (see
below); (iv) no treatment (negative control). Treatments were applied following the farm
schedule. This trial was performed in 2021, when the severity of powdery mildew was
rather low, so the farm scheduled only two treatments on 6 June (copper-based Coprantol
Hi Bio 2.0, Syngenta) and on 5 July (sulfur-based Tjovit Jet, Syngenta). All the treatments
above were applied on the same days. The incidence and severity of the powdery mildew
were scored on 3 July and 29 July on leaves and bunches. The leaves were divided into
mature and young in order to differentiate those already present at the time of the treatment
from those that developed later (and did not directly receive the treatment). We evaluated
symptoms on 72 bunches and 90 young and mature leaves for each treatment, scoring
their severity on an empirical scale, according to the amount of fruit/leaf surface showing
symptoms: 0 (no damage), 1 (<20%), 2 (20–40%), 3 (40–60%), 4 (>60%). In addition, we
tested whether our treatments would influence the sugar content of grapes. The data were
gathered on 31 August after collecting 48 berries per replicate (144 for each treatment) and
measuring the total soluble solids (°Brix) with a refractometer. Data were then fit to a linear
model, using treatment as a fixed factor.

3. Results

3.1. In Vitro and In Vivo Antifungal Activity

First, we tested the efficacy of the 22 bacterial isolates in reducing the growth of three
plant pathogens (B. cinerea, A. alternata, and P. palmivora) in vitro and their efficacy on
reducing post-harvest fruit disease in six different host–pathogen combinations (Table 1).

The in vitro assays suggest that each isolate has a different efficacy in reducing the
growth of fungal pathogens, and this depends on the identity of the pathogen itself
(isolate × pathogen interaction F = 98.63; df = 42, 132; p < 0.001; Figure S1). While no
bacterial isolate was able to efficiently inhibit all three pathogens, isolates B02, B03, B09,
and B17 were able to reduce the growth of both B. cinerea and P. palmivora by >40%, while
isolates B13 and B21 were able to reduce the growth of both B. cinerea and A. alternata by
>40% (Figure S1).

In the in vivo assays, regardless the host–pathogen combination (Table 1), all the fruits
in the negative control group (ethanol) developed the fungal disease, while no fruit in the
positive control group (pomegranate peel extract, PGE) showed symptoms of decay. Thus,
we decided to test the efficacy of each bacterial isolate against the negative control, within
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each host–pathogen combination (Table S2). Given that all the fruits from the negative
control group developed decay, differences would represent the efficacy of the isolate in
controlling the fungal pathogen. The isolates numbered from B12 to B22 were not able to
significantly reduce the incidence of decay in any host–pathogen combination (Table S2);
therefore, we decided to focus on the isolates numbered from B01 to B11. All these isolates
were able to significantly reduce decay in olives inoculated with Colletotrichum acutatum
s. str. (Table S2). Most of the isolates were able to control B. cinerea in tomato (except B01,
B04, B10, and B11) and grape (except B06, B07, and B11), as well as P. digitatum in tangerine
(except B07, B08, and B11). On the other hand, just a few isolates were able to effectively
reduce decay by P. expansum in apple (B05, B09), and symptoms by A. alternata in tomato
(B01, B02, B05, B09). In general, isolates B05 and B09 were able to significantly reduce decay
in all host–pathogen combinations, and were used for the following tests together with
isolate B01. As reported above and in the Supplementary results, isolates B01, B05, and B09
were identified as Pseudomonas spp.

3.2. Preventive Antifungal Activity of Extracts

Given the efficacy shown by isolates B01, B05, and B09 in protecting fruits from
fungal pathogens, we then tested the hypothesis that their action was mainly driven by
the metabolites they produce. Thus, we prepared an alcoholic extract from each isolate
and tested their efficacy in preventing the development of fungal decay in tangerine
(P. digitatum), tomato (B. cinerea), and apricot (M. fructicola).

In tangerines, we observed the effect of the treatment (B01, B05, B09, or control;
χ2 = 207.16; df = 3; p < 0.001), but no effect was driven by dose or the treatment x dose
interaction (p > 0.05). Indeed, while all fruits in the control group showed symptoms of
decay, no fruits treated with the B01 or B09 extract showed any sign of decay, and only
3.71% of fruits treated with the B05 extract showed symptoms. Similarly, we found an
effect driven by the treatment (χ2 = 207.16; df = 3; p < 0.001) when testing our extracts on
apricots against M. fructicola, but no effect was driven by dose or the treatment x dose
interaction (p > 0.05). Moreover, in this case, all control fruits showed signs of decay, while
only 4.44% of fruits treated with isolate B01 showed the disease by M. fructicola; no fruits
treated with the B05 and B09 extracts showed any symptoms. When testing the efficacy
of the alcoholic extracts on tomatoes against B. cinerea, we found an effect driven by the
treatment (χ2 = 406.95; df = 3; p < 0.001) but no effect driven by dose or the treatment x dose
interaction (p > 0.05). Additionally, in this case, all untreated fruits developed fungal decay,
while all three isolates were able to reduce the incidence of the fungal disease to 15.5%
(B09), 17.22% (B05), and 25% (B01), with no differences between extracts, as suggested by
the pairwise contrasts (p > 0.05).

3.3. Induction of Resistance

We also tested the extracts from the B01, B05, and B09 isolates for their ability to induce
resistance against post-harvest pathogens by inoculating extracts and pathogens into two
different wounds on each fruit. Results show that all three isolates were able to fully protect
the apricots against M. fructicola at any dose, while all control fruits developed fungal
decay (χ2 = 202.44; df = 3; p < 0.001). Similarly, the B01 and B09 extracts fully protected the
tomatoes against B. cinerea regardless the dose, while 22.2% of the fruits treated with the
B05 extract showed symptoms, and all the control fruits developed decay.

3.4. Curative Effects

In addition, we tested the curative effects of our extracts by inoculating tangerine
fruits with spores of P. digitatum and treating them with the extracts after 24 h, allowing
time for the spores to germinate and begin to infect the fruit. Furthermore, in this case,
the results suggest an effect driven by treatment (χ2 = 159.48; df = 4; p < 0.001), with all
negative control fruits showing symptoms, all positive control fruits (PGE) not showing
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any symptoms, only 17.7% of fruits treated with B05 and B09 extracts showing decay, and
26.6% of those treated with the B01 extract showing signs of infection.

3.5. Metabolomics

Given the efficacy of the extracts from all three isolates (B01, B05, and B09), we used
an untargeted metabolomics approach to try to identify the molecules that might be respon-
sible of their antifungal activity. By removing compounds identified in the blank samples
and in the bacterial growth medium, we found 337 molecules associated with our bacterial
extracts. The majority of these molecules did not find a match in the database, while
we found phenylpropanoids and polyketides (3.56%), benzenoids (2.97%), organohete-
rocyclic compounds (1.78%), organic nitrogen compounds (0.89%), lipids and lipid-like
molecules (0.3%), and organophosphorous compounds (0.3%). All the extracts shared
71 compounds, of which 11 were putatively annotated as: epitestosterone-like, tolcapone-
like, avobenzone-like, pheniramine N-Oxide-like, neoeriocitrin-like, carbamazepine-like,
N-succinylmexiletine-like, altenusin-like, phenazine-1-carboxylic acid-like, sphingosine-
like, and velutin-like. Extracts from isolate B01 were characterized by a unique signature
of 18 compounds, of which none was accurately identified. Similarly, 22 metabolites were
uniquely identified in extracts from isolate B05, but we were not able to identify any of
them. Extracts from B09 show a unique blend of 36 metabolites, of which we were able to
identify only one as cryptotanshinone-like.

3.6. Control of Post-Harvest Rots on Olives

After testing the extracts from the B01, B05, and B09 isolates in controlled conditions,
we ran three trials to simulate their use in simulated operative conditions. The first trial
assessed whether the three extracts could help in controlling post-harvest rots on olives
caused by Colletotrichum spp. The control group resulted in 100% of fruits showing decay,
while those treated with PGE resulted in no fruits showing any symptoms. Analyses
suggest an effect driven by the treatment (F = 200.25, df = 4, 10, p < 0.001), and post hoc
contrasts suggest differences between the three extracts and both the control and PGE
groups (p < 0.001), but with no differences between the extracts (p > 0.05).

3.7. Control of Post-Harvest Rots on Sweet Cherries

Given the high performance of extracts from isolate B09, we focused this and the next
trial only on this isolate. Moreover, in this case, we compared its performance to a control
group and a treatment with PGE. Results (Figure 2) show an effect driven by the treatment
for both the varieties Ferrovia (χ2 = 402.89; df = 2; p < 0.001) and Giorgia (χ2 = 232.3; df = 2;
p < 0.001). In both cases, post hoc contrasts show similar results: the control group had the
highest incidence and severity of diseases, followed by the B09 extract, and PGE.

3.8. Control of Powdery Mildew in a Commercial Grapevine Orchard

As the last trial, we tested the efficacy of the extract from isolate B09 in controlling
powdery mildew in field conditions, comparing it with PGE, a chemical treatment, and
an untreated control. In this case, we tested the effects on disease incidence and severity
in young leaves, old leaves, and fruits at two time points. The results (Figure 3) sug-
gest no effect of any treatment on young leaves (F = 3.07; df = 3, 8 ; p = 0.09), while all
treatments reduced the disease symptoms in old leaves compared to control (F = 7.94;
df = 3, 8; p = 0.008), but no differences were recorded between treatments (p > 0.05). Dur-
ing the first sampling on fruits, we did not observe any effect driven by the treatment
(F = 1.84; df = 3, 8; p = 0.21), while on the second sampling, we observed a treatment effect
(F = 8.13; df = 3, 8; p = 0.008) mainly driven by the reduction in disease severity in the PGE
group compared to the control (p = 0.006). Finally, we also tested whether the treatments
impact the amount of sugars in fruits at harvest, and we did not find any significant effect
(F = 1.14; df = 3, 8; p = 0.38).
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Figure 2. Efficacy of alcoholic extracts from bacterial isolates B01, B05, and B09 in reducing the
incidence and severity (both accounted for using McKinney’s index) of fungal rot (mainly caused by
Monilinia fructicola) on two varieties of sweet cherries: (A) Ferrovia and (B) Giorgia. The extract is
compared to a plant extract with strong antifungal activity (pomegranate peel extract, PGE) and an
untreated control group.

Figure 3. Efficacy of an alcoholic extract from the bacterial isolate B09 in reducing the incidence and
severity (both accounted for using McKinney’s index) of the damage caused by powdery mildew on
grapes in field conditions. The extract is compared to a plant extract with strong antifungal activity
(pomegranate peel extract, PGE), the chemical treatments that are normally performed in the farm,
and an untreated control group.

4. Discussion

In this study, we isolated microorganisms from the environment and selected a group
with a high potential for the biological control of pre- and post-harvest pathogens. In addi-
tion, we found that alcoholic extracts from bacterial isolates have good performance against
fungal pathogens, also when tested under conditions simulating real-world applications.

As a first step, we used a simple method of selecting microorganisms from the envi-
ronment, which yielded 125 bacterial isolates. These were further reduced to 22 isolates,
which were then tested for their in vitro and in vivo activity to contrast the growth of fungal
plant pathogens. The in vitro tests showed that all the 22 isolates were able to significantly

232



Plants 2022, 11, 436

reduce the growth of at least one of the three fungal pathogens we used (A. alternata, B.
cinerea, P. palmivora), and the outcome strongly varied according to the isolate–pathogen
combination. On the other hand, the in vivo tests showed that roughly half of our isolates
were able to significantly reduce the incidence of decay, although only two isolates were
able to consistently prevent fungal growth in all six trials. These isolates (B05 and B09)
were further selected for more focused bioassays together with an additional isolate (B01).
All three isolates were identified to belong to the genus Pseudomonas, although we were
not able to identify them at the species level. This bacterial genus hosts a wide diversity of
species with different ecological and functional roles [28,29], and they can be pathogens
or beneficial associates to plants [29,30]. Strains of Pseudomonas have been previously
studied for their potential in controlling plant pathogens [31]. Given the high diversity of
Pseudomonas strains in soils [32] and their known biocontrol activity [33], it is not surprising
that the strains with the highest performance belong to this genus. Indeed, previous studies
reported strains of Pseudomonas with in vitro antifungal activity against A. alternata [34],
B. cinerea [35], and P. palmivora [36]. In addition, members of the genus Pseudomonas have
been reported to reduce the incidence of fungal disease in agricultural products during the
post-harvest phase. For example, strains of Pseudomonas isolated from disease-suppressive
composts successfully protected blueberry fruits against A. alternata and B. cinerea [37].
In other studies, isolates of P. fluorescens were able to inhibit B. cinerea in apples [38], or
Pseudomonas synxantha showed the ability to control rots by M. fructicola and M. fructigena
in peaches [39], together with many other examples for citrus [40], Chinese cherry [41],
strawberry [42], and grapes [43].

In vitro tests showed that fungal growth was severely reduced around the bacterial
colonies, suggesting that antifungal activity was performed by the metabolites produced
by the bacterial isolates. Thus, to test this idea, we prepared an alcoholic extract from
each of the three bacterial strains, and we tested the extracts for their performance in
preventing the development of fungal pathogens, curing fungal diseases at early stage,
and inducing resistance to fungal pathogen in fruits. Results show that extracts from
our isolates were able to completely prevent decay by P. digitatum in tangerine and by
M. fructicola in apricot, with a maximum disease incidence of ∼4%, while in tomato,
the incidence of rots by B. cinerea reached a maximum of 25%. Similarly, the extracts
from the same isolates were able to induce systemic resistance in apricots and tomatoes,
and fully prevent the growth of the inoculated pathogens (M. fructicola and B. cinerea,
respectively). In addition, the same isolates were able to cure early-stage infections (∼24 h
from exposure) in tangerine fruits inoculated with P. digitatum, with a maximum disease
incidence of ∼27%. This demonstrates that the Pseudomonas strains we isolated are able to
produce metabolites that can act both directly and indirectly against fungal plant pathogens.
The production of bioactive compounds from different strains of Pseudomonas has been
previously reported [38,42,44–46]. Given the high bioactivity of the extracts from our
isolates against fungal pathogens, we used untargeted metabolomics to attempt to identify
the metabolites responsible of their efficacy. Indeed, we identified a pool of 71 metabolites
common to all three bacterial isolates, but also a pool of unique metabolites produced by
each of the three strains. Although we were only able to identify a few compounds, we
found the presence of altenusin-like and phenazine-1-carboxylic acid-like molecules, both
previously reported to have antifungal activity [47,48].

Our results pose interesting perspectives on using metabolites extracted from these
bacteria as a tool for controlling post-harvest fungal pathogens. To follow on this idea, we
set up three experiments where we simulated the use of our extracts in situations close to
the actual needs of pre- and post-harvest operators. In the first trials, we tested the efficacy
of the extracts against rots caused by Colletotrichum sp. on olives, and the results showed
that they were able to reduce the incidence of the disease from 100% (control) to about
25%. Given the highest performance of the isolate B09 in most of the preliminary assays,
we focused the other two field trials only on this isolate. In the second trial, we evaluated
the efficacy of the extracts from isolate B09 in protecting sweet cherries from post-harvest
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decay mainly caused by M. fructicola. Results suggest a reduction of disease incidence and
severity from 100% (control) down to 15–30%, according to the variety. As the last field
trial, we tested the extract from isolate B09 directly in a vineyard, investigating its potential
in controlling damages caused by powdery mildew in fruits and leaves of grapes. Likewise,
in this case, extracts from our isolate proved to have high potential, and they effectively
controlled powdery mildew on old leaves (those that directly received the sprayed formula),
with results similar to the chemical control procedures normally performed by farmers.
Only a few previous studies tested the efficacy of Pseudomonas isolates or their metabolites
in controlling fungal plant pathogens in field conditions. For example, Wang et al. [49]
showed that the pre-harvest application of P. fluorescens significantly reduced decay caused
by Penicillium spp. Post-harvest fumigations with volatile organic compounds produced by
P. fluorescens resulted in the control of disease caused by Penicillium spp. in oranges [40],
and by B. cinerea in grapes [43]. This suggests that a detailed chemical characterization of
the extracts used in this study might unveil the single or multiple molecules responsible
for their bioactivity, opening new possibilities for the control of plant diseases. This also
poses interesting perspectives on understanding the underlying molecular processes that
regulate the production of these metabolites, and on identifying markers that can help in
the selection of bacterial strains able to produce higher amounts, and thus likely to show
higher performance as biocontrol agents.

In addition to our tests on Pseudomonas strains isolated from soil, for this paper, we
often used the pomegranate peel extract (PGE) as a positive control. This product has
been extensively tested by our group [23,24,27,50], and the results showed above further
strengthen the possibility of using this extract as an alternative tool for plant disease
control, perhaps in combination with other techniques such as the bacterial extracts used in
this study.

Agriculture is at a turning point. Consumers are aware of the damages that chemical
treatments cause to themselves and the environment, and this creates an increasingly
higher amount of requests for produce that has been grown using sustainable approaches.
Our study shows that by exploring the soil biodiversity, it is possible to select bacterial
strains that produce metabolites with a high potential in the pre- and post-harvest control
of fungal diseases. This type of screening can help us to find microbial metabolites that
can finally become competitive with synthetic molecules and put an end to the use of
chemical pesticides.
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Abstract: To evaluate the effectiveness of eco-friendly treatments based on detergents classified
as non-hazardous and black soap on the pest Tetranychus urticae Koch 1836, and their predators
(Euseius stipulatus Athias-Henriot, 1960, Typhlodromus sp., Phytoseiulus persimilis Athias-Henriot,
1957), different treatments were applied to citrus orchards planted with Valencia late (Orange)
in the Mechraa Belksiri region of Morocco (T0 = control experiment; T1 = spirodiclofen 0.5 L/Ha;
T2 = 125 L/Ha (5%) of black soap; T3 = detergent; 4 L/Ha of Oni product + 2 L/Ha of Tide prod-
uct). The results obtained during the whole monitoring period indicated that the three treatments
used, namely spirodiclofen, black soap, and detergents, ensured a reduction in the rate of popula-
tion of the pest T. urticae compared to the untreated plot. In the untreated plot, the average was
45.01 A± 4.90 mobile forms, while the plot treated with spirodiclofen it was only 21.10 C ± 2.71,
the black soap 31.49 B ± 3.35, and in the plot treated with detergents, the average was similar
to that obtained by spirodiclofen (22.90 C ± 2.18). On the predators (E. stipulatus, P. persimilis,
and Typhlodropmus sp.), the black soap and the treatment with detergents were less harmful compared
to the chemical spirodiclofen.

Keywords: Tetranychus urticae; Euseius stipulatus; Typhlodromus sp.; Phytoseiulus persimilis; citrus
orchard; monitoring; predators; pest; treatments

1. Introduction

Citrus is one of the world’s major fruit crops and is grown in over 100 countries [1].
It belongs to the Rutaceae family, with 140 genera and 1300 species, including fundamental
groups like orange, lemons, mandarin, and pummelos. They are cultivated in tropical and
subtropical areas [2]. The total worldwide production of citrus is 139.80 million tons [3].

In Morocco, thanks to the Ministry of Agriculture, citrus orchards have reached
130,000 ha with a total annual production of over 2.2 million tons [4]. However, the yield at
the national level is still low compared to that achieved by other European and American
countries [5]. The Ministry of Agriculture is currently trying to remedy constraints that
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are hampering the increase of citrus production, including lack of manpower, maturity
of orchards, and biotic and abiotic constraints [6,7]. The negative impact caused by pests
reduces the quantity and quality of production. Indeed, spider mites, aphids, medflies,
and diaspine scales are pests of primary economic importance [8,9]. When conditions
are favorable and in the absence of adequate methods of control, significant damage is
often observed on the fruits, twigs, leaves, and young shoots of citrus [10]. Tetranychus
urticae Koch, 1836 is an economically major pest to agricultural crops and ornamental
plants throughout the world [11], being found in Europe, Asia, Africa, the Caribbean
islands, and North America [12]. It is known for developing a resistance to pesticides [13],
and causes significant damage to agricultural crops, such as defoliation, leaf yellowing,
and leaf burning [14,15]. Euseius stipulatus Athias-Henriot, 1960 (Acari: Phytoseiidae),
Phytoseiulus persimilis Athias-Henriot, 1957 (Acari: Phytoseiidae), and Typhlodromus sp.
(Acari: Phytoseiidae) are the main predators of T. urticae in many regions of the world [16,17].
Spirodiclofen (Envidor 240 SC, Bayer, SA) is an acaricide of the keto-enol family. It acts
by contact and ingestion as an inhibitor of lipid biosynthesis (LBI) [18]. It has a powerful
ovicidal action, controls all juvenile stages, and significantly reduces fertility in females [19].

Black soap, brown in color, is biodegradable, non-polluting, and an excellent insecticide [20].
This product is effective against insects like mealy bugs, aphids, whiteflies, thrips, and
spider mites. Through simple contact, it blocks the respiratory pores [2,21]. It does not
produce toxic residues and does not affect natural predators. These products are approved
by organic agriculture (EEC regulation 2092/91). To minimize the negative impact of these
pests on citrus production, the use of chemical applications is often the solution adopted
by growers [22,23]. Spirodiclofen often gives good results in the control of spider mites,
namely, the biological parameters, including developmental time, survival rate, and in
particular, the fecundity of T. urticae [24,25]. The misuse of this active ingredient often
has harmful impacts on the agroecosystems [26,27]. The development of new eco-friendly
approaches is a necessity. In this context, our study aims to evaluate the impact of spirodi-
clofen, black soap, and a mixture of two detergents (Oni and Tide products) on the pest
T. urticae and its predators (E. stipulatus, Typhlodromus sp., and P. persimilis).

2. Materials and Methods

2.1. Study Area

This study was performed in Mechra Bel Ksiri, located north of Oued Sebou in the
Gharb region, at an altitude of 300–500 m above sea level (Figure 1) [28]. The climate is
temperate to hot. This region is well known for the production of citrus fruits, cereals,
and vegetable crops due to the suitable properties of the climate and soil [29]. The Gharb
region is characterized by a Mediterranean climate with annual precipitation ranging
between 480 and 600 mm/year, and an average temperature of 27 ◦C in summer and 13 ◦C
in winter [30].

2.2. Sampling Design

A Valencia late (Citrus sinensis) orchard with a high spider mite infestation was se-
lected to study the impact of spirodiclofen, black soap, and a mixture of two detergents
(Oni product and Tide product) on Tetranychus urticae populations and their predators.
Spirodiclofen was used because of its effectiveness against a wide range of biting/sucking
pests, including spider mites. The orchard covers 4 ha of Valencia late trees. The orchard
was divided into 4 plots of 1 ha (Figure 2), and each plot was treated with a specific dose of
the treatment: (i) T0 treated with water only (as a control experiment), (ii) T1 = spirodiclofen
0.5 L/Ha, which is the recommended dose for treating citrus mites, (iii) T2 = 125 L/Ha
(5%) of black soap, and (iv) T3 = detergent 4 L/Ha of Oni product (sodium C14–17 alkyl
sec sulfonate, sodium C12–13 pareth sulfate) and 2 L/Ha of Tide product (sodium C10–16
alkylbenzene sulfonate, sodium borate, and propylene glycol). These two detergents are
often used by local farmers to control pests and minimize the use of pesticides. They are not
classified as hazardous, according to the European directive 99/45/EC on dangerous prepa-
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rations [31]. The treatments were applied with the Teyme Eolo sprayer (Teyme Tecnologia
Agricola, Girona, Spain), with turbulent nozzles 12 mm in diameter, delivering 1.55 L/min
at 20 bar pressure. The towed sprayer delivers 2500 L of spray liquid per hectare, at a rate
of 6 L of spray solution for each tree (Figure 2). To evaluate the effect of each product used,
a block of 10 trees was selected and monitored weekly. Ten leaves were collected from
each tree, from different directions (north, east, south, and west) and at different heights
of the tree (10 replicates were performed independently) [32–34]. We left two untreated
lines (12 m) between the different treated plots to avoid overlapping treatments. The total
number of predators (P. persimilis, Typhlodromus sp., and E. stipulatis) and phytophagous
mite (T. urticae) found on the 10 leaves of each plot was recorded [35]. All mites, except
eggs and mites in quiescence, were counted on both sides of each leaf with a professional
eye loop 10×. Then, to confirm the number of mites on each leaf, the collected leaves were
transferred directly into polyethylene bags referenced to the laboratory for observation
under a binocular microscope. Inspections were conducted 3 days after the treatment:
12 April (week 1), 19 April (week 2), 26 April (week 3), 3 May (week 4), 10 May (week 5),
17 May (week 6), 24 May (week 7), and 1 June (week 8).

 

Figure 1. Location of experimental orchards.
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Figure 2. The different types of treatments used in the citrus orchard.

2.3. Statistics

Statistics of the data were performed using Minitab software, version 1.1.19, Minitab,
Sydney, NSW, Australia. The results were given as percentage and mean ± SD. In order to
evaluate the effectiveness of the treatments used on the pests and predators, we calculated
the average of mobile forms found of T. urticae in (T0 = control experiment; T1 = plot treated
with spirodiclofen; T2 = plot treated with black soap; T3 = plot treated with a mixture of
two detergents). In parallel, we evaluated the impact of the treatments on natural enemies.
We calculated the averages of each predator (P. persimilis, Typhlodromus sp. and E. stipulatis)
in T0, T1, T2, and T3 [36]. We tested for normality and homogeneity of variance for all
variables with the Kolmogorov–Smirnov test. The impact of treatments, monitoring dates,
and their interactions was compared using the general linear model (GLM) univariate,
followed by a post hoc Tukey test at p < 0.05. The principal component analyses (PCA) were
accomplished using Minitab 19.1 software (Minitab, State College, PA, USA) to elucidate
the relationship between the different mites studied and the treatments tested.

3. Results

3.1. Leaf Occupancy Rate by Mites in the Different Plots

During the whole monitoring period, on the untreated plot, the occupancy of the
inspected leaves by the pest Tetranychus urticae was n = 3601 mobile forms (54%); moreover,
the predator Typhlodromus sp. presented the most important proportion with 18% (n = 1212),
followed by P. persimilis with 15% (n = 1032) and E. stipulatus with 13% (n = 838).

In the plot treated with spirodiclofen, the abundance of these mites was low compared
to the untreated plot. The pest T. urticae presented 46% with 1688 mobile forms. The preda-
tor P. persimilis presented 22% (n = 805), while E. stipulatus and Typhlodromus sp. presented
the same proportion of 16% (n = 595 and n = 571, respectively).

In the plot managed with black soap, we recorded 2519 mobile forms (50%) for the
pest T. urticae, 19% (n = 948) for the predator P. persimilis, 17% (n = 832) for Typhlodromus sp.,
and only 14% (n = 728) for E. stipulatus.
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In the plot treated with detergents, we recorded 42% (n = 1832) of T. urticae, 23%
(n = 1022) of P. persimilis, 18% (n = 809) of Typhlodromus sp., and 17% (n = 766) of E. stipulatus
(Figure 3).

  
(a) (b) 

  
(c) (d) 

54%

18%

13%
15%

Total (TU)-T0 Total (TY)-T0

Total (ES)-T0 Total (PP)-T0

46%

16%
16%

22%

Total (TU)-T1 Total (TY)-T1

Total (ES)-T1 Total (PP)-T1

50%

17%

14%

19%

Total (TU)-T2 Total (TY)-T2

Total (ES)-T2 Total (PP)-T2

42%

18%

17%

23%

Total (TU)-T3 Total (TY)-T3

Total (ES)-T3 Total (PP)-T3

Figure 3. The proportion of the different mites studied (the phytophagous mite Tetranychus urticae
(TU) and their predators Euseius stipulatus (ES), Typhlodromus sp. (TY), and Pytoseiulus persimilis
(PP)) according to the treatments used (T0 = control experiment; T1 = spirodiclofen 0.5 L/Ha;
T2 = 125 L/Ha (5%) of black soap; T3 = 4 L/Ha of Oni product + 2 L/Ha of Tide product). (a) Control
experiment; (b) Spirodiclofen 0.5 L/Ha; (c) Black soap 125 L/Ha; (d) T3 = Mixture of two detergents.

3.2. The Influence of Treatments on the Different Mites Studied

Regarding the effect of the different treatments used on the mites studied, the treatment
with detergents and spirodiclofen showed the highest efficiency on the populations of the
pest T. urticae (Figure 4), while on the predators (E. stipulatus, P. persimilis, and Typhlodropmus
sp.), the black soap and the treatment with detergents were less harmful compared to the
chemical product (spirodiclofen). Table 1 confirms these results; spirodiclofen treatment
significantly reduced T. urticae populations with a mean of 21.10 C ± 2.71 compared to
the control (45.01 A ± 4.90). The same result was observed with the detergent treatment,
which reduced the T. urticae levels to an average of 22.90 C ± 2.18. Black soap provided
a significant reduction for the mean of this pest (31.49 B ± 3.35) compared to the control;
however, this treatment was less effective on T. urticae compared to the treatment with
spirodiclofen and detergents.
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Figure 4. Comparison between the means of different mites according to the treatments (T0 = control
experiment; T1 = spirodiclofen 0.5 L/Ha; T2 = 125 L/Ha (5%) of black soap; T3 = detergents; 4 L/Ha
of Oni product + 2 L/Ha of Tide product).

Table 1. The impact of different treatments used on the mites studied (TU: T. urticae; ES: E. stipulatus;
TY: Typhlodromus sp.; PP: P. persimilis) in citrus orchards. Values in the same column with different
superscripts are significantly different (p < 0.05).

TU TY ES PP

Control experiment (T0) 45.01 A ± 4.90 15.15 A ± 1.83 10.47 A ± 1.63 16.02 A ± 2.12
Spirodiclofen 0.5 L/Ha (T1) 21.10 C ± 2.71 7.13 C ± 1.28 7.44 B ± 1.37 10.06 B ± 1.15

Black soap 5% (T2) 31.49 B ± 3.35 10.40 B ± 2.05 9.10 AB ± 1.25 11.85 AB ± 1.11
Detergent (T3) 22.90 C ± 2.18 10.11 B ± 2.14 9.57 AB ± 1.47 14.68 A ± 1.87

The highest average of Typhlodromus sp. was in the water treatment, with an average
of 15.15 A ± 1.83 and the treatment with black soap (T3) and detergents (T4) were less
harmful on the predator Typhlodromus sp. with the means of 10.40 B ± 2.05 for the plot
treated with black soap and 10.11 B ± 2.14 for the one sprayed with detergents, while
the treatment with spirodiclofen (T2) had the most harmful impact on the population of
Typhlodromus sp., with an average of 7.13 C ± 1.28.

For the predator E. stipulates, the average was 10.47 A ± 1.63 in the plot treated
with water (T0), while it was 9.10 AB ± 1.25 in the plot treated with black soap (T3),
and 9.57 AB ± 1.47 in the plot treated with detergents (T4). The average of this popula-
tion was low in the plot treated with the chemical product spirodiclofen, with a mean of
7.44 B ± 1.37.

On P. persimilis populations, the treatment with detergents was the least harmful,
with an average (14.68 A ± 1.87) nearly similar to that for the plot treated only with water
(16.02 A ± 2.12). With black soap, the average was 11.85 AB ± 1.11, whereas the plot treated
with spirodiclofen was 10.06 B ± 1.15.

In Figure 5, the eigenvalues of the first two principal components explain 92.7 % of
the variation in the data. The first principal component explains 86.5% of the total variance.
The variables with the highest association with the first principal component (CP1) are
T. urticae (0.50), E. stipulatus (0.50), and P. persimilis (0.50), while the variable Typhlodromus sp.
(−0.75) is negatively associated with the second principal component (CP2). However, the
projection of the scoring and the contribution diagram can visually show a positive contri-
bution of the four mites studied (T. urticae, P. persimilis, Typhlodromus sp. and E. stipulatis)
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on the first main axis in positive correlation with T0 water treatment, while spirodiclofen
(T2), detergents (T4), and black soap (T3) treatment were correlated negatively.

  

A B 

Figure 5. Principal component analysis (PCA) of the different mites studied (T. urticae; E. stipulatus;
Typhlodromus sp.; P. persimilis) according to the different treatments (T0 = control experiment;
T1 = spirodiclofen 0.5 L/Ha; T2 = 125 L/Ha (5%) of black soap; T3 = detergents; 4 L/Ha of Oni
product + 2 L/Ha of Tide product) (A); double projection diagram for the two components (B).

3.3. Fluctuation of Mites According to Treatments and Follow-Up Dates

According to the results in Table 2, we can conclude that the interaction between the
treatment used and the monitoring dates has a significant effect on the variation of the
means of the different mites studied. During the first week, three days after the spraying
of the treatments, we observed a significant decrease in the rate of T. urticae; we had an
average of 6.30 F ± 1.16 for the spirodiclofen, 8.20 E ± 1.69 for the black soap (Table 3), and
07.00 F ± 1.49 for the detergent treatment. In contrast, in the untreated plot T0, and during
the same week (W1), this average almost doubled 14.30 E ± 2.00. Despite the increase in
temperature from 27 to 34 ◦C from week 1 to week 5 (Table 3), the rate of T. urticae had
a slight increase during the first five weeks after treatment with spirodiclofen compared
to the average reached in the untreated plot (Figure 6). In week 5, these averages were
16.30 D ± 1.41 in the plot treated with spirodiclofen and 36.00 C ± 2.35 in the untreated
plot. Beyond that, this pest had a significant increase during the last three weeks to reach
an average of 53.60 A ± 4.77 in the plot treated with spirodiclofen (T1), and 86.60 A ± 7.06
in the untreated plot during week 8, where the temperature reached 39 ◦C.

Table 2. General linear model (GLM) of analysis of variance for the mean density of T. urticae (a),
Typhlodromus sp. (b), P. persimilis (c), and E. stipulatus (d) according to the treatments, monitoring
dates, and their interactions.

(a) T. urticae

Source DF Adj SS Adj MS F-Value p-Value

Monitoring dates 7 135.717 19,388.1 1579.57 0.000 *
Treatments 3 28.572 9523.9 775.92 0.000 *

M. dates * Treatments 21 18.865 898.4 73.19 0.000 *
Error 288 3535 12.3
Total 319 186.689

(b) Typhlodromus sp.

Source DF Adj SS Adj MS F-Value p-Value

Monitoring dates 7 7966.9 1138.13 211.42 0.000 *
Treatments 3 2634.3 878.11 163.12 0.000 *
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Table 2. Cont.

M. dates * Treatments 21 579.6 27.60 5.13 0.000 *
Error 288 1550.4 5.38
Total 319 12,731.2

(c) P. persimilis

Source DF Adj SS Adj MS F-Value p-Value

Monitoring dates 7 30,048 4292.56 473.97 0.000 *
Treatments 3 1745 581.70 64.23 0.000 *

M. dates * Treatments 3012 143.44 15.84 0.000 *
Error 288 2608 9.06
Total 319 37,413

(d) E. stipulatus

Source DF Adj SS Adj MS F-Value p-Value

Monitoring dates 7 8996.3 1285.19 304.76 0.000 *
Treatments 3 389.7 129.90 30.80 0.000 *

M. dates * Treatments 409.6 19.50 4.62 0.000 *
Error 288 1214.5 4.22
Total 319 11,010.1

* Statistically significant p-values (p < 0.05).

 

  

  

Figure 6. Variation of the means of T. urticae and their predators (ES: E. stipulatus; TY: Typhlodromus sp.;
PP: P. persimilis) in the four plots (T0 = control experiment; T1 = spirodiclofen 0.5 L/Ha; T2 = 125 L/Ha
(5%) of black soap; T3 = detergent; 4 L/Ha of Oni product + 2 L/Ha of Tide product) according to the
interaction between different monitoring dates and treatments (d = dates).
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For the treatment based on detergents, we obtained similar results to those achieved
with spirodiclofen. These products ensured a significant reduction of the pest T. urticae
during the eight-week monitoring period. Despite the increase in temperature from 27 ◦C
to 38 ◦C (Table 4), the treatment with black soap ensured a significant decrease in the rates
of T. urticae during the first six weeks after application compared to the untreated plot
(Figure 6). During the sixth week, these averages were 23.40 B ± 1.43 on the plot sprayed
with black soap and 70.60 B ± 4.09 on the untreated plot. The number of this pest increased
during the last 2 weeks of monitoring (weeks 7 and 8) to reach 75.70 A ± 4.69 in week 8,
almost the same as the average reached on the untreated plot (86.60 A ± 7.06).

Table 4. Temperatures recorded during the monitoring period.

Follow-Up
Date

4
May

11
May

18
May

25
May

1
June

7
June

12
June

19
June

Temperature 27 28 30 32 34 38 37 39

During the whole monitoring period, Figure 6 indicates that the three treatments used
caused a decrease in the means of T. urticae from 12 April (week 1) to 19 May (week 8)
compared to the untreated plot; the effectiveness of spirodiclofen was important compared
to the control by black soap and detergents.

Regarding the interaction between treatments and monitoring dates (Figure 6), all
three treatments used had a significant impact on the abundance of Typhlodromus sp. over
time. This influence was greater in the spirodiclofen than the detergent and black soap
treatments.

For Typhlodromus sp., this difference was less important during the first five weeks
after spraying the treatments. On the date of 18 May, these averages were 7.30 CD ± 1.41
in T1 (spirodiclofen), 8.60 C ± 1.49 in T2 (black soap), and 8.30 C ± 1. 30 in T3 (detergents).
Then, there was a significant difference between the treatment with spirodiclofen and
the treatments with black soap and detergents from the sixth week until the last week.
The averages were 8.70 BC ± 1.45 in T1, 15.40 B ± 2.14 in T2, and 14.50 B ± 1.94 in T3.

During the first five weeks, the detergent and black soap treatments showed less
harmful impacts compared to spirodiclofen on the E. stipulatus population. The averages
at this time (1 June) were 5.20 B ± 1.41 in T1 (spirodiclofen), 10.00 BC ± 1.29 in T2 (black
soap), and 10.60 BC ± 1.71 in T3 (detergents).

For P. persimilis, the detergent treatment showed almost similar results as in the
control, and showed the least harmful impact, in the last three weeks of the follow-up
(from 7 to 19 June). In the plot treated with detergents, we had an average of 32.0 A ± 2.97
for this species; in the untreated plot, we had 39.30 A ± 2.87; in the plot treated with black
soap, the average was 25.90 A ± 2.87; and the average was 21.60 A ± 2.04 in the one treated
with spirodiclofen.

4. Discussion

The biodiversity of phytoseiid mites nationally and internationally has started to
decline catastrophically, as well as the increase in resistance developed by the pests against
acaricides, allowing unusual increases in the population of the latter. This work aims to
compare the impact of detergents, black soap, and spirodiclofen on the pest T. urticae on
the one hand and on phytoseiid mites on the other hand.

The results collected during the study period showed that the three treatments used,
namely, spirodiclofen, black soap, and detergents, ensured a decrease in the population
rate of the pest T. urticae compared to the untreated plot. In the untreated plot, the average
was 45.01 A ± 4. 90 mobile forms, while the plot treated with spirodiclofen was only
21.10 C ± 2.71, the black soap gave 31.49 B ± 3.35, and average of the plot treated with
detergents was similar to that obtained by spirodiclofen at 22.90 C ± 2.18. The same
results were reported by [26,37]: the application of spirodiclofen ensured the decrease of

246



Plants 2022, 11, 623

the survival rate and fecundity of T. urticae. In another study, the efficacy of spirodiclofen
and other acaricides against T. urticae on greenhouse strawberries was tested at different
times after application. At seven days, spirodiclofen showed significant efficacy at 86.6%.
This efficacy reached 90% on day 10 and started to decrease slightly after that period [38].
In addition, black soap also showed significant efficacy against several insects such as
Bemisia tabaci Gennadius, 1889, Aphis craccivora Koch, 1854 and parlatoria ziziphi Lucas,
1853 [39,40]. The pesticidal activity of the agricultural detergents SU-120 and Tecsa® Fruta
was evaluated on T. urticae and Myzus persicae Sulzer, 1776. Several concentrations of
SU-120 were applied to nymphs and adults of T. urticae. Mortality was measured in both
cases at 24 h. On T. urticae, both detergents caused mortality greater than 70% [41–43].

This study revealed that all three treatments used had an impact on the predators
studied compared to the control, with the influence of spirodiclofen being greater than
that of the detergents and black soap treatments. The effect of spirodiclofen was stud-
ied on Neoseiulus californicus McGregor, 1954, a potential predator of T. urticae, and the
results indicated that the adverse consequences on the population growth parameters
were significant [44]. In a small field plot test on spirodiclofen-treated apple trees, its use
in a conventional chemical control program affected populations of Forficula auricularia
Linnaeus, 1758 (Dermaptera), which is an important generalist predator in orchards, regu-
lating populations of several damaging pest species, while the number of earwigs increased
in the orchards with the compatible spray program (Integrated Pest Management) [45].
Many studies confirm that black soap and detergents can replace conventional chemical
treatments and constitute an important tool in integrated pest management because of their
low phytotoxicity [43,46].

The results revealed that there was an impact of the treatments used on the three
predators compared to the control, and this influence was greater with the spirodiclofen
than with the detergents and black soap treatments. Despite the benefits of pesticides,
such as the rapidity of action in the reduction of number of pests and their easy use when
compared to natural extracts from plants [16], chemical control has many limitations; the
examination of the action spectrum of the active components used throughout the world
reveals that 46% of acaricides and 72% of insecticides are globally toxic towards auxiliary
arthropods and public health [47]. Concerning the impact of the treatments according
to the dates on T. urticae, we noticed that the three treatments ensured a decrease in the
abundance of this pest. On the other hand, the efficacy of spirodiclofen was superior to the
black soap and detergents; this can be explained by the high toxicity of the pesticide [22],
as it can be remedied by monthly repetitive spraying with black soap or/and detergents,
which remain less toxic for the plant, the predators, and the agroecosystem in general [39].
Botanical pesticides from the Lamiaceae, the Asteraceae, the Myrtaceae, and the Apiaceae
taxons can also be used as a complementary alternative in the control of T. urticae [48].
We can explain the increase of the number of pests during the last two weeks of follow-up
by the increase in the temperature, which remains a paramount parameter for population
fluctuation [49,50].

5. Conclusions

The following conclusions can be drawn from this work: the black soap and deter-
gent products can replace conventional chemical treatments and are an important tool in
integrated pest management, provided they are used correctly. The repetitive spraying of
eco-friendly products can ensure the reduction of the pest rates in the long term. Finally,
the release of natural enemies can be ensured after four weeks of the treatment with these
products, since their persistence does not exceed five weeks, according to our results.
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Abstract: Flower-rich field margins provide habitats and food resources for natural enemies of pests
(NEs), but their potential, particularly in the tropics and on smallholder farms, is poorly understood.
We surveyed field margins for plant-NE interactions in bean fields. NEs most often interacted with
Bidens pilosa (15.4% of all interactions) and Euphorbia heterophylla (11.3% of all interactions). In cage
trials with an aphid-infested bean plant and a single flowering margin plant, the survival of Aphidius
colemani, the most abundant parasitoid NE in bean fields, was greater in the presence of Euphorbia
heterophylla than Bidens pilosa, Tagetes minuta, and Hyptis suaveolens. UV-fluorescent dye was applied
to flowers of specific field margin plant species and NE sampled from within the bean crop and field
margins using sweep-netting and pan-traps respectively. Captured insects were examined for the
presence of the dye, indicative of a prior visit to the margin. Lady beetles and assassin bugs were
most abundant in plots with B. pilosa margins; hoverflies with T. minuta and Parthenium hysterophorus
margins; and lacewings with T. minuta and B. pilosa margins. Overall, NE benefitted from field margin
plants, and those possessing extra floral nectaries had an added advantage. Field margin plants need
careful selection to ensure benefits to different NE groups.

Keywords: aphid; conservation biocontrol; parasitoid; Aphidius colemani; floral resource plant;
field margin

1. Introduction

The common bean (Phaseolus vulgaris) is important for food security for millions of
people in sub-Saharan Africa (SSA). It is a major source of dietary protein, carbohydrates,
and minerals [1], and contributes to soil fertility by fixing nitrogen with yield benefits for
subsequent crops [2–5]. However, common bean production is constrained by several
factors, including insect pests [6–9]. Synthetic pesticides are the primary technology used to
manage bean pests, but this has adverse effects on human health, contributes to biodiversity
loss, and leads to the resurgence of secondary pests [8,10]. More natural pest regulating
approaches are required, such as conservation biological control, but this has not been
adequately addressed in sub-Saharan Africa [11,12].

For example, natural enemies (NEs) that predate or parasitize insect pests can be a
key component of sustainable pest management [13–15]. NEs benefit from non-crop plants
in agricultural systems through the provision of shelter, nectar, and pollen for effective
biological control [11,16,17]. It is possible to optimize the pest management contribution of
NEs by managing field margin plants. However, to maximize this benefit, it is necessary to
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understand the specific advantages of each flowering plant to NE to improve natural pest
regulation (NPR) and increase crop productivity. For instance, some flowers are tubular
and lack nectaries, and these are not suitable for NEs [18–22].

Most studies focus on NE and the floral resource requirements in a specific context;
either the benefit of the plants on NE in a controlled environment (e.g., cage), or whether
the NE interact in the field with the margin plants and enhance NPR [11,12,16,17]. However,
combining this information could help to better understand which plants will be most
valuable in specific approaches supporting conservation biological control.

Field margin plants differ in their attractiveness to NEs [23], and few studies have
been conducted on the contribution of these plants to supporting NEs of bean pests. Thus,
we intended to test the following hypotheses: (1) field margin plants influence assemblage
natural enemies on beans; (2) specific field margin plants influence differently the fecundity
and survival of NEs on beans; and (3) NEs of bean pests use specific margin plants before
migrating into the crop to provide NPR services.

2. Results

2.1. Interactions between Natural Enemies and Field Margin Plants

This field trial surveyed the interactions of the field margin plant species with NE
in bean fields. When observing NE-plant interactions on transect walks on bean fields,
most insect groups investigated had interactions with most species of plant investigated.
Overall, 5597 NE-plant interactions were observed, and the greatest number of interactions
were recorded with the margin plant Bidens pilosa (861 interactions), followed by Euphorbia
heterophylla (631). Parasitoid wasps were the NE group with the greatest number of observed
interactions with field margin plants (724 interactions) (Figure 1).

Figure 1. Interactions of natural enemies with field margin plants observed during transect walks in
margins of bean fields over 12 months through visual observation, with Bidens pilosa having a high
number of interactions with natural enemies compared to other field margin plants. The lower row
shows plant species present, and the upper row shows the natural enemy guilds; the width of the
linking bars indicates the frequency of the interactions observed.
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2.2. Effects of Flowering Plant Resources on Parasitism and Survival of Aphidius colemani

In the controlled environment (cages), we investigated the potential of the key field
margin plants to support the survival of the Aphis fabae parasitoid Aphidius colemani and
optimize parasitism. When aphid-infested bean plants were caged with A. colemani para-
sitoids and a flowering margin companion plant, the survival of A. colemani was enhanced
on all plant species compared to the negative control, demonstrating that nectar from all
species tested supported NE survival. However, the effect differed significantly among
the different flower treatments (p < 0.001; Figure 2). The plant that supported significantly
improved survival of A. colemani compared to other plants, as well as the positive control,
was E. heterophylla. There was no significant difference (F4,16 = 1.126, p = 0.381) between the
number of mummies produced by A. colemani given access to any floral resource plants or
the positive control (Figure 3).

Figure 2. Survival of Aphidiuscolemani when provided different field margin plant species, sugar
water (positive control), or only water (negative control). A ‘+’ represents a censored individual.

Figure 3. The mean number of Aphis fabae mummies produced per cage containing four females and
two males of Aphidius colemani. Treatments: B. pilosa-Bidens pilosa; E. heterophylla-Euphorbia heterophylla; H.
suaveolens-Hyptis suaveolens; T. minuta-Tagetes minuta; Positive-Positive control; Negative-Negative control.
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2.3. Effect of Different Field Margin Plants in Supporting Natural Enemies in Bean Fields
Fluorescent Dye

On a station trial, we cultivated bean plots surrounded by one of three field margin
plant species, and treated the flowers with a fluorescent dye. We then captured insects
in the crop (via sweep netting), and examined them for the presence of the dye, which
identified the insects that had interacted with the field margin before moving into the crop,
as well as pan-trapping within the margins. Lady beetles, hoverflies, assassin bugs, and
lacewings differed in the number of fluorescent-labelled individuals captured the crop,
according to the surrounding plant species (Table 1). Lady beetles, lacewings, and assassin
bugs with fluorescent dye were particularly numerous in the B. pilosa-edged plots (and
for lacewings, Tagetes minuta), indicating that these species regularly used B. pilosa before
moving into the crop. Conversely, hoverflies were more numerous in plots surrounded by
dye-marked Parthenium hysterophorus and T. minuta. Plots with P. hysterophrous margins
were much less frequently used by lady beetles, lacewings, and assassin bugs (Table 1).

Table 1. Mean ± (SEM) numbers of natural enemies labelled with UV fluorescent powder within
bean crops surrounded by different field margin plants. Different letters indicate significant differences
between treatments within natural enemy groups. Significant differences were calculated using a GLM
with Poisson distribution, followed by pairwise comparisons and a Holm multiple comparisons test.

Treatment

Mean Number of Natural Enemies (±SEM)

Lady Beetle Hoverfly Assassin Bug Lacewing
Parasitoid

Wasp
Long-Legged

Fly

Biden pilosa 9.50 ± 2.02 a 2.50 ± 0.65 b 5.25 ± 0.95 a 6.50 ± 1.04 a 2.00 ± 0.82 a 1.50 ± 0.87 a
Control (no plant) 2.50 ± 1.04 b 5.50 ± 2.26 ab 0.75 ± 0.48 b 2.00 ± 0.41 b 1.75 ± 0.63 a 1.75 ± 0.48 a

Parthenium
hysterophorus 4.25 ± 0.85 b 7.25 ± 0.48 a 2.25 ± 0.48 b 2.00 ± 0.82 b 2.25 ± 0.75 a 1.75 ± 0.48 a

Tagetes minuta 6.25 ± 1.03 ab 8.25 ± 0.85 a 0.75 ± 0.48 b 7.00 ± 1.47 a 3.25 ± 1.32 a 2.75 ± 0.48 a

Values followed by the same letters (a and b) within the column are not significantly different (p < 0.05).

The number of natural enemies caught in pan traps in field margins also varied
significantly depending on which field margin plant was present (Table 2), following
similar patterns to the crop. Again, B. pilosa plots favored lady beetles, assassin bugs,
lacewings, and parasitoid wasps within the margins, while T. minuta and P. hysterophorus
favored hoverflies in the margins (Table 2).

Table 2. The mean ± (SEM) number of natural enemies caught in pan traps in field plots with
different field margin plants. Different letters indicate significant differences between treatments
within natural enemy groups. Significant differences were calculated using a GLM with Poisson
distribution, followed by pairwise comparisons and a Holm multiple comparisons test.

Treatment

Mean Number of Natural Enemies (±SEM)

Lady Beetle Hoverfly Assassin Bug Lacewing
Parasitoid

Wasp
Long-Legged

Fly

Control (no plant) 1.83 (± 0.63) a 1.92 (± 0.54) a 1.25 (± 0.70) a 1.50 (± 0.86) a 1.75 (± 0.49) a 1.75 (± 0.63) a
Bidens pilosa 5.92 (± 1.05) b 2.67 (± 0.77) ab 3.75 (± 0.35) b 3.50 (± 0.42) b 5.31 (± 1.53) b 1.67 (± 0.45) a
Parthenium

hysterophorus 2.17 (± 1.95) a 4.50 (± 0.82) b 2.42 (± 0.78) ab 2.42 (± 0.86) ab 3.23 (± 0.93) b 1.08 (± 0.34) a

Tagetes minuta 3.33 (± 0.88) a 4.58 (± 0.83) b 3.42 (± 1.23) b 3.58 (± 0.93) b 4.58 (± 1.32) b 0.75 (± 0.22) a

Values followed by the same letters (a and b) within the column are not significantly different (p < 0.05).

The data for the field and laboratory trials are found in Supplementary Materials
(Table S1).
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3. Discussion

The composition of plants for a field margin that effectively supports natural enemies
(NEs) may require different plant communities than for pollinators, though some plants
may provide nectar and pollen to both natural enemies and pollinators [24]. The species that
support NEs most effectively in East Africa are still poorly understood. Some common field
margin species, such as E. heterophylla (Euphorbiaceae), P. hyterophorus, B. pilosa, T. minuta
(Asteraceae), and H. suaveolens (Laminaceae), are invasive to SSA. However, their potential
has been explored for pest control, pollination, and medicinal activities [11,16,25–27]. Our
study aimed to determine which field margin plant species in SSA were beneficial to Nes
in smallholder bean farms. The transect walk showed that Nes interact with multiple field
margin plant species, although certain species had a higher number of interactions (B.
pilosa and E. heterophylla). NEs depend on pollen and nectar from the plants, and plants
provide alternative hosts in the absence of crops [28–35]. Similar results were found in
a recent study by Arnold et al. [16] which showed that B. pilosa and Euphorbia sp. were
preferred by natural enemies and pollinators in SSA. The use of B. pilosa and E. heterophylla
by NEs could indicate that they provide valuable food resources or habitat. The observed
interactions of NEs with E. heterophylla concur with the study by Patt [36] showing that this
species provided nectar for lady beetles (Coelophora inequalis, Cryptolaemus montrouzieri, and
Harmonia axyridis). Similarly, B. pilosa is effective in attracting populations of lady beetles
(Cycloneda sanguinea) and hoverflies (Pseudodoros sp.) [37,38]. In addition, chemical cues
from B. pilosa play a role in attracting natural enemies [39].

In station trials, we found that plots surrounded by B. pilosa margins were used fre-
quently by lady beetles, parasitoids, and assassin bugs; T. minuta field margins were associ-
ated with catches of hoverflies, assassin bugs, lacewings, and parasitoids; and P. hysterophorus
only with higher numbers of hoverflies and parasitoids. Furthermore, NEs caught inside
the field crops with fluorescent dye indicated that the insects visited the flowers (possibly
consuming nectar and/or pollen) before moving into the crop where they can provide pest
control benefits. Relatively few long-legged flies and parasitoids were captured with the
fluorescent dye, but this could be due to their small size rather than a lack of interaction
with field margin species. Previous studies have shown the importance of B. pilosa, T.
minuta, and P. hysterophorus in supporting NEs [27,37–40]. Floral resources from non-crop
habitats are expected to support NPR by NEs [40–46]. Thus, selecting suitable plants for
NEs is an important component of agricultural landscaping, as some plants will be better at
supporting NEs. For instance, providing adult hoverflies with floral resources can enhance
biological control by their larvae [47,48]. Moreover, pollen from some plants is superior to
others in enhancing the performance of NEs [49], and this might explain why, in our data,
one plant species, E. heterophylla, supported A. colemani better than the positive control.

Significantly more parasitoids were recorded in plots with field margin plants com-
pared to the control (without field margin plants). In the transect walks, parasitoids were
also the NE group with the most plant interactions. This could suggest that parasitoids are
a NE group for which field margin plants are particularly important, providing carbohy-
drates, amino acids, and vitamins in nectar that enhance their pest controlling activities
and optimize their metabolism [29,30,35]. This was demonstrated by using a cage trial
experiment, which showed that all plants, i.e., B. pilosa, H. suaveolens, T. minuta, and E. hetero-
phylla, resulted in improved A. colemani survival, and showed similar results to the positive
control, which provided an in-cage carbohydrate food supply. Survival of parasitoids on
E. heterophylla was greater than even the positive control and all other plants, suggesting
that this species provided a greater nutritional benefit to A. colemani. Our results concur
with similar studies, showing that access to flowers prolongs the lifespan and increases
parasitism by A. colemani. For instance, studies on A. colemani and Diadegma insulare have
shown improved performance compared with controls both in the field and when caged
with flowering plant species such as Fagopyrum esculentum, Conium maculatum, Photinia ×
fraseri, Brassica kaber, Barbarea vulgaris, Salvia apiana, Ligustrum japonicum, Lantana camara,
Eriogonum fasciculatum, Daucus carota, and Thlaspi arvense [50–53].
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One of the reasons that B. pilosa, H. suaveolens and E. heterophylla supported A. colemani
survival during the cage trial and that B. pilosa and E. heterophylla had high numbers of
interactions with NEs in field trials could be the presence of extrafloral nectaries on these
species [36,54–56]. Extrafloral nectaries are easily accessible, and the nectar composition
differs from floral nectar and may be secreted differently [57]. Extrafloral nectar sugars are
typically more concentrated than floral nectar, and normally it is present in larger volumes
and secreted for a longer period [49,57]. Plants with extrafloral nectaries can be particularly
important for NEs, as well as attractive to parasitoids [58], because these insects have
mouthparts that are not suited to feeding on floral corollas; hence, they depend on plants
with extrafloral or otherwise exposed flower nectaries [19,59,60]. Indeed, E. heterophylla
produces extrafloral nectar right up to fruit maturation, possibly to provide food resources
to attract natural enemies of seed and fruit pests [36].

Although T. minuta does not have extrafloral nectaries, it supported A. colemani sur-
vival in cage trials and plots, while T. minuta field margins had greater numbers of hoverflies,
assassin bugs, lacewings, and parasitoids compared to control plots. This concurs with
previous reports that T. minuta supports NEs. T. minuta increased the longevity of the
egg parasitoid Trichogramma minutum, which enhanced the parasitism of the Grapholita
molesta eggs [40]. Other species of Tagetes, including T. erecta, increased the longevity of
Cyrtorhinus lividipennis, a NE of rice brown planthopper (Nilaparvata lugens) [61]. The
extrafloral resources from the field margin plants could have additional benefits to NEs,
and support biological control. Incorporating those field margins with extrafloral resources
could bring positive effects for pest control in bean fields.

4. Materials and Methods

4.1. Interactions between Natural Enemies and Field Margin Plants

This field trial was carried out at Kwa Sadala Village in Hai District, Kilimanjaro region
(3◦ 10′ 0” S, 37◦ 10′ 0” E). A total of eight sites with a high diversity margin and eight sites
with a poor margin were visited. The high and poor diversity fields were determined by
measuring the plant diversity in each farm before the selection of the sites. A transect walk
along one margin, for the length of the field, was performed, and the visual observation
of the NEs visits to the specific plant flowers was recorded. The sampling was conducted
monthly during a year, and this coincided with specific bean crop development stages
(1,5,9,14, etc., weeks after bean emergence).

4.2. Effect of Flowering Plant Resources on Parasitism and Survival of A. colemani

Aphidius colemani adults were obtained from Aphis fabae mummies collected from bean
fields at Kwa Sadala in Hai District, Kilimanjaro region. A. colemani was selected for the cage
trial because it has been reported as a primary parasitoid of A. fabae in SSA [12]. Moreover,
this species is commercially produced for the biological control of many aphid species [62,63].

They were reared on potted bean plants infested with A. fabae in a wooden netted cage
30 × 30 × 60 cm. The plants were watered every three days. The A. fabae colonies were
established from insects collected from farmers’ fields at Kwa Sadala village, the location of the
field trials.

Bean seeds were grown in pots, then after five weeks, they were infested with 60 A.
fabae (nymphs and apterous adults) [64]. The seeds from four field margin weeds (Tagetes
minuta, Hyptis suaveolens, Euphorbia heterophylla, and Bidens pilosa) were germinated in pots
before being planted out in fields. The experiment consisted of six treatments (T. minuta,
H. suaveolens, E. heterophylla, B. pilosa, positive control, and negative control), and each
treatment was replicated four times. Each cage contained one of these treatments with a
potted bean plant infested with A. fabae. The positive control contained 10% sugar solution
(glucose) as often as it was needed [65] and a potted bean plant infested with A. fabae,
while the negative control had only a potted bean plant infested with A. fabae. Plants were
watered every three days.

256



Plants 2022, 11, 898

After leaving the aphids in the cage for 24 h to acclimatize, four female parasitoids and
two male parasitoids were introduced to each cage. For the first seven days, the number
of live parasitoids and mummies was counted daily to determine the survival of the first
generation. Following this, the counting was performed three times a week. The number of
parasitoids that emerged from mummies was recorded. The experiment was carried out for
one entire lifecycle of parasitoids (approximately one month). The parasitoids and aphids
were maintained under controlled conditions, with an average temperature of 25–27 ◦C,
66–68% R.H., and under natural lighting.

4.3. Effect of Different Field Margin Plants in Supporting Natural Enemies in Bean Fields

A field experiment was carried out at Kwa Sadala Village in Hai District, Kilimanjaro
region, to monitor NE movement between field margins and crops. In total, three plant
species introduced as above; T. minuta, B. pilosa, and P. hysterophorus were cultivated as the
field margin. We initially selected B. pilosa and E. heterophylla due to the high number of
interactions in the transect walk experiment. However, E. heterophylla failed to develop
in the field, and thus other plants (T. minuta, B. pilosa and P. hysterophorus) were selected
for subsequent field studies, as they occur frequently in SSA, have previously reported
associations with beneficial insects [11,16,25,27], and are therefore straightforward for
smallholders to acquire [26,66].

The experimental layout was composed of four treatment plots containing common
bean (Phaseolus vulgaris) with four replications, 0.5 m field margin plants surrounded
by three plots in each replication, each plot with the specific field margin plant, and the
remaining plot was the control without a field margin. The plots measured 15 × 15 m, and
the distance between plots was 15 m (Figure 4). During the flowering period of beans in
the fifth week, powdered UV fluorescent dye (Baker Ross Ltd., Harlow, UK) was applied
in the field margin plant flowers using a soft paintbrush. After 24 h, natural enemies
were collected inside the field using sweep nets, then examined using a UV torch (365 nm;
UVGear, Surrey, UK) to detect any fluorescent dye. This allowed the identification of insects
that had visited the different field margin plants before being caught in the crop fields as
an indication of the potential value of different species to different NEs. Pan traps were
also used to collect NEs in the field margins [11]: two pan traps were placed in the field
margin of each plot and natural enemies were sampled for three months (April, May, and
June), coinciding with bean development stages. The collections were preserved in 70%
ethanol for further identification.

Figure 4. Field margin plants surrounding bean experimental plots for the fluorescent dye trial:
T.M-Tagetes minuta; Cont-Control; P.H-Parthenium hysterophorus; B.P-Biden pilosa).
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4.4. Statistical Analysis

The interactions between NEs and different field margin plants were plotted using
the ‘bipartite’ package [67] in R (RStudio Version 1.2.1335). Insects caught in field margins
using pan traps were grouped into functional categories of NEs; catch distributions were
checked for normality using a Shapiro–Wilk test. To assess the effect of field margin plants
on the number of natural enemies caught, a histogram was plotted to assess the distribution
of the data. Following this, GLM with Poisson distribution (RStudio Version 1.2.1335) was
selected, as the data were not normally distributed. The fit of models was assessed with
Chi-squared goodness of fit test, and all were found to follow this distribution. The month
of sampling and field margin plant species were included in the GLM as covariates without
interactions. Following this, pairwise comparisons were performed with the Holm multiple
comparisons test in the ‘emmeans’ package [68].

The number of A. colemani surviving in cage trials was analyzed over six days using
the Kaplan–Meier estimator of survival in R (RStudio Version 1.2.1335; [69]. For this
analysis, surviving individuals were censored at the end of the experiment, and individuals
were censored if it was not possible to monitor their survival for the duration of the
experiment (e.g., for escaped individuals). Pairwise comparisons between treatments
were then performed using a log-rank test with Benjamini–Hochberg correction. To assess
the parasitism of A. colemani, the number of mummies in each cage was analyzed using
ANOVA. Prior to the analysis, the negative control was removed due to lack of variance,
and the normality of the remaining data was assessed using the Shapiro–Wilk test [50].

To analyze the number of insects labelled with the fluorescent dye and those captured
in the field margin, GLM assuming Poisson distribution with a log link was used, followed
by pairwise comparisons and a Holm multiple comparisons test. the normality was assessed
using the Shapiro–Wilk test.

5. Conclusions

Flowering plants provide food and shelter for NEs and can promote natural pest
regulation in crops. Our study highlights the potential of field margin plants in supporting
populations of NEs in smallholder farms, and shows that conservation biological control
could be used to promote NEs in these agro-ecosystems. Certain plant species appear
to be preferred by different NE groups and provide different benefits. In transect walks,
the highest number of Nes were observed interacting with B. pilosa and E. heterophylla. In
addition, B. pilosa, T. minuta, and P. hysterophorus supported different groups of natural
enemies when planted as a field margin. NE groups were shown to interact with flowers of
these field margin plants, suggesting that they are supported by the provision of nectar
and pollen. This is corroborated by cage trials where B. pilosa, E. heterophylla, H. suaveolens,
and T. minuta enhanced the survival of A. colemani, most likely through the provision of
nectar [27,37,39,40,70]. However, it is important to consider the wider implications of using
these plants in conservation biological control, for example, P. hysterophorus is toxic [71,72],
and other plants may be invasive to the area and present a challenge as weeds. Some field
margin plant species might also provide food and shelter for specific pests, and therefore it
is crucial to study the biology of the host plants and how they interact with pests.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants11070898/s1, Table S1: Experimental data.
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Abstract: The sessile oak is one of the most significant forest tree species in Europe. This species
is vulnerable to various stresses, among which drought and powdery mildew have been the most
serious threats. The aim of this study was to determine the influence of irrigation levels (overhead
sprinklers) on the damage caused by powdery mildew to Quercus petraea growing in a nursery
setting. Four irrigation rates were used: 100%, 75%, 50% and 25% of the full rate. The area of the
leaves was measured and the ratio between the dry mass of the roots and the dry mass of the entire
plant was calculated after the growing season in years’ 2015 and 2016. Limiting the total amount of
water provided to a level between 53.6 mm × m−2 and 83.6 mm × m−2, particularly in the months
when total precipitation was low (VII and VIII 2015), a supplemental irrigation rate between 3 and
9 mm × m−2 resulted in a lower severity of oak powdery mildew on leaves and lead to a favorable
allocation of the biomass of the sessile oak seedlings to the root system. The severity of infection
on oak leaf blades was lower when irrigation rates were reduced. The greatest mean degree of
infestation in 2015 was noted in the 100% irrigation rate (14.6%), 75% (6.25%), 50% (4.35%) and 25%
(5.47%). In 2016, there was no significant difference between the mean area of leaves infected by
powdery mildew depending on the applied irrigation rate. The shoot-root biomass rate showed
greater variation under limited irrigation rates. Controlling the irrigation rate can become an effective
component of integrated protection strategies against this pathogen.

Keywords: Erysiphe alphitoides; the shoot-biomass amount; Compu Eye, Leaf & Symptom Area

1. Introduction

The sessile oak (Quercus petraea (Mattuschka) Liebl.) is one of the most significant
economic and ecologic forest tree species in Europe. This species is vulnerable to vari-
ous abiotic stresses, among which drought has been considered to be the most serious
threat [1]. Apart from the negative influence of abiotic factors on oak trees, there are also
additional unfavorable biotic factors that affect the trees [2]. Powdery mildew caused
by Erysiphe alphitoides (Griffon and Maubl.) U. Braun and S. Takam. is one of the most
dangerous diseases of oaks. Erysiphe alphitoides is a non-indigenous fungal species from
North America that was first reported in Europe in 1907 [3] and was first studied in Poland
in 1909 [4].

Other species of Erysiphe spp. that occur on oak leaves include: E. abbreviata (Peck) U.
Braun and S. Takam., E. calocladophora (G.F. Atk.) U. Braun and S. Takam., E. extensa (Cooke
and Peck) U. Braun and S. Takam., E. gracilis R.Y. Zheng and G.Q. Chen, E. hypophylla
(Nevod.) U. Braun and Cunningt, E. quercicola S. Takam. and U. Braun and E. polygoni
D. C. [5–7]. The use of molecular biology techniques allowed us to state that they can
occur in Europe in four haplotypes of the pathogen. Three of them are from E. alphitoides
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(100% ITS compliance), E. hypophylla (99.4% ITS agreement) and Phyllactinia guttata (Wallr.)
Lév. (97.64% ITS agreement). A fourth, common in Europe, has 100% ITS compatibility
with E. quercicola found in Quercus species in Asia and several tropical mildew species
including Oidium heveae B.A. Steinm [8]. Sucharzewska [9] reported that in Poland, there
are two species of powdery mildew: E. alphitoides and E. hypophylla. Erysiphe hypophylla is
more numerous in the western part of Poland. These results are also confirmed by Behnke-
Borowczyk and Baranowska-Wasilewska [10] and Roszak et al. [11], because during the
study of powdery mildew affecting oaks from western Poland, they confirmed the presence
of only E. alphitoides.

Erysiphe alphitoides causes a disease of the leaves and affects the non-lignified tissues of
oak trees of a range of plants including Quercus robur L., Q. conferta (Kit.) Vuk., Q. pubescens
Willd., Q. cerris L. and Q. pyrenaica Willd. [12]. It has been identified also on the leaves of
Fagus sylvatica L., Castanea sativa Mill., other host plants such as on the Eucalyptus gunnii
Hook. f. London [13]. Powdery mildew is an obligate parasite that attacks oaks of all
age classes [8,14], resulting in exponentially increasing damage, particularly in young
seedlings in the early phases of ontogeny [15,16], but only young developing leaves are
susceptible of the disease [17]. Increased E. alphitoides prevalence in spring is associated
with higher oak mildew severity in autumn [18]. Annually occurring infections can lead to
necrosis and eventually death of young trees [19]. Non-lignification of the affected shoots
may enable recurring infections, which occur in summer and concern mainly fresh and
regenerating leaves [2,20]. Oak powdery mildew reduces the uptake of CO2 (net), hinders
stomatal conductance and lowers the nitrogen content of leaves [15]. Direct exposure to
sun light as well as a warmer and dryer microclimate (e.g., conditions in gaps of a tree
stand) both enhance spread of oak powdery mildew [21,22]. Selochnik et al. [23] mentioned
an optimum disease development for mean temperature in June around 20 ◦C. Research
pointed to the detrimental effects of rain on powdery mildew fungi, by washing off spores
and damaging mycelium at the leaf surface [24]. Sivapalan [25] showed that E. alphitoides
for which conidia were able to germinate as well in water as on oak leaves, the ability of
the fungus to establish a parasitic relationship with the host strongly decreased with the
duration in water.

Due to the economic significance of oaks, powdery mildew is of interest to scientists.
Research has focused, for example, on understanding the influence of abiotic factors
and climate change on promoting spread of the pathogen [12,15,26,27], as well as on the
possibilities of exploiting biological methods to reduce the occurrence of oak powdery
mildew [28,29]. Lately, it has been reported that the failure of natural regeneration of
pedunculate oak trees in Europe attributable to infestation by oak powdery mildew is linked
to factors such as animal pressure, changes in land use and the diminishing levels of ground
water [30]. However, an interesting example is given by Demeter et al. [31], who reported
the failure of natural regeneration of sessile oaks, despite the lack of animal pressure,
sufficient accessibility to water and no changes in land use, in a region where prior to the
appearance of oak powdery mildew, there was successful widespread natural regeneration
of oak trees [32]. Every year, the native tree species range of tree stands in Europe, including
oak trees, increases. It is associated with a more extensive culture of oak trees in nurseries,
and this, in turn, results in a greater risk of outbreaks of powdery mildew [11]. In the
nurseries, which are producing seedlings of trees, several irrigation and methods are
available and used. Irrigation can reduce leaching, time of work, use of fertilizer and
foliage diseases. Subirrigation systems are commonly used by nursery plant producers.
Drip irrigation has been used in areas where water is scarce. Drip irrigation uses up to 70%
less water as compared to a flood irrigation system. However, it is expensive compared to
other irrigation methods [33]. Drip irrigation was effective in reducing pathogens such as
Colletotrichum acutatum (J. H. Simmonds) that cause anthroids in strawberry production [34].
Overhead irrigation is the most common system in outdoor nursery areas. Overhead
irrigation is water inefficient (as much as 80%). Major irrigation methods chosen for field
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nursery irrigation system are overhead sprinklers and microirrigation. The choice of these
methods, again, depends on crop, water type and quality of plants [33].

In this context, it is of particular interest to determine whether standard practice in
nurseries, i.e., irrigation, can be modified to limit the occurrence of powdery mildew in
sessile oaks. Any modifications to irrigation schedules should be implemented in a manner
that does not distort the normal shoot-root ratio and will not lead to lasting physiological
changes in plants. Hence, the aim of the current study was to determine the influence of
the irrigation rate provided for the sessile oaks (in a field nursery) on the damage caused
by powdery mildew. It is hypothesized that different irrigation rates are likely to impact
the severity of the sessile oak leaf infestation caused by powdery mildew. Specifically, we
predict that under a lower irrigation rate (i) the severity of infection of the leaf blade of the
oak will be reduced and (ii) the biomass ratio of shoots and roots will be greater.

2. Results

Analysis of the variability in soil moisture content in 2015 showed statistically sig-
nificant differences between variants, blocks and variability over time. The 25% variant
was clearly less wet than the other variants on the first two measurement dates. As a
result of the deepening drought and the increase in temperatures in the third measuring
period, a reduction in humidity was also observed in the 50 and 75% variants (Table 1).
A consistent reduction in the general level of soil moisture by weight was also observed,
and deepened with time. The results of measurements of moisture content by weight and
volume carried out in 2016 did not show statistically significant differences. The correlation
analysis showed the existence of a statistically significant relationship between the weight
and volume moisture, which was the basis for the calculations that allowed derivation of
the regression equation (Table 1).

Table 1. Average values of soil moisture by weight (x, confidence intervals (CI), standard deviations
(SD) and coefficients of variation (V) for each variants of experiment in 2015 and in 2016. The same
letters (a, b) next to the means mean that the means do not differ significantly (Tukey’s test; α = 0.05).

Date
of Measurement

Variant x
CI

−95.0%
CI

+95.0%
SD V

6 July 2015

25% 16.80 (a) 13.36 20.24 6.45 38.39%
50% 19.87 (b) 17.09 22.64 5.21 26.22%
75% 19.45 (b) 16.84 22.05 4.88 25.09%
100% 20.51 (b) 17.26 23.76 6.10 29.74%

28 July 2015

25% 16.80 (a) 12.62 20.97 7.83 46.60%
50% 20.40 (b) 17.51 23.28 5.41 26.51%
75% 19.08 (b) 16.91 21.25 4.07 21.33%
100% 22.03 (b) 18.42 25.65 6.78 30.78%

6 August 2015

25% 15.72 (a) 12.24 19.20 6.53 41.54%
50% 17.91 (ab) 15.55 20.28 4.44 24.79%
75% 16.94 (ab) 14.65 19.22 4.28 25.27%
100% 19.22 (b) 16.16 22.28 5.74 29.86%

2016

25% 18.22 (a) 5.28 31.16 8.13 44.62%
50% 15.74 (a) 12.16 19.31 2.25 14.29%
75% 19.17 (a) 8.23 30.11 6.87 35.84%
100% 18.07 (a) 7.57 28.56 6.60 36.52%

ANOVA revealed that depending on the adopted irrigation rate in 2015, the area of
oak leaves affected by powdery mildew differed significantly (F = 11.71; p < 0.001). In 2016,
there was no statistically significant difference between the mean area of leaves infected by
powdery mildew depending on the applied irrigation rate (F = 2.04; p = 0.115) (Figure 1a,b).
The greatest mean degree of infestation in 2015 was noted in the case of 100% irrigation
rate (14.6%) and with α = 0.05, differed significantly from the irrigation rate (75–6.25%;
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50–4.35%; 25–5.47%; Figures 1 and 2). In 2016, the mean area of leaves infected, regardless
of the irrigation variant, fluctuated between 9.33% and 12.54%.
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Figure 1. The mean degree of infested leaves of the sessile oak in 2015 (a) and in 2016 (b) for each
variant including standard errors and confidence intervals.
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Figure 2. An example of scans of oak leaves taken from plants growing in block A in 2015, infected
with powdery mildew of oak, made with a scanner with a resolution of 300 dpi. (a) Full dose (100%),
(b) 75% of the dose, (c) 50% of the dose, (d) 25% of the dose.

The ratio of the dry root mass to dry seedling mass of the sessile oak (F = 6.85;
p = 0.0004) differed significantly between the different irrigation rates in 2015, and also in
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2016 (F = 3.67; p = 0.016). The greatest mean value of the ratio in 2015 was observed in
the case of oaks which had been irrigated with 50% of the irrigation rate (0.64), and the
second highest value occurred at 75% of the irrigation rate (0.65). These results differed
significantly from the mean for 100% of the irrigation rate (0.54). There were no statistically
significant differences in the mean ratio of the dry root mass to dry seedling mass in the
case of oaks irrigated with 25% of the irrigation rate (0.59) and the other means (Figure 3a,b).
However, in 2016, the highest value of this ratio was observed in the oaks irrigated with
25% of the irrigation rate (0.54) and this differed significantly from the value for the oaks
irrigated with 75% of the irrigation rate (0.46). The mean ratio did not differ from others
in the case of the oaks irrigated with 50% (0.5) and 100% of the irrigation rate (100%)
(Figure 3a,b).
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Figure 3. Mean rate of dry root mass (SMK) to dry plant mass (SMC) of the sessile oak in years’ 2015
(a) and 2016 (b) for each variant including standard errors and confidence intervals.
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3. Discussion

The results reported herein show that it is possible to influence the degree of powdery
mildew infestation, which occurs on the leaves of the sessile oak, by controlling irrigation.
The experiment confirms Sharma et al. [35] findings that higher irrigation rate is conducive
to the development of the pathogen, but the differences were significant only during
the first year. Sharma et al. [35] carried out research to evaluate the effect of irrigation
schedules on the incidence of powdery mildew disease (E. graminis tritici E. Marchal) in
wheat (Triticum aestivum L. emend. Fiori and Paol.).

A combination of favorable temperatures and optimal humidity are vital for the
survival and transmission of oak powdery mildew [16]. Pap et al. [16] claim that other
elements which contribute to the effectiveness of powdery mildew infections are either
excess or lack of nutrients and water in the soil, as well as access to space and light. Optimal
conditions contribute to the acceleration of ontogenesis, which decreases the severity of
powdery mildew on leaves and, at the same time, limits the negative outcomes of oak
powdery mildew infection [16]. The optimum for growth of oak powdery mildew is at
25 ◦C and 96% relative humidity [16,36]. Light had a significant impact on the growth
of mycelium of oak powdery mildew that reached the maximum value in full light [16].
Moreover, it has been shown that the more wetted the leaves, the greater the impact
of powdery mildew on the plant [37]. The mycelium of oak powdery mildew appears
to be hydrophilic [38]. Despite the existing difference in the content of nutrients in the
soil, no differences in powdery mildew of oak were noted between the same variants of
the experiment, which were located in different blocks of the experiment. In view of all
the observations listed above, controlling the irrigation rate would appear to be of key
significance in the protection of oak trees against oak powdery mildew in nurseries, and
this conclusion is supported by the results of the experiment in 2015.

Water is crucial for the growth and development of plants. A long-lasting period
with a lack of sufficient water inevitably leads to dehydration and can lead to the death
of a plant. It can also increase susceptibility to infectious diseases [39]. In this context,
scientists have been intrigued by the influence of oak powdery mildew on changes in
stomatal conductance and other consequences of infection by this fungus [40,41]. Oak
powdery mildew has been shown to increase transpiration of the infected leaves. Another
element which evoked interest was the impact of the pathogen, which affects only leaves,
on water consumption of the entire plant [15]. However, the precise irrigation rate that
would impede the development of the disease in nurseries, without disturbing growth
and development of seedlings, has not been determined. Taking into account the larger
amounts of water in 2016, which came from precipitation and lower air temperatures, it
can be concluded that the excess of water may contribute to the intensification of infection
from powdery oak mildew.

In 2015 and 2016, weather conditions may have influenced the existence of differences
between soil moisture, the amount of leaf infestation by powdery mildew of oak and the
dry mass of oak roots. The year 2015 was drier compared to 2016, which confirms the
existence of differences in soil moisture in 2015 and no differences in 2016. Lower powdery
mildew infection of oak may result from the presence of higher current air temperatures in
2015 and lower rainfall. A similar relationship was observed by Markovic et al. [42], who,
at a lower air temperature of 17–21 ◦C and air humidity of 85–100%, recorded a very high
rate of seedling infection.

All powdery mildew species can germinate and get infected in the absence of wa-
ter [43]. Sucharzewska [9] informs that the greatest degree of powdery mildew infection
was noted at times when the growing season had been very warm and dry. According to
Marçais et al. [18] it is also possible that a microclimate close to the ground, with higher
humidity, may provide good conditions for E. quercicola development. The results of the
current study indicate that oak powdery mildew infected trees which were irrigated by a
range of irrigation rates; however, the degree of leaf infection was less severe under lower
irrigation rates, but only in years when total precipitation was lower. Thus, it is possible to
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decrease the infection of the oak trees in nurseries by limiting and controlling the irrigation
rate. As a result, it is advisable to use irrigation rates in the range between 53.6 mm/m2

and 83.6 mm/m2 in the July–August period.
The mycelium of oak powdery mildew mainly covers leaves [8]; hence, it is possible to

use the leaves covered by fungal hyphae in order to assess the severity of the infection [14].
Oak powdery mildews infect young developing leaves in spring and summer [19]. In
Europe, the white mycelium of oak powdery mildew on leaves and shoots often appears in
early spring [15]. The secondary infections occur during the summer and concern mainly
the young foliage regenerating after insect defoliation [2]. While analyzing the severity of
infection on oak leaf blades in post-flood trees stands (leaves in full isolation), concluded
that the maximal infection by powdery mildew did not exceed 22%. Our results concur
because even with the highest irrigation rate, the infection did not exceed 22%. These
findings indicate that the higher irrigation rates in nurseries increase in degree of the leaf
blade infection by Erysiphe spp.

It is worth emphasizing that numerous studies on oak powdery mildew have focused
on the interactions between the pathogen and pedunculate oak trees [15,16,37,44–46], and
there are fewer publications on the interactions of this fungus and sessile oak trees [18,19,47,48],
most likely because sessile oaks occur less frequently (cover smaller areas) [48]. Nevertheless,
the latter species is a valuable component of deciduous tree stands, and both oak species can
freely interbreed [49]. Given that the sessile oak is more resilient to droughts than the
pedunculate oak [50], it is probable that the species will gain in significance in the future,
particularly in view of climate change. Hence, it is important to devote more attention to
the study of the interactions between stress factors, such as oak powdery mildew, and the
sessile oak.

The variation of irrigation rate that was applied in the current work influenced also
the rate of development of the root-mass. In the dry areas, seedlings increased water
consumption and invested more in root system development. This later allowed the trees
to draw water more effectively from deeper layers of the soil, where greater reservoirs
of water reside especially in dry seasons [51]. That is why using lower irrigation rates
stimulated oaks to invest more in development of the root biomass. Similar dependence has
been reported by Gieger and Thomas [52], Thomas and Gausling [53] and Sustani et al. [54].
However, Broadmeadow [55] noticed a clear influence of optimal water conditions on the
shaping of unfavorable shoot-root rate in the sessile oak caused by the excessive increase
of the aerial component of the trees. The relationship between the shoot of Scots pine
and the shoot of ash and root biomass was affected by irrigation. These plants tended
towards increased shoot allocation. However, in oak, there were large differences in the
shoot-root relationship. These are difficult to explain in terms of irrigated effects, which is
also confirmed by reports by Broadmeadow et al. [55].

4. Materials and Methods

4.1. Experiment Design

The experiment focused on sessile oaks which were grown from seeds collected from a
seed-tree stand (stand age–159 years) in subdivision 315d in Legnica Forest District (Poland,
WGS 84–51.3016 E:16.0833). The experiment was established in the Muchów Forest Nursery
in subdivision 194f in Jawor Forest District (Poland, WGS 84–51.0076 E:16.0187)-open field
nursery.

The seeds were planted by hand in an open field nursery (0.606 kg acorns/m2) on
the 6 May 2015 in 4 rows, and were then covered with sand and protected with nonwo-
ven fabric (spacing between seeds was 5 cm and between rows was 33.3 cm, Figure 4d).
During the experiment (in 2015 and in 2016), no protective measures were undertaken.
A randomized complete block design, with 4 blocks, was used in the experiment. Each
plot was 2 m long and 1.5 m wide (about 200 oaks grew on each plot; Figure 4a–d.). Four
irrigations rates were used: (1) a fully-calculated rate–100% (control group–12 mm/m2;
reference evapotranspiration-ETo), (2) 75% of the full rate (9 mm/m2), (3) 50% of the full
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rate (6 mm/m2), (4) 25% of the full rate (3 mm/m2) (Figure 4c). Density of the trees in
each experimental unit was uniform. Plants were surface irrigation-overhead sprinklers
method (Figure 4a,b). The atmospheric conditions were the same in all places of the ex-
periment (Table 2 and Figure 5).Variations of the irrigation rate were established based on
the document: “Guidelines for irrigating forest nurseries on open areas” [56]. In order to
achieve initial stable and balanced growth in the period following sowing of the acorns,
the irrigation rate on all plots was identical and as advised [56]. A necessary irrigation rate
for the so-called 2nd period of irrigation of a one-year-old material was determined on the
basis of Smorowski’s method described in the Guidelines document [56].

Figure 4. The experimental set-up divided into variants of the experiment in Muchów Forest Nursery;
(a) Block C and D and working sprinklers, (b) block A and B and working sprinklers, (c) experiment
design; letters stand for block names; 100%-full rate (control), 75% of the rate, 50% of the rate and
25% of the rate; the dashed line marks the rows where the oak was planted; the desired variant of
the experiment is marked with a separate color, (d) rows in which acorns were planted; the numbers
(1–4) are rows.
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Table 2. Total quantity of precipitation and irrigation rate for each variant and irrigation dates in
years’ 2015 and 2016, VII—July, VIII—August—summer in Poland.
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Figure 5. The average rainfall [mm] and temperature [◦C] and actual rainfall [mm] and
temperature [◦C] in Muchów Forest Nursery, Poland (I—January; II—February, III—March etc.).

The rate of easily accessible water in the soil was verified at 7.7% of the soil volume.
Average daily water consumption for evapotranspiration (similar to ETo) was assumed
to be 2.3 mm. High annual precipitation exceeding 610 mm [56]. The preferable depth
for dampening the soil was established at 15 cm in both years of the experiment. The net
irrigation dose (d) was calculated according to the formula:

d = 0.1 × Wd × h [mm],
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where Wd—water content readily available in % of soil volume; h—the desired depth of
soil moistening. The gross irrigation dose (d) was calculated according to the formula:

D = d/ke [mm],

where d/ke—technical efficiency factor of irrigation (0.85) [23]. The frequency of watering
(T) was calculated by the formula:

T = d/E,

where d—the net irrigation dose, E—daily water consumption for evapotranspiration [23].
The calculated net dose of irrigation was 11.55 mm (13.58 mm gross); however, the

calculated frequency for sprinkling irrigation was 5 days. In order to determine the
sprinkler flow rate per 1 h, a pluviometer from a Davis Vantage Pro weather station was
used, which was positioned centrally on the experimental fields (before seeding). The
achieved mean value of the flow rate per 1 sprinkler was 3.5 mm × m−2 × h−1. RainBird
EWH 14070 sprinklers were used in the experiment (Figure 4a,b). The adopted methods
permitted careful control of the irrigation rate for each variant by controlling sprinkler run
time. The sprinkler was turned off after a set period during which a precise irrigation rate
for the particular variant was delivered.

Precipitation reaching 3 mm, which occurred between each artificial irrigation, was
also taken into consideration. Plants in the 100% dose variant were watered between
5:00 a.m. and 9:00 a.m., 75% from 5:00 a.m. to 8:00 a.m., 50% from 5:00 a.m. to 7:00 a.m.
and 25% from 5:00 a.m. to 6:00 a.m. If precipitation occurred, then the next irrigation rate
was rectified according to the extent of the precipitation [56]. In cases when the sum of
precipitation in the period from the earlier irrigation reached the approximated value to 1
full irrigation rate, then the date of the next irrigation was postponed by another 5 days.
This situation only happened twice: on 10 July 2015 and 19 July 2015, when above 3 mm
of rain fell the day before. The total quantity of water from the sprinklers and from the
precipitation is presented in Table 1. Meteorological data during the time of the research
are given in Figure 4. Average data are derived from the closest meteorological station in
Wojcieszów Górny (Poland, WGS 84–50.9516 E:15.9214.), while the local data come from the
Davis Vantage Pro meteorological station, located in the Muchów Forest Nursery. We have
not noticed the influence of the seasons on the development of powdery mildew of oak.

4.2. Soil Moisture

Chemical analyses of soil were commissioned to the Seed Testing Station of the Na-
tional Forests Research and Implementation Centre in Bedoń (report no 7 of 25 March
2014—internal data, unpublished), where in two soil samples provided for analyses the
following parameters were determined: pH in KCl using the electrochemical technique,
contents of phosphorus and potassium according to Egner-Rhiem by inductively coupled
plasma atomic emission spectrometry [57], magnesium content according to Schachtschabel
by inductively coupled plasma atomic emission spectrometry [58], nitrogen content by
the direct method using the TruSpec CHNS apparatus [57] organic carbon content by the
modified Tiurin method [57], while contents of N-NO3 and N-NH4 by the electrochemical
method following extraction in 0.03 N acetic acid [57]. The results of soil analyses are given
in Table 3.

273



Plants 2022, 12, 1248

Table 3. Results of chemical analyses of soils.

Parameters
Blocks

A and B C and D

pH in H2O 5.8 6.3
pH in KCl 4.6 5.5

N [%] 0.16 0.30
C [%] 2.65 6.58
C/N 16.30 22.00

P2O5 [mg/100 g] 5.78 9.9
Ca [mg/100 g] 113 326
K [mg/100 g] 9.4 26.7

Mg [mg/100 g] 4.8 15
Na [mg/100 g] 0.32 0.4

In order to confirm or exclude the influence of the irrigation rate on the soil moisture
content by weight and volume, three measurements of soil moisture content by the weight
method were carried out on each experimental plot in 2015 and one measurement of soil
moisture content with simultaneous measurement of volumetric moisture in 2016. Moisture
measurements were made after 4 h from the end of irrigation. In 2015, 64 samples were
taken with an Egner cane at a depth of between 10 and 15 cm. Before drying, each sample
was thoroughly mixed and a cohesive sample, weighing 50 g, was separated from it by
pouring the soil into a ceramic container with a constant weight placed on a weighing
pan. Then, the samples were dried at a temperature of 105 ◦C until a constant weight was
obtained, which lasted about 4 h. After completion of drying, the soil samples together
with the containers were weighed to an accuracy of 0.001 g.

The weight moisture content of each soil sample was calculated according to formula:

W =
mmt − mst
mst − mt

∗ 100 [mm],

where mt—weight of the container mmt—weight of the vessel with moist soil mst—weight
of the vessel with dry soil [59]. The HH2 Meter was used to measure volumetric moisture
of the soil in 2016 by Delta T with the ECHO EC-5 sensor by Decagon Devices, which
allows to obtain a result in percentage by volume. Volumetric moisture measurements were
performed in the places where soil samples were taken to determine the weight moisture
content, thus facilitating determination of the relationship between both types of moisture
and enabling the derivation of the regression equation.

The data were analyzed statistically implementing a two-factor model without interac-
tions. the data expressed as percentages were subjected to the Bliss transformation.

Additionally, for soil moisture by weight, in 2015, an analysis of variance was per-
formed in a system with repeated measurements in order to determine changes in soil
moisture over time. The sphericality of the data was confirmed by the Mauchley test. For
weight and volume moisture, in 2016, a linear correlation analysis was performed yielding
a correlation coefficient R, determination coefficient R2 and estimation of the standard error
of the assessment, as well as the coefficients of the regression equation. Statistical analyses
were performed using the Statistica 6.0 software (StatSoft) [60].

4.3. The Weighing of Dry Mass Seedlings and Calculate Leaves Area

The weighing of dry mass seedlings was conducted after the growing season in years’
2015 and 2016 (in September-late summer). The leaves, which were collected in order
to measure the area of the leaves, were collected before digging out the plants. Leaves
were taken randomly from each part of the plant (apical, median, basal). Five trees from
each variant of the experiment and from each block in each year of the experiment were
extracted (in total 160). From each tree, the leaves were collected for further research (in total
160 pieces). The leaves were scanned in order to calculate their area and, in order to do that,
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a scanner with a resolution of 300 dpi was used, together with Compu Eye, Leaf & Symptom
Area software, which was used to calculate the area of the leaves [61]. The infestation of
leaf blades by powdery mildew was expressed as the rate of the affected part (showing
etiological symptoms) to the non-infected part (without etiological symptoms) expressed
in % (degree of infestation—the severity of the disease, Figure 6). The dry mass [g] of
particular organs was weighed after the samples were dried in a thermostatic cabinet
(POL-EKO-Aparatura, typ ST 1200 B60 photoperiod) at the temperature of 60 ◦C. The
ratio between dry mass of roots and dry mass of the entire plant was established [g × g−1].
Measurements were made on an annual basis due to the invasiveness of the applied
methodology, which was dependent on seedlings being extracted from their beds.

Figure 6. Determine the degree of infestation of scanned leaves with use Compu Eye, Leaf & Symptom
Area.

Based on previous research by Behnke-Borowczyk and Baranowska-Wasilewska
(2017) and Roszak et al. (2019) it was considered that powdery mildew of oak caused
by E. alphitoides will dominate in the Muchów Forest Nursery.

4.4. Statistical Analysis

The Shapiro–Wilk test was used to assess whether data conformed to the Gaussian
distribution. In the cases when a normal distribution could not be confirmed, the data were
Box-Cox transformation, and after meeting the assumptions of homogeneity of variance, the
Levene’s test was applied. When the null hypothesis was rejected (implying no differences
between mean values), Tukey’s range test for equal sample size was implemented post-hoc.

5. Conclusions

Variation in the rate of irrigation influenced the severity of oak powdery mildew
infections on the leaves of sessile oak trees.

The shoot-root biomass rate was greater under limited irrigation rates.
Limiting the total rate of water in July and August (summer) to a level between

53.6 mm × m−2 and 83.6 mm × m−2, particularly in the months when total precipitation is
low, and with a supplemental irrigation rate of between 3 and 9 mm × m−2 results in lower
severity of oak powdery mildew on leaves. Concurrently, it leads to a favorable allocation
of the biomass of the sessile oak seedlings to the root system, which lasts for at least 2 years.

Given the assumptions of the Green Deal, and the implementation of regulations
concerning plant protection products, i.e., pesticides [62], it is crucial to conduct further
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research into the significance of irrigation rates in regulating, and particularly limiting,
the severity of oak powdery mildew. It is plausible that controlling the irrigation rate can
become an element of the integrated protection method against the pathogen.

Controlling spraying doses (reducing irrigation) can be an effective way to reduce the
occurrence of powdery oak on seedlings produced in tunnels and greenhouses; therefore,
research should be continued, especially under these conditions.
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Abstract: Late blight of potato caused by Phytophthora infestans is one of the most damaging diseases
affecting potato production worldwide. We screened 357 root fungal endophytes isolated from four
solanaceous plant species obtained from Kenya regarding their in vitro antagonistic activity against
the potato late blight pathogen and evaluated their performance in planta. Preliminary in vitro tests
revealed that 46 of these isolates showed potential activity against the pathogen. Based on their
ITS-sequences, 37 out of 46 endophytes were identified to species level, three isolates were connected
to higher taxa (phylum or genus), while two remained unidentified. Confrontation assays, as well
as assays for volatile or diffusible organic compounds, resulted in the selection of three endophytes
(KB1S1-4, KA2S1-42, and KB2S2-15) with a pronounced inhibitory activity against P. infestans. All
three isolates produce volatile organic compounds that inhibit mycelial growth of P. infestans by up
to 48.9%. The addition of 5% extracts obtained from KB2S2-15 or KA2S1-42 to P. infestans sporangia
entirely suppressed their germination. A slightly lower inhibition (69%) was achieved using extract
from KB1S1-4. Moreover, late blight symptoms and the mycelial growth of P. infestans were completely
suppressed when leaflets were pre-treated with a 5% extract from these endophytes. This might
suggest the implementation of such biocontrol candidates or their fungicidal compounds in late
blight control strategies.

Keywords: antifungal endophytes; secondary metabolites; biological control; volatile compounds;
anti-oomycete; Phytophthora infestans; sporangia germination

1. Introduction

Since its earliest epidemic outbreak in the 1840s, late blight of potato incited by
Phytophthora infestans (Mont.) de Bary has been the most severe biotic constraint threaten-
ing potato production worldwide. Under favorable environmental conditions and host
susceptibility, the heterothallic fungal-like oomycete can massively produce aerially dis-
persible sporangia that can either directly germinate or release large numbers of water
motile zoospores able to completely destroy not only potato, but also tomato crops within
a few days [1–3]. The global economic impact associated with late blight on potato in terms
of losses incurred due to damage and costs of disease control is conservatively estimated
at more than 6 billion USD annually, with losses being heavier in developing rather than
developed countries [1,4]. In Sub-Saharan Africa, losses attributed to late blight range from
30–75% [5]. However, when the disease is initiated early in the cropping season losses
might increase up to 100% [6].

Over several decades, fighting late blight disease has largely been based on the use
of chemicals [7–10]. Recently, ecologists have succeeded in raising public concern and
awareness about the impacts of agrochemicals on the environment [11]. From this per-
spective, increased public and scientific desire has been elevated to develop alternative
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environmental-friendly control strategies that might be less harmful to both the consumer
and the ecosystem [12–15]. Introducing beneficial microorganisms as biological control
agents (BCAs) might represent a sustainable and reliable solution to replace chemical
fungicides in late blight management. Nonpathogenic endophytic microorganisms have
been shown to have potential as BCAs in many agricultural systems [16,17]. Endophytic mi-
croorganisms may exert their biocontrol activities by producing antimicrobial compounds
that suppress plant pathogens or by inducing defense reactions within the plants [18,19].
Moreover, endophytes can also bestow other beneficial properties to their hosts (e.g., ni-
trogen fixation and/or phytohormone production), which may lead to a reduced use of
agrochemicals and maintenance of biodiversity in plant-associated communities [20]. Sev-
eral attempts regarding the activities of BCAs against the potato late blight pathogen have
been reported [21,22]. In 1997, Ng and Webster [23] demonstrated that treating potato
foliage with crude extracts of Xenorhabdus bovienii, led to a development of late blight
symptoms in only 4% of the pathogen-treated plants compared to the untreated control [23].
Daayf et al. [24] established that Bacillus subtilis and Rahnella aquatilis restricted the growth
of P. infestans in vitro, reporting inhibitions up to 81%. They also showed that Serratia
plymuthica could inhibit the growth of the pathogen by >75% on detached potato leaves. In
a potted plant experiment, a commercial preparation of B. subtilis applied as a foliar spray
immediately after P. infestans inoculation was effective against late blight, suppressing the
disease to below 40% [25]. Loliam et al. [26] demonstrated that Streptomyces rubrolavendulae
could increase the survival of tomato and chili seedlings from 51.42% to 88.57% and 34.10%
to 76.71%, respectively, in P. infestans-infested soils. Fungal endophytes isolated from
Espeletia spp., including Trichoderma asperellum, Aureobasidium pullulans, Nigrospora oryzae,
Chaetomium globosum, and Penicillium commune completely inhibited growth of P. infestans
in vitro, while Paecilomyces sinensis and Pestalotiopsis disseminate recorded inhibitions of
>60% [27]. Moreover, Gupta [28] also showed that lesion areas caused by P. infestans on
detached potato leaves were significantly reduced after treatment with spore suspensions
of Trichoderma viride, Penicillium viridcatum, Myrothecium verrucaria, or Trichoderma harzianum
compared to the untreated control. Under controlled conditions, Trichoderma atroviride was
observed to reduce late blight disease severity by 27% relative to the untreated control in
potato plants [29].

Solanaceous plants providing diverse niches for endophytic associations have been
shown to harbor a diversity of endophytic fungal species in their leaves, stems, and roots
that enhance growth and suppress plant pathogens [14,30,31]. Kim et al. [12] showed that
fermentation broths of F. oxysporum EF119, isolated from roots of red pepper, controlled
late blight by >90% compared to the control in intact tomato seedlings grown under
controlled conditions. Andrade-Linares et al. [14] observed that tomato plants colonized
by dark septate endophytes isolated from tomato roots recorded enhanced shoot biomass
during early stages of vegetative growth. Recently, de Vries et al. [32] have shown that
a root endophyte, Phoma eupatorii, could suppress mycelial growth of a broad spectrum
of P. infestans isolates in vitro and also protect tomato plants through the production of
anti-oomycete compounds in planta.

Despite several attempts to characterize endophytes successfully controlling late blight
disease on potatoes, their effects often did not deliver consistent disease suppression com-
parable to their chemical counterparts [2–4,6]. Due to this lack of consistency of biocontrol
activity, research efforts in terms of discovering new bioactive endophytes preferably with
multiple modes of action should be accelerated. Hence, the objectives of the present study
were (i) to isolate root endophytic fungi associated with four solanaceous plants obtained
from diverse regions in Kenya, (ii) to characterize these endophytes according to their
phylogeny, (iii) to evaluate their inhibitory effects against P. infestans in co-culture, (iv) to
explore the modes of action of the most successful fungal endophytes by studying the sup-
pressive effects of their diffusible and volatile metabolites and, (v) to validate the efficacy
of these endophytes in combating P. infestans in planta.
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2. Results

2.1. Isolation of Endophytic Fungi from Roots of Solanaceous Plants

A total of 357 isolates of fungal endophytes were obtained from roots of potato,
tomato, bell pepper, and nightshade from Nyandarua, Kiambu and Kilifi regions in Kenya.
The highest number of endophytes were isolated from nightshade (30.5%), followed by
potato (25.5%), tomato (23%), and bell pepper (21%) (Figure 1). Among all endophytes,
112 (31.4%) were identified as Fusarium spp., 104 (29.1%) readily sporulated on PDA, while
141, accounting for 39.5%, formed no spores on this medium.

Figure 1. Distribution of the total fungal root endophytes found in four solanaceous host plants and
classified into three categories: fusarial, sporulating, and non-sporulating endophytes.

2.2. Screening of Endophytes for Anti-Oomycete Activity

The results obtained from the primary high throughput screening assay showed that
64 of the total isolates (n = 357) had potential activity against P. infestans. However, four
of these proved fastidious and ceased to grow in culture while 14 were morphologically
identified as Fusarium spp. and excluded from subsequent analyses. Among the remaining
46 potentially active isolates, 63% were obtained from Kilifi (Figure 2), with those isolated
from bell pepper in this region accounting for 32.6% of the total number of potential
antagonists. Other isolates from Kilifi showing potential activity against P. infestans were
obtained from tomato (17.4%) and nightshade (13%). All antagonistic isolates from Kiambu
were from nightshade, representing 15.2% of the selected potential antagonists while those
from Nyandarua were isolated from potato and nightshade accounting for 17.4% and
4.3%, respectively. Generally, the number of antagonists isolated per plant species was
15 isolates each for bell pepper and nightshade and eight isolates each for tomato and
potato. Interestingly, only nightshade plants were accompanied by potential antagonists
from all three regions.
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Figure 2. Distribution of root fungal endophytes with potential activity against P. infestans in relation
to host plant and sampling region.

2.3. Characterization of the Fungal Endophytes

Based on their ITS sequences, 46 endophytic fungal isolates screened in the dual
culture were characterized. The isolates were considered conspecific to species on the NCBI
database when their ITS sequences (ITS1-5.8S-ITS4) matched those of the reference with
an identity of ≥99% [33]. Based on this criterion, 37 of the 46 sequences were identified to
the species level, three isolates were affiliated to higher taxa (phylum or order), while two
matched unidentified fungi (Table 1).

The similarities of the remaining four endophytes (NP3S4-63, KA2S1-42, KB2S2-16,
and KB2S2-15) did not meet the threshold and showed associations to higher taxa (genus,
family, and order). The 37 isolates belonged to 18 species within the 13 genera including:
Albifimbria, Aspergillus, Myrothecium, Cylindobasidium, Epicoccum, Macrophomina, Penicillium,
Plectosphaerella, Purpureocillium, Pyrenochaeta, Rhizoctonia, Mucor, and Colletotrichum.

The 46 endophytic isolates and their closest BLAST entries form eight distinctive
clades, which agrees nicely with their taxonomic identity (Figure 3). Three of the clades
represent the two fungal phyla Zygomycota and Basidiomycota, which contain one and
three fungal species, respectively. The Zygomycete Mucor moelleri was found to belong to
the order Mucorales, while the Basidiomycetes could be placed in two orders, Cantharel-
lales (Rhizoctonia solani) and Agaricales (Cylindrobasidium evolvens), according to Crous
et al. [34]. More than 90% of the endophytic isolates were Ascomycetes distributed into
three classes, namely Dothideomycetes, Sordariomycetes, and Eurotiomycetes, which fell
into four clades (Figure 3). Dothideomycetes and Eurotiomycetes form the bulk of the
identified Ascomycetes representing 45.2% and 35.7%, respectively. All Eurotiomycetes
identified belong to the order Eurotiales, while the identified Dothiodeomycetes comprise
the orders Pleosporales and Botryosphaeriales [34]. Two isolates (KB1S1-4 and KB2S2-15)
cluster with the Dothideomycetes, however, they could not be placed in any of the two
orders with absolute certainty. Identified Sordariomycetes form the minority of identi-
fied Ascomycetes (19%) and are grouped into two orders, Hypocreales and Glomerellales
(Figure 3). Unknown isolate KB1S4-9 clustered with Sordariomycetes and was inferred to
belong to the Glomerellales as it grouped with species within this order [34]. The closest
BLAST match for isolate KB2S2-15 formed the eighth clade (Figure 3).
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Table 1. Molecular identity of endophytic fungi from four solanaceous plants.

Isolates Accession Numbers Host Plant Best BLAST Match (Accession Number) Identity (%)

KB1S2-7 MG214581 Capsicum annum Macrophomina phaseolina (KT862032) 99
NA2S2-45 MG214587 Solanum nigrum Mucor moelleri (KP900321) 99
KA1S1-37 MG214583 S. nigrum Macrophomina phaseolina (FJ395243) 100
OA3S1-49 MG214585 S. nigrum Macrophomina phaseolina (KT768130) 100
KA1S4-40 MG214584 S. nigrum Macrophomina phaseolina (KT768130) 100
OA3S1-51 MG214604 S. nigrum Rhizoctonia solani (JQ616871) 100
NP2S2-61 MG214605 S. tuberosum Rhizoctonia solani (KT783526) 99
KA1S1-34 MG214568 S. nigrum Aspergillus aculeatus (KJ862074) 100
KB1S1-3 MG214573 C. annum Aspergillus sp. (EF669604) 99

KT1S1-20 MG214569 Lycopersicon esculentum Aspergillus flavipes (KC426997) 100
OA1S1-46 MG214592 S. nigrum Penicillium simplicissimum (KM396382) 99
KB1S4-8 MG214560 C. annum Albifimbria terrestris (KU845884) 99
KB2S2-17 MG214582 C. annum Macrophomina phaseolina (JN672592) 100
KB2S4-18 MG214565 C. annum Ascomycota sp. (KT240142) 100
KB1S4-10 MG214561 C. annum Albifimbria terrestris (KU845884) 99
KT1S1-21 MG214571 L. esculentum Aspergillus ochraceopetaliformis (JQ647894) 100
KT1S1-24 MG214575 L. esculentum Aspergillus terreus (KP793450) 99
KT2S1-27 MG214576 L. esculentum Aspergillus terreus (KX011595) 100
KB1S4-13 MG214590 C. annum Penicillium oxalicum (KU743897) 100
KB3S4-19 MG214579 C. annum Cylindrobasidium evolvens (KT201654) 100
KT3S4-33 MG214567 L. esculentum Aspergillus aculeatus (KM278131) 100
KT1S1-22 MG214574 L. esculentum Aspergillus terreus (KT778597) 100
OA3S1-52 MG214598 S. nigrum Pyrenochaeta lycopersici (AB695298) 99
KB2S2-16 MG214586 C. annum Massarinaceae sp. (JF502440) 97
KB1S4-9 MG214563 C. annum Fungal endophyte isolate (KP335438) 99

NP1S4-59 MG214578 S. tuberosum Colletotrichum coccodes (JX294026) 99
NA2S2-44 MG214591 S. nigrum Penicillium simplicissimum (KM396382) 99
KA1S2-39 MG214580 S. nigrum Epicoccum nigrum (KT276982) 100
OA2S1-48 MG214595 S. nigrum Plectosphaerella oligotrophica (KX446769) 99
KB1S4-11 MG214588 C. annum Myrothecium cinctum (DQ135998) 100
OA3S1-50 MG214594 S. nigrum Plectosphaerella cucumerina (KT826571) 100
KB1S4-12 MG214570 C. annum Aspergillus foveolatus (AB249010) 100
KT1S1-23 MG214572 L. esculentum Aspergillus ochraceopetaliformis (JQ647894) 100
KA1S1-35 MG214577 S. nigrum Aspergillus terreus (KM491895) 99
NP1S5-64 MG214602 S. tuberosum Pyrenochaeta lycopersici (AY649593) 99
NP2S1-55 MG214599 S. tuberosum Pyrenochaeta lycopersici (AY649594) 100
NP2S1-60 MG214603 S. tuberosum Uncultured Pyrenochaeta (JQ247357) 100
KB1S1-1 MG214596 C. annum Purpureocillium lilacinum (KT224843) 100

NP3S4-63 MG214593 S. tuberosum Periconia sp. (KP269005) 97
KA2S1-42 MG214566 S. nigrum Uncultured Pleosporales (GU909731) 94
NP2S1-56 MG214600 S. tuberosum Pyrenochaeta lycopersici (AY649594) 100
NP3S2-62 MG214601 S. tuberosum Pyrenochaeta lycopersici (AY649594) 100
OA1S1-47 MG214597 S. nigrum Pyrenochaeta lycopersici (KF494161) 100
KB1S1-4 MG214562 C. annum Uncultured fungus (FJ528715) 99

KT2S2-29 MG214589 L. esculentum Penicillium citrinum (KT385733) 100
KB2S2-15 MG214564 C. annum Uncultured ectomycorrhiza (JX043219) 91
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Figure 3. Phylogram of 46 rDNA ITS sequences of root endophytic fungi and their closest BLAST
matches based on neighbor-joining analysis. Bootstrap values of >50% are shown at branching
points. Ca: Cantharellales; Ag: Agaricales; U: Unknown; Pl: Pleosporales; Bo: Botryosphaeriales; Gl:
Glomerellales; Hy: Hypocreales; and Eu: Eurotiales.

A deeper look at the distribution of fungal taxa with potential activity against P. infestans
in relation to the source host plant showed that tomato accommodated two genera, namely
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Aspergillus (87.5%) and Penicillium (12.5%), while four genera, with Pyrenochaeta being the
most abundant (62.5%), were found in potato (Figure 4).

Figure 4. Comparative distribution of taxa with antagonistic activity against P. infestans from four
solanaceous plant species.

On the other hand, nightshade and bell pepper harbored more diverse fungi giving rise
to eight and seven known genera, respectively. Both host plants also harbored unknown
species, with the proportion being greater in bell pepper (33.3%) than in nightshade (6.7%).

2.4. In Vitro Activity of Endophytic Fungi against Mycelial Growth of P. infestans

In confrontation assays, mycelial growth retardation of P. infestans in the presence
of one of the 46 fungal endophytic isolates varied significantly (Table 2). T. harzianum
along with two endophytes (KB1S2-7 and KA1S1-34) suppressed mycelial growth of the
pathogen by 84.5%, 78.2%, and 76.5%, respectively. The other endophytes, however,
were either only moderate (KB1S4-10 and KT1S1-21), or slight (KT2S2-29 and KB2S2-
15) growth inhibitors. Macroscopic observations of the interaction zones showed that
some endophytes completely overgrew the pathogen. Members of these endophytes
including T. harzianum, Mucor moelleri, and Macrophomina phaseolina recorded the highest
inhibition (70.4–84.5%) (Table 2). Albifimbria terrestris and Penicillium simplicissimum partially
overgrew pathogen colonies giving moderate growth inhibition (51.8–56.3%). In other
cases, the growth of both endophyte and pathogen stopped once their colonies came
into contact. Mycelial growth inhibition in this group was dependent on the growth
rate of the endophytes. Fungal endophytes within the genera Aspergillus, Albifimbria,
Macrophomina, and Cylindrobasidium showed this type of interaction. Interestingly, other
endophytes within the genera Aspergillus, Penicillium, Purpureocillium, and Pyrenochaeta
created inhibition zones with the pathogen. These endophytes showed slight to moderate
inhibition percentages (13.3–46.9%) and the inhibition areas created between endophyte
and pathogen varied markedly (Table 2). Three unidentified isolates (KB1S1-4, KA2S1-42,
and KB2S2-15) formed significantly (α = 0.05) larger inhibition zones measuring 18.8, 18.3,
and 14.8 mm, respectively.
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Table 2. Mycelial growth inhibition of P. infestans and inhibition zones caused by endophytic fungi
(arranged in descending order in terms of their mycelial growth inhibition) in dual culture.

Isolate Highest BLAST Affinities Mycelial Growth Inhibition (%) * Inhibition Zone (mm) *

T16 Trichoderma harzianum 84.5 a -
KB1S2-7 Macrophomina phaseolina 78.8 ab -

KA1S1-34 Aspergillus aculeatus 76.7 ab -
NA2S2-45 Mucor moelleri 73.8 ab -
KB2S2-17 Macrophomina phaseolina 72.0 ab -
KA1S1-37 Macrophomina phaseolina 70.4 ab -
OA3S1-49 Macrophomina phaseolina 70.2 ab -
KA1S4-40 Macrophomina phaseolina 69.2 ab -
OA3S1-51 Rhizoctonia solani 69.2 ab -
NP2S2-61 Rhizoctonia solani 68.3 bc -
KB1S1-3 Aspergillus sp. 68.2 bc -

OA1S1-46 Penicillium simplicissimum 56.3 dc -
KB2S4-18 Ascomycota sp. 54.1 de -
KT1S1-23 Aspergillus ochraceopetaliformis 53.5 de 9.3 cd

KA1S1-35 Aspergillus terreus 52.0 d–f 7.0 c–e

KB1S4-10 Albifimbria terrestris 51.8 d–f -
KT1S1-21 Aspergillus ochraceopetaliformis 49.5 d–g -
KT1S1-24 Aspergillus terreus 47.0 d–h -
NP1S4-59 Colletotrichum coccodes 46.9 d–h -
KT2S1-27 Aspergillus terreus 46.5 d–h -
NA2S2-44 Penicillium simplicissimum 45.0 d–i -
NP1S5-64 Pyrenochaeta lycopersici 43.9 d–j 10.0 cd

KB1S4-13 Penicillium oxalicum 43.5 d–j -
NP2S1-55 Pyrenochaeta lycopersici 42.9 e–k 7.6 c–e

KB1S4-8 Albifimbria terrestris 41.5 e–k -
NP2S1-60 Uncultured Pyrenochaeta 39.4 f–l 17.0 a

KB1S1-1 Purpureocillium lilacinum 39.0 f–l 6.5 de

KA1S2-39 Epicoccum nigrum 39.0 f–l -
NP3S4-63 Periconia sp. 38.4 g–m 11.0 bc

KB3S4-19 Cylindrobasidium evolvens 37.3 g–m -
KA2S1-42 Uncultured Pleosporales 37.0 g–n 18.3 a

NP2S1-56 Pyrenochaeta lycopersici 36.5 g–n 11.3 bc

KT3S4-33 Aspergillus aculeatus 36.4 g–o -
NP3S2-62 Pyrenochaeta lycopersici 34.5 h–o 7.3 c–e

KT1S1-20 Aspergillus flavipes 32.2 i–p -
OA1S1-47 Pyrenochaeta lycopersici 31.4 j–q 8.0 c–e

KT1S1-22 Aspergillus terreus 31.1 j–q -
OA2S1-48 Plectosphaerella oligotrophica 30.5 k–q -
KB1S4-11 Myrothecium cinctum 28.1 l–r -
OA3S1-50 Plectosphaerella cucumerina 26.1 m–r -
OA3S1-52 Pyrenochaeta lycopersici 24.7 n–r -
KB1S1-4 Uncultured fungus 24.2 o–r 18.8 a

KB1S4-12 Aspergillus foveolatus 22.3 p–s -
KB2S2-16 Massarinaceae sp. 20.1 q–s -
KB1S4-9 Fungal endophyte isolate 20.0 q–s -

KT2S2-29 Penicillium citrinum 18.9 rs 4.8 e

KB2S2-15 Uncultured ectomycorrhiza 13.3 s 14.8 ab

* Means with the same letter are not significantly different at α = 0.05.

2.5. Potential of Endophytes Secreting Volatile Organic Compounds Active against P. infestans

Based on the results obtained from dual culture experiments, six endophytic fungal
isolates (NA2S2-45, KB2S2-17, KB1S1-4, KA2S1-42, KB2S2-15, and KB2S4-8) were selected
and subjected to further characterization regarding their ability to produce volatile organic
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compounds (VOCs) with anti-oomycete activity. All endophytes were found to produce
VOCs with varying activities against mycelial growth of P. infestans (Figure 5).

Figure 5. Suppressive effects (%) of the VOCs secreted by the endophytic fungi against mycelial
growth of P. infestans. Error bars represent the standard error of means (n = 8).

M. moelleri (NA2S2-45), M. phaseolina (KB2S2-17), and an unidentified Pleosporales
species (KA2S1-42) retarded the growth of the pathogen to a similar extent, recording
inhibition percentages of 56.7%, 50.8%, and 48.9%, respectively. Lower suppression levels
were observed in the case of Alibifimbria terrestris KB1S4-8 (18.4%) and two unidentified
fungi, KB1S1-4 (26.8%) and KB2S2-15 (16.7%).

2.6. Effect of Crude Extracts from Selected Endophytes on Sporangial Germination of P. infestans

To assess the potential of crude extracts (CEs) obtained from selected fungal isolates
against P. infestans, sporangia were allowed to germinate in the presence of 5% of individual
CEs and germination was evaluated after 16 h. Sporangia germination in 5% acetone
(solvent control) recorded ≥90% and differed only insignificantly from that of the water
control. Sporangia reacted differentially to the individual CEs applied (Table 3).

Table 3. Effect of crude extracts from the endophytes on sporangial germination and germ tube
elongation of P. infestans.

CEs Source
Inhibition (%) 1

Sporangial Germination 2 Germ tube Growth 3

KB2S2-15 100.00 a 100.00 a

KA2S1-42 100.00 a 100.00 a

KB1S1-4 69.38 b 82.73 b

NA2S2-45 30.04 c −1.92 e

Acetone (solvent) control 0.00 d 0.00 e

(1) Inhibition percentages calculated relative to the solvent control. Means with the same letter within each column
are not significantly different at α = 0.05, (p < 0.0001), n (2) = 1600, n (3) = 160.

While the crude extract (5%) from NA2S2-45 significantly retarded sporangia germina-
tion (30%), no suppressive effect on germ tube growth was detected. A similar dosage of the
crude extract from KB1S1-4 suppressed sporangial germination by approximately 70% and
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diminished germ tube elongation by >80% compared to the solvent control. The amend-
ment of P. infestans sporangia with CEs obtained from two endophytic fungi (KB2S2-15 and
KA2S1-42) entirely suppressed their germination (Table 3). As a result, CEs from KB2S2-15,
KA2S1-42, and KB1S1-4 showed suppressive effects against sporangia germination and
germ tube development and hence were selected for further in vivo investigations.

2.7. In Vivo Activity of the Crude Extracts against P. infestans

To validate the in vitro results, the effect of CEs on leaf blight development on detached
potato leaves was investigated. CEs were incorporated into sporangial suspension to give a
dosage of (5%, w:v). This mixture was inoculated on the abaxial surface of detached leaflets
on either side of the midrib. The results obtained from two independent experiments
revealed that detached leaflets treated with either acetone or CEs in the absence of the
pathogen did not show any phytotoxic damage (Figure 6b,d–f).

Figure 6. Detached potato leaflets treated or not with crude extracts of the endophytes and inoculated
(+Pi, uppercase latters) or not (−Pi, lowercase letters) with sporangial suspension of P. infestans.
(A,a): water control, (B,b): solvent control, (C,c): Infinito®, (D,d): KB1S1-4, (E,e): KB2S1-15, and (F,f):
KA2S1-42.

Under a high relative humidity, necrotic lesions covered with white fluffy hyphae
and sporangia of P. infestans developed on the inoculated leaflets treated only with water
(control) within 7 d (Figure 6A). Similarly, no decrease in lesion development or mycelial
colonization was detected on inoculated leaflets treated with 5% acetone compared with the
water control treatment (Figure 6B). In contrast, late blight symptoms and mycelial growth
were completely suppressed when the systemic broad-spectrum fungicide Infinito® was
applied (Figure 6C). Interestingly, the application of 5% CEs of the endophytes KB1S1-4,

288



Plants 2022, 11, 1605

KA2S1-42, and KB2S2-15 yielded neither visible lesions nor hyphal growth of P. infestans
on the inoculated leaflets (Figure 6D–F).

3. Discussion

The screening and identification of microorganisms with antagonistic properties
against soilborne pathogens are indispensable first steps in the search for potential bio-
control agents [27,33]. In the current study, root endophytic fungi were isolated from four
solanaceous plant species obtained from three regions in Kenya with diverse climatic con-
ditions and soil properties (Table 1). This might increase the heterogeneity and number of
fungal species obtained, and hence the possibility of identifying endophytes with unusual
adaptation strategies and potential bioactivity against P. infestans [27]. The sampling regions
were a few to several hundred kilometers apart (1000 km maximum distance), differed
in elevation (2532 m maximum difference), climate, and physio-chemical soil properties
(Table S1).

In addition to soil and climatic factors, host plant species also influence the composition
of root microbiomes, with roots being shown to harbor more endophytic biodiversity than
the rest of the plant organs [35,36]. These factors may have contributed to the realization of
357 endophytic fungal isolates from Kilifi, Nyandarua, and Kiambu from the roots of four
solanaceous plant species sampled, namely S. tuberosum, L. esculentum, S. nigrum, and C.
annuum. However, only a limited proportion of approximately 13% of the isolates showed
potential activity against P. infestans. Interestingly, 63% of the endophytes were obtained
from Kilifi (Figure 2), a non-potato growing region, implying that spatial separation could
be a predominant factor limiting pathogen–antagonist interactions. Similar findings of
the occurrence of unique endophytic fungal species from Kilifi were reported by Bogner
et al. [37]. These authors attributed their findings to the hot and humid climate experienced
in the coastal region.

The type of host plant may also have been an influential factor in the availability of
antagonists. Bell pepper and nightshade each gave rise to the largest number of antagonistic
endophytes (Figure 2), which was consistent with the finding of Kim et al. [12], that red
pepper roots harbored endophytic fungi with potent activity against P. infestans. The
endophytes from nightshade and bell pepper were significantly more diverse than those
from other host plants (Figure 4). In these two plant species, unidentified endophytes were
also captured, all isolated from Kilifi. The diversity of antagonists was lower in potato and
least in tomato (Figure 4).

Although challenges in the use of sequence information on the NCBI database for
molecular identification of fungi have been cited, it remains a useful tool in the identification
of species, especially for non-sporulating endophytes [27,38]. In the current study, there
was considerable agreement between the phylogenetic relationships of the endophytes
and their corresponding closest BLAST matches, as demonstrated by the high bootstrap
support at the terminal nodes (Table 1 and Figure 3). The exceptions were isolates KB2S2-
15 and KA2S1-42, for which BLAST matches with only little similarity were found that
did not cluster in the phylogeny. These endophytes were non-sporulating on different
nutrient media, hampering morphological characterization. Similarly, isolates KB1S1-4,
KB1S4-9, KB2S2-16, and KB2S4-18 were also non-sporulating and their identity remained
concealed, as their closest BLAST matches were unknown fungal species. The isolates
KB1S1-3, NP2S1-60, and NP3S4-63 could not be identified to the species level, but molecular
and morphological traits established their genera as Aspergillus, Pyrenochaeta, and Periconia,
respectively. On a broader perspective, most of the antagonistic endophytes characterized
in this study were Ascomycetes, while the occurrence of Basidiomycetes and Zygomycetes
was limited to one or a few isolates. The Ascomycota is the largest and most diverse fungal
phylum, and its members are usually the dominant endophytes in plants in relation to
other fungal groups [39–42].

By observing the interactions of 46 potential fungal endophytes in dual culture with
P. infestans, some antagonists rapidly grew over the pathogen colony resulting in the highest
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inhibition percentages. Apart from M. moelleri, this group comprises mainly of members of
possible potato pathogens. While the pathogenicity of these endophytes has not been yet
verified, M. moelleri has been recently indicated as a potential antagonist against different
tomato pathogens including Athelia rolfsii and Colletotrichum gloeosporiodes [43]. T. harzianum
T16 also showed a similar interaction with P. infestans. Previous reports of the activity of
Trichoderma spp. against P. infestans and other pathogens have demonstrated their capacity
for complete growth over pathogen colonies in dual culture, mycoparasitism, and antibiosis
through the production of active compounds such as 6-pentyl-α-pyrone, viridiofungin
A, harzianolide, and harzianic acid [44–47]. In exclusion of putative potato pathogens,
Aspergillus spp., Penicillium spp., Albifimbria terrestris, and Cylindrobasidium evolvens were
among the antagonistic fungal endophytes identified. Members of Aspergillus and Penicil-
lium have been shown to have endophytic lifestyles in plants as well as exhibiting bioactivity
against plant pathogens (e.g., Botrytis cinerea, Trichothecium roseum, Sclerotinia sclerotiorum,
Fusarium oxysporum, and Rhizoctonia solani) with A. niger, A. terreus, and P. citrinum being
some of the well-studied antagonists [33,39,42,48,49]. In addition, a protein derived from
Aspergillus giganteus was shown to have activity against P. infestans in vitro [50]. The Basid-
iomycete C. evolvens, as a saprophyte capable of infecting wounded stem and root tissue,
is associated with decay in woody plants [51,52]. In this study, C. evolvens was isolated as
an endophyte from the roots of C. annuum and showed a moderate antagonistic activity
against P. infestans in dual culture (Table 2). Likewise, A. terrestris was isolated from the
roots of C. annuum and is morphologically similar to A. verrucaria, whose basionym was
Myrothecium verrucaria, a known plant pathogen that has been formulated into bioherbi-
cides or nematicides [53–55]. Interestingly, some endophytes exerted their antagonism by
antibiosis as indicated by the inhibition zones. In a comparable study, CEs of Aureobasid-
ium pullulans isolated from Espeletia spp., a native Andean plant, showed in vitro activity
against P. infestans [27].

In addition, endophytic fungi are also capable of producing VOCs. VOCs from
M. moelleri, M. phaseolina, and an unknown endophyte KA2S1-42 showed a higher mycelial
growth inhibition of P. infestans than those released by KB1S1-4, A. terrestris, and KB2S2-15
(Figure 5). Previous reports have shown that Mucor spp. are able to produce ethanol
while M. phaseolina has been associated with the production of several fatty acid methyl
esters with an inhibitory activity against Sclerotinia sclerotiorum [42,56]. On the other
hand, A. verrucaria excreted bioactive compounds, including antibacterial cyclopeptides
that showed herbicidal activities as well [57,58]. Moreover, the A. verrucaria isolate SYE-1
exhibited a wide antifungal activity against B. cinerea, Lasiodiplodia theobromae, and Elsinoë
ampelina on grapevine [59]. Myrothecium inundatum, a close relative of A. terrestris, has been
implicated in the production of a variety of hydrocarbon VOCs, or their derivatives, potent
against Pythium ultimum and S. sclerotiorum [60].

VOCs have been indicated to have a greater coverage of soil and organic substrata than
diffusible organic compounds (DOCs), a characteristic attributed to their gaseous state [61].
In the current study, three unknown antagonists KA2S1-42, KA1S1-4, and KB2S2-15 showed
the capability of producing VOCs as well as DOCs that affect P. infestans. In addition, M.
moelleri showed a high inhibition of P. infestans mycelium both in dual culture and through
the production of VOCs. These findings led to the selection of the antagonistic endophytes
KA1S1-4, KB2S2-15, KA2S1-42, and M. moelleri for further testing while putative pathogens
were left out of subsequent studies.

Consistent with dual culture findings, CEs from the antagonistic endophytes KB1S1-4,
KB2S2-15, and KA2S1-42, showed a suppressive activity against sporangia germination
and the germ tube growth of P. infestans. While CEs from KB1S1-4 at a concentration of 5%
exhibited considerable suppressive effects against sporangial germination and germ tube
elongation of the pathogen, CEs from KB2S2-15 and KA2S1-42 entirely blocked sporangia
germination (Table 3). In a similar set up, Linkies et al. [62] found that upon exposure
to ethyl-acetate extracts from Chaetomium cochliodes and C. elatum at a dosage of 30%,
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sporangia germination of P. infestans was considerably inhibited. However, this dosage is
much higher (six-fold) than that used in our study.

On the other hand, although CEs from M. moelleri (NA2S2-45) showed a relatively
weak activity against sporangia germination, it did not inhibit germ tube development, sug-
gesting that the anti-Phytophthora metabolites produced by this fungus are rather confined
to the gaseous phase, which could not be extracted from the culture filtrates in concentra-
tions sufficient to affect the germination of P. infestans sporangia. Several reports agree
with the ability of endophytic, rhizospheric, or phyllospheric fungi in producing diffusible
compounds with anti-oomycete activity [12,27,45,63,64]. Tellenbach et al. [65] reported that
a strain of Phialocephala europaea was able to produce metabolites containing sclerin and
sclerotinin with activity against Phytophthora citricola. Our earlier studies showed that strain
T23 of T. harzianum (recently re-identified as T. asperellum) secreted viridiofungin A with
a strong inhibitory effect against sporangia germination of P. infestans [45]. In the current
study, although the biologically active metabolites produced by KB1S1-4, KB2S2-15, and
KA2S1-42 have not been identified, it was evident that these endophytes produce potent
compounds with a strong activity against P. infestans.

In the detached leaflet assay, the application of CEs from the endophytes KB1S1-4,
KB2S2-15, and KA2S1-42 entirely protected inoculated leaflets and suppressed the hyphal
growth of P. infestans (Figure 6). Likewise, Bae et al. [66] found that CEs from Trichoderma
atroviride showed inhibitory activities against Phytophthora sojae, P. capsici, and P. melonis and
induced defense reactions in the detached leaves of pepper and tomato plants. Furthermore,
Kim et al. [12] reported a substantial in vivo activity of Fusarium oxysporum strain EF119
against tomato late blight. Similar results were also reported by Chandrakala et al. [64],
where culture filtrates from T. virens and T. viride proved to be effective against sporangia
germination of P. infestans and impeded the establishment of late blight on potato.

Overall, we report preliminary evidence for targeting the late blight pathogen by
particular fungal endophytes both in vitro and in vivo. Based on their promising in vitro
performance against the late blight pathogen, three endophytes (KA1S1-4, KB2S2-15, and
KA2S1-42) were selected from a total of 357 isolates. These endophytic isolates proved
to be very active in protecting potato leaflets from P. infestans. This biological activity is
associated with DOCs and VOCs with anti-oomycete properties. However, the purification
and elucidation of the chemical structures of these bioactive molecules have not been
accomplished in this study. Therefore, it is still a rich field for future investigations,
particularly in terms of clarifying modes of action of the metabolites involved to determine
whether they target single or multiple pathways in P. infestans. This will shed light on the
possibility of combining them to improve their efficacy and hence both the reliability and
durability of the biocontrol.

4. Materials and Methods

4.1. Sampling Regions and Collection of Plant Materials

Root samples from four solanaceous plant species including potato (Solanum tuberosum
L.), tomato (Lycopersicon esculentum L. Mill.), bell pepper (Capsicum annuum L.), and African
nightshade (Solanum nigrum L.), were collected from three sampling regions in Kenya
(Nyandarua, Kilifi, and Kiambu) with variable soil types. From each region, root systems
of twelve apparently healthy plants were obtained along with representative soil samples.
Immediately after collection, intact roots were washed thoroughly under running tap water
to remove soil and adhering debris, air dried, and stored at 4 ◦C until further processing.
In order to determine their physio-chemical properties, soil samples were analyzed at the
Soil Science laboratories of Jomo Kenyatta University of Agriculture and Technology (Juja,
Kenya) (Table S1). pH and electrical conductivity (EC) were determined in a soil: water
mixture (2:5, w:v), while total soil organic carbon was measured using the Walkley–Black
rapid titration method [67].
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4.2. Isolation of Fungal Root Endophytes and P. infestans

Root segments of 3–4 cm from primary and secondary roots of each plant were surface
sterilized by immersion in 70% alcohol for 1 min and immediately transferred into 2.5%
sodium hypochlorite (Carl Roth, Karlsruhe, Germany) for 5 min. Root segments were
rinsed three times with sterile distilled water for 5 min and blotted between sterile paper
towels to remove excess moisture. To ascertain the success of surface sterilization, sterilized
root segments were briefly imprinted on PDA (Figure S1). Subsequently, the ends of
the root segments were trimmed off and further divided into three fragments of approx.
1 cm length, which were placed on PDA amended with 0.05 g/L chloramphenicol (Merck
KGaA, Darmstadt, Germany). Finally, plates were sealed with Parafilm and incubated at
22 ± 1 ◦C in the dark. Only endophytic fungi emerging from successfully surface sterilized
roots (Figure S2) were subcultured onto fresh PDA. Isolates were purified through either
single-spore isolation or hyphal tip transfer for sporulating and non-sporulating colonies,
respectively. Pathogens (e.g., Fusarium spp.) were excluded from further tests.

P. infestans was isolated from single lesions of potato leaves obtained from a late blight
susceptible variety (Duke of York) growing under field conditions in Hohenheim, Stuttgart,
Germany. To induce fresh sporulation, blighted leaves were placed in a humid chamber at
20 ◦C for 48 h. Colonized leaf segments were placed between two surface sterilized tuber
slices (5 mm thickness) and incubated for 7 d at 20 ◦C in the dark (Figure S3). Mycelia
emerging from the upper side of a slice were transferred to unclarified V8-based agar
medium containing 200 mL V8 juice, 2 g CaCO3, 0.05 g β-sitosterol, 0.05 g ampicillin,
0.05 g vancomycin, 0.01 g pentachloronitrobenzene (PCNB), and 15 g agar in 800 mL
deionized water. A pure culture of the pathogen generated from the tip of a single hypha
was maintained on corn meal agar (CMA, 17 g/L; Sigma-Aldrich, Munich, Germany) and
reactivated after every 3–4 transfers on CMA by inoculation on sterile potato leaflets.

4.3. Primary Screening of Endophytes for Anti-Oomycete Activity against P. infestans

A high throughput confrontation assay was established to screen 357 potential antago-
nistic endophytes against P. infestans. Owing to the slow growth of P. infestans, 5 mm Ø
agar plugs from the border of an actively growing colony were inoculated on the center of
20% V8 agar plates and incubated at 20 ◦C for 72 h in darkness. Subsequently, agar plugs
(5 mm Ø) from four different endophytic fungi were placed equidistant, 5 mm from the
edge of the Petri plates pre-inoculated with the pathogen (Figure S4). Control treatments
were set up in a similar way in the absence of endophytes. Isolates observed to retard the
growth of P. infestans compared to the control were selected for further testing and purified
to generate axenic cultures.

4.4. DNA Extraction, PCR Conditions, and Sequencing

Genomic DNA was extracted from mycelia of root endophytic fungi selected from the
screening experiment using the method described by Liu et al. [68]. PCR was conducted
in a 40 μL reaction mixture using ITS1 (5′-TCCGTAGGTGAACCTGCGG-3′) and ITS4
(5′-TCCTCCGCTTATTGATATGC-3′) primers [69] to amplify the internal transcribed spacer
regions (ITS1-5.8S-ITS2). A single PCR reaction was comprised of 8 μL of Phusion® HF
buffer (5×), 0.8 μL of dNTPs (10 mM), 1 μL of each of the forward and reverse primers
(10 μM), 0.4 μL of Phusion® polymerase (2 U/μL), and 27.8 μL of ultra-pure water. The PCR
program started with an initial denaturation step at 98 ◦C for 30 s, followed by 35 cycles
at 98 ◦C for 10 s, 54 ◦C for 20 s, and 72 ◦C for 35 s and a final extension step at 72 ◦C for
10 min. Success of amplification was ascertained on 1% agarose gels visualized with 0.05%
ethidium bromide with the aid of a gel documentation system (Quantum 1100 PEQLAB,
VWR, Darmstadt, Germany). Amplified PCR products were purified using Innu PREP
PCR-pure kit (Analytik Jena AG, Jena, Germany) and their concentration adjusted to meet
requirements for Sanger sequencing by Source Bioscience Company (Berlin, Germany).
Sequences from single reads with the forward primer (ITS1) were trimmed and edited
with GENtle v 2.0 and compared to those deposited at the NCBI database. Endophytic
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fungi whose sequences showed a similarity of >99% to database entries were considered
identical to the reference fungi [33], and their taxonomic classification carried out using
the MYCOBANK Database [34]. Evolutionary history was deduced using the Neighbour-
Joining method as described by Saitou and Nei [70] with a bootstrap test of 1000 replicates
to determine the percentage when replicate trees of related taxa clustered together [71].
The maximum composite likelihood method [72] was used to calculate the evolutionary
distances, used to infer the phylogenetic tree. Finally, sequence data were submitted to
GenBank.

4.5. Establishment the Anti-Oomycete Activity of the Endophytes

To validate the inhibitory effect of screened fungal endophytes against P. infestans,
a dual culture assay was performed. The assay was similar to that described under 4.3
except that the pathogen and each unique endophytic isolate were inoculated at 7 cm
distance. P. infestans was also inoculated on 20% V8 agar plates 72 h prior the antagonistic
isolates. Three replicates were prepared for each isolate and plates inoculated only with
the pathogen served as control. Trichoderma harzianum (T16) shown to have antagonistic
properties against several plant pathogens [45,46] was used as a positive control, while
pathogen colonies grown in the absence of the endophytes served as negative control. The
experiment was laid out in a randomized complete block design. The initial (72 h post
inoculation; hpi) and the final (12 d post inoculation; dpi) colony diameter of the pathogen
were measured. The percentage of mycelial growth inhibition was calculated using the
formula ascribed by Edgington et al. [73]. In addition, the inhibition zones created between
the pathogen and the tested endophytic fungal colonies were recorded.

4.6. Impact of Volatile Organic Compounds Extracted from the Endophytes on Mycelial Growth of
P. infestans

The ability of selected endophytic fungi to produce volatile organic compounds (VOCs)
was assessed following the modified procedure of El-Hasan et al. [74]. Briefly, agar plugs
(5 mm Ø) bearing P. infestans mycelium were placed on the center of V8 agar plates and
incubated for 72 h. Subsequently, the lid was replaced with an upside-down agar plate
inoculated with an agar plug colonized by an endophyte. Both Petri dishes were separated
with a sterile cellophane sheet and held together with Parafilm. Positive and negative
controls consisted of T. harzianum and sterile PDA plugs, respectively. Mycelial growth
inhibition (in %) was calculated as described above.

4.7. Suppressive Activity of Crude Extracts of Root Endophytic Fungi against Sporangial
Germination of P. infestans

Putative endophytic fungi that formed inhibition zones in dual culture and/or pro-
duced active VOCs were tested for their ability to produce diffusible organic compounds
with anti-oomycete activity. To this end, 1 L of 20% V8 broth was inoculated with ten agar
plugs (5 mm Ø) of an actively growing endophyte culture. The cultures were incubated on
an orbital shaker at 125 rpm and 20 ◦C in the dark for 12 d. Control treatments, where the
endophytes were absent, were set up. Crude extracts (CEs) were prepared from culture
filtrates according to El-Hasan et al. [45]. The resulting CE residues were re-dissolved in
2 mL acetone.

Sporangia of P. infestans were produced on detached potato leaflets. For this purpose,
an agar plug (3 × 3 mm) was placed on the abaxial side of a detached leaflet surface
sterilized with 2.5% sodium hypochlorite. A drop of sterile deionized water was introduced
on the interface and the inoculated leaflets were placed in a humid chamber made by
inverting the Petri dish containing water agar over lids containing sterile moist filter
paper. Cultures were incubated at 20/18 ◦C (light/dark) for 7 d in a growth chamber
with a 16 h light cycle. Sporangia were harvested by briefly vortexing infected leaflets in
a sterile centrifuge tube containing V8 liquid medium. Mycelia and leaf fragments were
trapped using double layers of sterile muslin cloth and the resulting sporangial suspension
(5 × 104 sporangia/mL) was used in subsequent experiments.
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To determine the effect of CEs on sporangia germination, 25 μL of each extract were
combined with an equal volume of water in a sterile 1.5 mL microcentrifuge tube. The
tubes were aseptically left open for three hours to allow solvent evaporation. Subsequently,
475 μL of the sporangia suspension were added to the CE solution. Cultures were incubated
at 20 ◦C in the dark to allow sporangia germination, the experiment was terminated after
16 h by the addition of 100 μL lactophenol blue. Acetone was used as solvent control.
The percentage of germinated sporangia and the length of germ tubes were determined
using a light microscope (Axioskop 2, Carl Zeiss Microscopy GmbH, Göttingen, Germany).
Images were taken with an AxioCam MRm digital camera (Carl Zeiss) and measurements
determined with the corresponding AxioVision software (SE64 Release 4.8.3 SP1; Carl
Zeiss).

4.8. Activity of the Crude Extracts against P. infestans on Detached Potato Leaflets

For the in vivo bioassay, leaflets were harvested from the fourth to sixth fully expanded
leaves obtained from potato plants (var. Duke of York) grown under greenhouse conditions.
CEs that showed activity against germination of P. infestans sporangia were tested for their
activity in vivo against the pathogen on detached leaflets. Acetone was evaporated from
the crude extracts as described above, and each extract reconstituted to give a concentration
of 5% in a sporangial suspension. Two droplets of 50 μL each were inoculated on the
abaxial surface of detached leaflets on either side of the midrib. Control treatments were
set up in a similar way and comprised water, 5% acetone, and a conventional fungicide
(Infinito®; Bayer CropScience, Langenfeld, Germany). Leaflets were placed individually in
a humid chamber and incubated for 7 d at 20/18 ◦C (light/dark) with a 16 h photoperiod.
All treatments were set up in four replicates. The assay was conducted twice.

4.9. Data Analysis

If not mentioned elsewhere, experiments were repeated at least twice in triplicate in a
completely randomized design. All statistical analyses were performed using SAS software
(SAS Institute Inc.). The MIXED and GLIMMIX procedures were applied to determine
whether there were treatment effects in the experiments conducted within this study. Data
were assessed and transformed when necessary to ensure they met model assumptions.
Pairwise comparisons among treatments were carried out using Tukey test (α = 0.05).

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants11121605/s1, Table S1. Characteristics of sampling regions;
Figure S1. Isolation of fungal root endophytes. (a) Endophytic fungi emerging from cultured roots,
(b) Clean short press plate, (c) Contaminated short press plate; Figure S2. Isolation of fungal root
endophytes from solanaceous plants, (A) Endophytic fungi arising from cultured roots, (B) Pure
fungal colonies; Figure S3. Isolation of P. infestans (a) P. infestans mycelia growing on the surface
of an inoculated potato tuber slice (b) Pure colony of P. infestans on 20% V8 agar (c) Mycelia of P.
infestans on potato leaflets inoculated with the pathogen; Figure S4. Dual antagonistic assay of fungal
endophytes and P. infestans. (a) Co-culture of P. infestans (center colony) with four root endophytes to
screen for activity against the pathogen’s mycelia (b) Setup of dual culture assay on the introduction
of an endophyte 72 h after P. infestans (left colony) inoculation (c) Schematic representation of the
measurement (R2) used in calculating percentage of inhibition.

Author Contributions: Conceptualization, A.E.-H., G.N. and R.T.V.; methodology, A.E.-H. and G.N.;
validation, G.N. and A.E.-H.; formal analysis, A.E.-H., G.N. and T.I.L.; investigation, G.N.; resources,
A.E.-H. and G.N.; data curation, G.N. and A.E.-H.; writing—original draft preparation, A.E.-H.
and G.N.; writing—review and editing, A.E.-H., T.I.L. and R.T.V.; visualization, G.N. and A.E.-H.;
supervision, A.E.-H. and R.T.V.; project administration, R.T.V.; funding acquisition, G.N. and R.T.V.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the German Academic Exchange Service (DAAD), grant
number A/12/97759, and Food Security Center (FSC), University of Hohenheim, no grant number.

Institutional Review Board Statement: Not applicable.

294



Plants 2022, 11, 1605

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are all contained within the figures
and tables.

Acknowledgments: The kind assistance of Heike Popovitsch, Bianka Maiwald and Sybille Berger of
the Institute of Phytomedicine, University of Hohenheim is greatly acknowledged.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Haverkort, A.J.; Struik, P.C.; Visser, R.G.F.; Jacobsen, E. Applied biotechnology to combat late blight in potato caused by
Phytophthora Infestans. Potato Res. 2009, 52, 249–264. [CrossRef]

2. Kromann, P.; Miethbauer, T.; Ortiz, O.; Forbes, G.A. Review of potato biotic constraints and experiences with integrated pest
management interventions. In Integrated Pest Management; Pimental, D., Peshin, R., Eds.; Springer: Dordrecht, The Netherlands,
2014; pp. 245–268.

3. Ivanov, A.A.; Ukladov, E.O.; Golubeva, T.S. Phytophthora infestans: An Overview of Methods and Attempts to Combat Late Blight.
J. Fungi 2021, 7, 1071. [CrossRef] [PubMed]

4. Fry, W.E.; Birch, P.R.J.; Judelson, H.S.; Grünwald, N.J.; Danies, G.; Everts, K.L.; Gevens, A.J.; Gugino, B.K.; Johnson, D.A.; Johnson,
S.B.; et al. Five reasons to consider Phytophthora infestans a reemerging pathogen. Phytopathology 2015, 105, 966–981. [CrossRef]
[PubMed]

5. Olanya, O.M.; Adipala, E.; Hakiza, J.J.; Kedera, J.C.; Ojiambo, P.; Mukalazi, J.M.; Forbes, G.; Nelson, R. Epidemiology and
population dynamics of Phytophthora infestans in sub Saharan Africa. Afr. Crop Sci. J. 2001, 9, 185–194. [CrossRef]

6. Chepsergon, J.; Motaung, T.E.; Bellieny-Rabelo, D.; Moleleki, L.N. Organize, Don’t Agonize: Strategic Success of Phytophthora
Species. Microorganisms 2020, 8, 917. [CrossRef]

7. Leach, S.S. Effects of copper and copper fungicide soil residues on Phytophthora infestans. Am. Potato J. 1966, 43, 431–438. [CrossRef]
8. Bruck, R.I.; Fry, W.E.; Apple, A.E. Effect of metalaxyl, an acylalanine fungicide, on developmental stages of Phytophthora infestans.

Phytopathology 1980, 70, 597–601. [CrossRef]
9. Wale, S.; Platt, H.W.; Cattlin, N.D. Introduction. In Diseases, Pests and Disorders of Potatoes: A Colour Handbook; Wale, S.H., Platt, W.,

Cattlin, N.D., Eds.; Manson Publishing: London, UK, 2008; pp. 6–8.
10. Cohen, Y.; Rubin, A.E.; Galperin, M. Effective control of two genotypes of Phytophthora infestans in the field by three oxathiapiprolin

fungicidal mixtures. PLoS ONE 2021, 16, e0258280. [CrossRef]
11. Rani, L.; Thapa, K.; Kanojia, N.; Sharma, N.; Singh, S.; Grewal, A.; Srivastav, A.L.; Kaushal, J. An extensive review on the

consequences of chemical pesticides on human health and environment. J. Clean. Prod. 2021, 283, 124657. [CrossRef]
12. Kim, H.-Y.; Choi, G.J.; Lee, H.B.; Lee, S.-W.; Lim, H.K.; Jang, K.S.; Son, S.W.; Lee, S.O.; Cho, K.Y.; Sung, N.D.; et al. Some fungal

endophytes from vegetable crops and their anti-oomycete activities against tomato late blight. Lett. Appl. Microbiol. 2007, 44,
332–337. [CrossRef]

13. Portz, D.; Koch, E.; Slusarenko, A.J. Effects of garlic (Allium sativum) juice containing allicin on Phytophthora infestans and downy
mildew of cucumber caused by Pseudoperonospora cubensis. Eur. J. Plant Pathol. 2008, 122, 197–206. [CrossRef]

14. Andrade-Linares, D.R.; Grosch, R.; Restrepo, S.; Krumbein, A.; Franken, P. Effects of dark septate endophytes on tomato plant
performance. Mycorrhiza 2011, 21, 413–422. [CrossRef] [PubMed]

15. Hashemi, M.; Tabet, D.; Sandroni, M.; Benavent-Celma, C.; Seematti, J.; Andersen, C.; Grenville-Briggs, L. The hunt for sustainable
biocontrol of oomycete plant pathogens, a case study of Phytophthora infestans. Fungal Biol. Rev. 2022, 40, 53–69. [CrossRef]

16. Miller, S.L. Functional diversity in fungi. Can. J. Bot. 1995, 73, 50–57. [CrossRef]
17. Berg, G.; Krechel, A.; Lottmann, J.; Faltin, F.; Ulrich, A.; Hallmann, J.; Grosch, R. Endophytes: A new source for multi-target

Biological Control Agents? IOBC/WPRS Bull. 2004, 27, 161–165.
18. van Loon, L.C.; Bakker, P.A.H.M.; Pieterse, C.M.J. Systemic resistance induced by rhizospere bacteria. Annu. Rev. Phytopathol.

1998, 36, 453–483. [CrossRef]
19. Kloepper, J.W.; Ryu, C.-M. Bacterial endophytes as elicitors of induced systemic resistance. In Microbial Root Endophytes, SOIL

Biology; Schulz, B., Boyle, C., Sieber, T.N., Eds.; Springer Science + Business Media Verlag: Berlin, Germany, 2006; Volume 9,
pp. 33–52.

20. Feng, Y.; Shen, D.; Song, W. Rice endophyte Pantoea agglomerans YS19 promotes host plant growth and affects allocations of host
photosynthates. J. Appl. Microbiol. 2006, 100, 938–945. [CrossRef]

21. Mizubuti, E.S.G.; Júnior, L.V.; Gregory, F.A. Management of late blight with alternative products. Pest. Technol. 2007, 1, 106–116.
22. De Vrieze, M.; Germanier, F.; Vuille, N.; Weisskopf, L. Combining Different Potato-Associated Pseudomonas Strains for Improved

Biocontrol of Phytophthora infestans. Front. Microbiol. 2018, 9, 2573. [CrossRef]
23. Ng, K.K.; Webster, J.M. Oomycete activity of Xenorhabdus bovienii. Can. J. Plant Pathol. 1997, 2, 125–132. [CrossRef]
24. Daayf, F.; Adam, L.; Fernando, W.G.D. Comparative screening of bacteria for biological control of potato late blight (strain US-8),

using in-vitro, detached-leaves, and whole-plant testing systems. Can. J. Plant Pathol. 2003, 25, 276–284. [CrossRef]

295



Plants 2022, 11, 1605

25. Stephan, D.; Schmitt, A.; Carvalho, S.M.; Seddon, B.; Koch, E. Evaluation of biocontrol preparations and plant extracts for the
control of Phytophthora infestans on potato leaves. Eur. J. Plant Pathol. 2005, 112, 235–246. [CrossRef]

26. Loliam, B.; Morinaga, T.; Chaiyanan, S. Biocontrol of Phytophthora infestans, fungal pathogen of seedling damping off disease in
economic plant nursery. Psyche 2012, 2012, 324317. [CrossRef]

27. Miles, L.A.; Lopera, C.A.; González, S.; Cepero de García, M.C.; Franco, A.E.; Restrepo, S. Exploring the biocontrol potential of
fungal endophytes from an Andean Colombian Paramo ecosystem. BioControl 2012, 57, 697–710. [CrossRef]

28. Gupta, J. Efficacy of biocontrol agents against Phytophthora infestans on potato. Int. J. Eng. Sci. 2016, 6, 2249–2252.
29. Al-Mughrabi, K.I. Biological control of Phytophthora infestans of potatoes using Trichoderma atroviride. Pest. Technol. 2008, 2,

104–108.
30. Andrade-Linares, D.R.; Grosch, R.; Franken, P.; Rexer, K.-H.; Kost, G.; Restrepo, S.; de Garcia, M.C.C.; Maximova, E. Colonization

of roots of cultivated Solanum lycopersicum by dark septate and other ascomycetous endophytes. Mycologia 2011, 103, 710–721.
[CrossRef]

31. Kannan, K.P.; Muthumary, J. Comparative analysis of endophytic mycobiota in different tissues of medicinal plants. Afr. J.
Microbiol. Res. 2012, 6, 4219–4225.

32. de Vries, S.; von Dahlen, J.K.; Schnake, A.; Ginschel, S.; Schulz, B.; Rose, L.E. Broad-spectrum inhibition of Phytophthora infestans
by root endophytes. FEMS Microbiol. Ecol. 2018, 94, fiy037. [CrossRef]

33. Kusari, P.; Kusari, S.; Spiteller, M.; Kayser, O. Endophytic fungi harbored in Cannabis sativa L.: Diversity and potential as biocontrol
agents against host plant-specific phytopathogens. Fungal Divers. 2012, 60, 137–151. [CrossRef]

34. Crous, P.W.; Gams, W.; Stalpers, J.A.; Robert, V.; Stegehuis, G. MycoBank: An online initiative to launch mycology into the 21st
century. Stud. Mycol. 2004, 50, 19–22.

35. Lv, Y.; Zhang, F.; Chen, J.; Cui, J.; Xing, Y.; Li, X.; Guo, S. Diversity and antimicrobial activity of endophytic fungi associated with
the alpine plant Saussurea involucrata. Biol. Pharm. Bull. 2010, 33, 1300–1306. [CrossRef] [PubMed]

36. Bokati, D.; Herrera, J.; Poudel, R. Soil influences colonization of root-associated fungal endophyte communities of maize, wheat
and their progenitors. J. Mycol. 2016, 2016, 8062073. [CrossRef]

37. Bogner, C.W.; Kariuki, G.M.; Elashry, A.; Sichtermann, G.; Buch, A.; Mishra, B.; Thines, M.; Grundler, F.M.W.; Schouten, A. Fungal
root endophytes of tomato from Kenya and their nematode biocontrol potential. Mycol. Prog. 2016, 15, 30. [CrossRef]

38. Arnold, A.E.; Lutzoni, F. Diversity and host range of foliar fungal endophytes: Are tropical leaves biodiversity hotspots? Ecology
2007, 88, 541–549. [CrossRef]

39. Vitorino, L.C.; Silva, F.G.; Soares, M.A.; Souchie, E.L.; Lima, W.C. The isolation and characterization of endophytic microorganisms
from Hyptis marrubioides Epling roots. Afr. J. Biotechnol. 2012, 11, 12766–12772.

40. Karst, J.; Piculell, B.; Brigham, C.; Booth, M.; Hoeksema, J.D. Fungal communities in soils along a vegetative ecotone. Mycologia
2013, 105, 61–70. [CrossRef]

41. Lau, M.K.; Arnold, A.E.; Johnson, N.C. Factors influencing communities of foliar fungal endophytes in riparian woody plants.
Fungal Ecol. 2013, 6, 365–378. [CrossRef]

42. Chowdhary, K.; Kaushik, N. Fungal endophyte diversity and bioactivity in the Indian medicinal plant Ocimum sanctum. PLoS
ONE 2015, 10, e0141444. [CrossRef]

43. Nartey, L.; Pu, Q.; Zhu, W.; Zhang, S.; Li, J.; Yao, Y.; Hu, X. Antagonistic and plant growth promotion effects of Mucor moelleri,
a potential biocontrol agent. Microbiol. Res. 2022, 255, 126922. [CrossRef]

44. El-Hasan, A.; Walker, F.; Schöne, J.; Buchenauer, H. Antagonistic effect of 6-pentyl-alpha-pyrone produced by Trichoderma
harzianum toward Fusarium moniliforme. J. Plant Dis. Prot. 2007, 114, 62–68. [CrossRef]

45. El-Hasan, A.; Walker, F.; Schöne, J.; Buchenauer, H. Detection of viridiofungin A and other antifungal metabolites excreted by
Trichoderma harzianum active against different plant pathogens. Eur. J. Plant Pathol. 2009, 124, 457–470. [CrossRef]

46. El-Hasan, A.; Walker, F.; Klaiber, I.; Schöne, J.; Pfannstiel, J.; Voegele, R.T. New Approaches to Manage Asian Soybean Rust
(Phakopsora pachyrhizi) Using Trichoderma spp. or Their Antifungal Secondary Metabolites. Metabolites 2022, 12, 507. [CrossRef]

47. Matroudi, S.; Zamani, M.R.; Motallebi, M. Antagonistic effects of three species of Trichoderma sp. on Sclerotinia sclerotiorum, the
causal agent of canola stem rot. Egypt. J. Biol. 2009, 11, 37–44.

48. Tripathi, A.; Sharma, N.; Tripathi, N. Biological control of plant diseases: An overview and the Trichoderma system as biocontrol
agents. In Management of Fungal Plant Pathogens; Arya, A., Perelló, A.E., Eds.; CAB International: Oxfordshire, UK, 2010;
pp. 110–121.

49. Massimo, N.C.; Devan, M.M.N.; Arendt, K.R.; Wilch, M.H.; Riddle, J.M.; Furr, S.H.; Steen, C.; U’Ren, J.M.; Sandberg, D.C.;
Arnold, E. Fungal endophytes in above-ground tissues of desert plants: Infrequent in culture, but highly diverse and distinctive
symbionts. Microb. Ecol. 2015, 70, 61–76. [CrossRef]

50. Vila, L.; Lacadena, V.; Fontanet, P.; del Pozo, M.A.; Segundo, B.S. A protein from the mold Aspergillus giganteus is a potent inhibitor
of fungal plant pathogens. Mol. Plant-Microbe Interact. 2001, 14, 1327–1331. [CrossRef]

51. Vasiliauskas, R.; Stenlid, J. Fungi inhabiting stems of Picea abies in a managed stand in Lithuania. For. Ecol. Manag. 1998, 109,
119–126. [CrossRef]

52. Vasiliauskas, R.; Stenlid, J. Population structure and genetic variation in Cylindrobasidium evolvens. Mycol. Res. 1998, 102,
1453–1458. [CrossRef]

296



Plants 2022, 11, 1605

53. Warrior, P.; Rehberger, L.A.; Beach, M.; Grau, P.A.; Kirfman, G.W.; Conley, J.M. Commercial development and introduction of
DiTeraTM, a new nematicide. Pest. Manag. Sci. 1999, 59, 376–379. [CrossRef]

54. Hoagland, R.E.; Boyette, D.C.; Abbas, H.K. Myrothecium verrucaria isolates and formulations as bioherbicide agents for kudzu.
Biocontrol Sci. Technol. 2007, 17, 721–731. [CrossRef]

55. Lombard, L.; Houbraken, J.; Decock, C.; Samson, R.A.; Meijer, M.; Réblová, M.; Groenewald, J.Z.; Crous, P.W. Generic hyper-
diversity in Stachybotriaceae. Persoonia 2016, 36, 156–246. [CrossRef] [PubMed]

56. Kurakov, A.V.; Lavrent, R.B.; Nechitailo, T.Y.; Golyshin, P.N.; Zvyagintsev, D.G. Diversity of facultatively anaerobic microscopic
mycelial fungi in soils. Microbiology 2008, 77, 90–98. [CrossRef]

57. Zou, X.; Niu, S.; Ren, J.; Li, E.; Liu, X.; Che, Y. Verrucamides A–D, antibacterial cyclopeptides from Myrothecium verrucaria. J. Nat.
Prod. 2011, 74, 1111–1116. [CrossRef] [PubMed]

58. Walker, H.L.; Tilley, A.M. Evaluation of an isolate of Myrothecium verrucaria from sicklepod (Senna obtusifolia) as a potential
mycoherbicide agent. Biol. Control 1997, 10, 104–112. [CrossRef]

59. Li, Z.; Chang, P.; Gao, L.; Wang, X. The endophytic fungus Albifimbria verrucaria from wild grape as an antagonist of Botrytis
cinerea and other grape pathogens. Phytopathology 2019, 110, 843–850. [CrossRef]

60. Banerjee, D.; Strobel, G.A.; Booth, E.; Geary, B.; Sears, J.; Spakowicz, D.; Busse, S. An endophytic Myrothecium inundatum
producing volatile organic compounds. Mycosphere 2010, 1, 229–240.

61. Boddy, L. Interactions between fungi and other microbes. In The Fungi, 3rd ed.; Watkinson, S.C., Boddy, L., Money, N.P., Eds.;
Academic Press: London, UK, 2016; pp. 337–360.

62. Linkies, A.; Jacob, S.; Zink, P.; Maschemer, M.; Maier, W.; Koch, E. Characterization of cultural traits and fungicidal activity of
strains belonging to the fungal genus Chaetomium. J. Appl. Microbiol. 2021, 131, 375–391. [CrossRef]

63. Bae, S.J.; Mohanta, T.K.; Chung, J.Y.; Ryu, M.; Park, G.; Shim, S.; Hong, S.-B.; Seo, H.; Bae, D.-W.; Bae, I.; et al. Trichoderma
metabolites as biological control agents against Phytophthora pathogens. Biol. Control 2016, 92, 128–138. [CrossRef]

64. Chandrakala, A.; Chadrashekar, S.C.; Jyothi, G.; Ravikumar, B.M. Effect of cell-free culture filtrates of bio-control agents on the
spore germination and infection by Phytophthora infestans causing late blight of potato. Glob. J. Biol. Agric. Health Sci. 2012, 1,
40–45.

65. Tellenbach, C.; Sumarah, M.W.; Grünig, C.R.; Miller, J.D. Inhibition of Phytophthora species by secondary metabolites produced by
the dark septate endophyte Phialocephala europaea. Fungal Ecol. 2013, 6, 12–18. [CrossRef]

66. Bae, H.; Roberts, D.P.; Lim, H.-S.; Strem, M.D.; Park, S.-C.; Ryu, C.-M.; Melnick, R.L.; Bailey, B.A. Endophytic Trichoderma isolates
from tropical environments delay disease onset and induce resistance against Phytophthora capsici in hot pepper using multiple
mechanisms. Mol. Plant-Microbe Interact. 2011, 24, 336–351. [CrossRef] [PubMed]

67. Schulte, E.E.; Hoskins, B. Recommended soil organic matter tests. In Recommended Soil Testing Procedures for the Northeastern
United States, The Northeast Coordinating Committee for Soil Testing (NEC 1812), Northeastern Regional Publication Cooperative Bulletin
No. 493, 3rd ed.; Agricultural Experiment Station, Univ. of Delaware: Newark, NY, USA, 2011; pp. 63–74.

68. Liu, D.; Coloe, S.; Baird, R.; Pedersen, J. Rapid mini-preparation of fungal DNA for PCR. J. Clin. Microbiol. 2000, 38, 471. [CrossRef]
[PubMed]

69. White, T.J.; Bruns, T.; Lee, S.; Taylor, J. PCR protocols: A guide to methods and applications. In Amplification and Direct Sequencing
of Fungal Ribosomal DNA Genes for Phylogenetics; Innis, M.A., Gelfand, D.H., Sninsky, J.J., White, T.J., Eds.; Academic Press Inc.:
San Diego, CA, USA, 1990; pp. 315–322.

70. Saitou, N.; Nei, M. The neighbor-joining method: A new method for reconstructing phylogenetic trees. Mol. Biol. Evol. 1987, 4,
406–425.

71. Felsenstein, J. Confidence limits on phylogenies: An approach using the bootstrap. Evolution 1985, 39, 783–791. [CrossRef]
72. Tamura, K.; Nei, M.; Kumar, S. Prospects for inferring very large phylogenies by using the neighbor-joining method. Proc. Natl.

Acad. Sci. USA 2004, 101, 11030–11035. [CrossRef]
73. Edgington, L.V.; Khew, K.L.; Barron, G.L. Fungitoxic spectrum of benzimidazole compounds. Phytopathology 1971, 61, 42–44.

[CrossRef]
74. El-Hasan, A.; Schöne, J.; Höglinger, B.; Walker, F.; Voegele, R.T. Assessment of the antifungal activity of selected biocontrol agents

and their secondary metabolites against Fusarium graminearum. Eur. J. Plant Pathol. 2018, 150, 91–103. [CrossRef]

297





Citation: Esquivel-Cervantes, L.F.;

Tlapal-Bolaños, B.; Tovar-Pedraza,

J.M.; Pérez-Hernández, O.;

Leyva-Mir, S.G.; Camacho-Tapia, M.

Efficacy of Biorational Products for

Managing Diseases of Tomato in

Greenhouse Production. Plants 2022,

11, 1638. https://doi.org/10.3390/

plants11131638

Academic Editors: Špela Mechora

and Dragana Šunjka

Received: 21 May 2022

Accepted: 18 June 2022

Published: 21 June 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

plants

Article

Efficacy of Biorational Products for Managing Diseases of
Tomato in Greenhouse Production

Luis Fernando Esquivel-Cervantes 1, Bertha Tlapal-Bolaños 1,*, Juan Manuel Tovar-Pedraza 2,*,

Oscar Pérez-Hernández 3, Santos Gerardo Leyva-Mir 1 and Moisés Camacho-Tapia 4

1 Departamento de Parasitología Agrícola, Universidad Autónoma Chapingo, Texcoco 56230, Mexico;
luis-esqcer1@hotmail.com (L.F.E.-C.); lsantos@correo.chapingo.mx (S.G.L.-M.)

2 Laboratorio de Fitopatología, Coordinación Regional Culiacán, Centro de Investigación en Alimentación y
Desarrollo, Culiacán 80110, Mexico

3 Department of Plant Sciences and Plant Pathology, Montana State University, Bozeman, MT 59717, USA;
oscar.perezhernandez@montana.edu

4 Laboratorio Nacional de Investigación y Servicio Agroalimentario y Forestal, Universidad Autónoma
Chapingo, Texcoco 56230, Mexico; moises.camachotapia@gmail.com

* Correspondence: btlapalb@chapingo.mx (B.T.-B.); juan.tovar@ciad.mx (J.M.T.-P.)

Abstract: Gray mold (Botrytis cinerea), late blight (Phytophthora infestans), powdery mildew (Leveillula taurica),
pith necrosis (Pseudomonas corrugata), and bacterial canker (Clavibacter michiganensis) are major dis-
eases that affect tomato (Solanum lycopersicum L.) in greenhouse production in Mexico. Management
of these diseases depends heavily on chemical control, with up to 24 fungicide applications required
in a single season to control fungal diseases, thus ensuring a harvestable crop. While disease chemical
control is a mainstay practice in the region, its frequent use increases the production costs, likelihood
of pathogen-resistance development, and negative environmental impact. Due to this, there is a
need for alternative practices that minimize such effects and increase profits for tomato growers.
The aim of this study is to evaluate the effect of biorational products in the control of these diseases
in greenhouse production. Four different treatments, including soil application of Bacillus spp. or
B. subtilis and foliar application of Reynoutria sachalinensis, Melaleuca alternifolia, harpin αβ proteins,
or bee honey were evaluated and compared to a conventional foliar management program (control)
in a commercial production greenhouse in Central Mexico in 2016 and 2017. Disease incidence
was measured at periodic intervals for six months and used to calculate the area under the disease
progress curve (AUDPC). Overall, the analysis of the AUDPC showed that all treatments were more
effective than the conventional program in controlling most of the examined diseases. The tested
products were effective in reducing the intensity of powdery mildew and gray mold, but not that of
bacterial canker, late blight, and pith necrosis. Application of these products constitutes a disease
management alternative that represents cost-saving to tomato growers of about 2500 U.S. dollars per
production cycle ha−1, in addition to having less negative impact on the environment. The products
tested in this study have the potential to be incorporated in an integrated program for management
of the examined diseases in tomato in this region.

Keywords: Solanum lycopersicum; integrated disease management; plant extracts; defense inducers;
incidence; AUDPC

1. Introduction

Tomato (Solanum lycopersicum L.) is one of the most widely cultivated plants in
the world and is appreciated for its high nutritional value [1]. Mexico is the ninth
largest producer, with 3.4 million tons annually, and the largest exporter of tomato world-
wide [2]. Out of the total production of tomato in Mexico, 40% is conducted in green-
houses. A major constraint in greenhouse tomato production is diseases, several of
which occur each season. Among the most frequent diseases are those caused by fungi,
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oomycetes, and bacteria; damage is reported in pre- and postemergence, transplanting,
and crop development [3,4]. The most concerning diseases in this region are caused by
oomycetes such as Pythium aphanidermatum and Phytophthora capsici, and by fungi such as
Rhizoctonia solani, Fusarium oxysporum, F. solani, Verticillium dahliae, Macrophomina phaseolina,
Botrytis cinerea, Sclerotinia sclerotiorum, and Sclerotium rolfsii. During crop development, it is
common to find Phytophthora infestans, Botrytis cinerea, Alternaria solani, Sclerotinia sclerotiorum,
Phoma lycopersici, Septoria lycopersici, and Leveillula taurica. Bacterial diseases caused by the
species Clavibacter michiganensis, Pseudomonas corrugata, Pseudomonas syringae pv. tomato,
Xanthomonas vesicatoria, and Pectobacterium carotovorum [5] also affect the crop in the grow-
ing season. All of these diseases cause damage to roots and above-ground parts, including
fruit, and inflict high economic losses [5], mainly due to their cost of control. Virtually, the
only way to control these diseases is with the use of chemical products. Many growers
in this region carry out up to 24 applications in a growing season to ensure a harvestable
crop. The repeated fungicide applications elevate production costs, leaving growers with
small margins that render the operations unsustainable. In addition, the numerous appli-
cations have a negative impact on the environment. This latter aspect has become more
concerning due to the public pressure and demand for healthy tomato fruit. In view of that,
there is an urgent need for alternative sustainable strategies to manage these diseases. A
relatively new approach to disease control in the region is the use of biorational products.
Biorational products are low-environmental-impact products for use in agriculture [6–8].
They include biopesticides (fungi or bacteria), botanicals (plant extracts, oils), minerals,
as well as products for crop stress management [6,7]. Several products are of commercial
use at present, for example, a large number of bacterial strains have been isolated and
identified as biocontrol agents against tomato diseases [8]. Among them, the genus Bacillus
is widely distributed and recognized as an effective biocontrol agent of crop diseases [9].
Bacillus-based biological control agents (BCAs) have great potential in integrated pest
management (IPM) systems; however, most research has focused on BCAs as alternatives
to synthetic chemical fungicides or bactericides and not as part of an integrated disease
management system [10]. The main mechanisms of action of Bacillus spp. are the excretion
of antibiotics, toxins, siderophores, and lytic enzymes as well as the induction of systemic
resistance [9]. Currently, various commercial formulations have strains of the genus Bacillus
as an active ingredient, due to their colonization capacity, easy reproduction, and high
persistence associated with the formation of endospores, the last being a characteristic of
special interest as it allows them to survive under abiotic stress conditions, facilitating their
production and storage for long periods of time [11]. The efficacy and performance of these
products in commercial tomato production are unknown.

The aim of this study is to evaluate the efficacy of biorational products in controlling
diseases in greenhouse tomato production. The ultimate goal is to be able to incorporate these
tactics into an integrated disease management system in commercial tomato production.

2. Results

In 2016, the lowest incidence values of diseases caused by B. cinerea and L. taurica were
observed with soil-applied Bacillus spp. (Figure 1), while the lowest incidence values for
late blight and pith necrosis occurred in the treatments with B. subtilis (Figure 2). However,
no difference was observed in the incidence of bacterial canker between treatments based
on Bacillus spp. and B. subtilis. In 2017, the lowest incidence of the disease caused by
B. cinerea was observed in tomato plants treated with B. subtilis; however, for the other
diseases, the lowest incidence values occurred in plants treated with soil-applied Bacillus
spp. (Figures 3 and 4).
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Figure 1. Temporal progress of five major tomato diseases—(A) gray mold (Botrytis cinerea),
(B) late blight (Phytophthora infestans), (C) powdery mildew (Leveillula taurica), (D) pith necrosis
(Pseudomonas corrugata), and (E) bacterial canker (Clavibacter michiganensis)—under the effect of differ-
ent treatments consisting of soil application of Bacillus spp. via drip irrigation and foliar application of
biorational products via spraying in greenhouse tomato production in Mexico in 2016. Dotted vertical
lines in graphs indicate the approximate timing of application of fungicides in the conventional
management program or in any other treatment due to low intensity tolerance to disease. Incidence
values are the average of three replications.
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Figure 2. Temporal progress of major tomato diseases—(A) gray mold (Botrytis cinerea),
(B) late blight (Phytophthora infestans), (C) powdery mildew (Leveillula taurica), (D) pith necrosis
(Pseudomonas corrugata), and (E) bacterial canker (Clavibacter michiganensis)—in five different treat-
ment combinations consisting of soil application of Bacillus subtilis via drip irrigation and foliar
application of biorational products in tomato greenhouse production in Experiment 2 in 2016. Dotted
vertical lines in graphs indicate the approximate timing of application of fungicides in the conven-
tional management program or in any other treatment due to low-intensity tolerance to disease.
Incidence values are the average of three replications.

302



Plants 2022, 11, 1638

 

 
 
 

Figure 3. Temporal progress of major tomato diseases—(A) gray mold (Botrytis cinerea),
(B) late blight (Phytophthora infestans), (C) powdery mildew (Leveillula taurica), (D) pith necrosis
(Pseudomonas corrugata), and (E) bacterial canker (Clavibacter michiganensis)—in five different treatment
combinations consisting of soil application of Bacillus spp. Via drip irrigation and foliar application
of biorational products in tomato greenhouse production in Experiment 1 in 2017. Dotted vertical
lines in graphs indicate the approximate timing of application of fungicides in the conventional
management program or in any other treatment due to low-intensity tolerance to disease. Incidence
values are the average of three replications.
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Figure 4. Temporal progress of major tomato diseases—(A) gray mold (Botrytis cinerea),
(B) late blight (Phytophthora infestans), (C) powdery mildew (Leveillula taurica), (D) pith necrosis
(Pseudomonas corrugata), and (E) bacterial canker (Clavibacter michiganensis)—in five different treat-
ment combinations consisting of soil application of Bacillus subtilis via drip irrigation and foliar
application of biorational products in tomato greenhouse production in Experiment 2 in 2017. Dotted
vertical lines in graphs indicate the approximate timing of application of fungicides in the conven-
tional management program or in any other treatment due to low-intensity tolerance to disease.
Incidence values are the average of three replications.
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2.1. Treatment Effect in 2016: Experiment 1

Gray mold. The tomato plants that received the biorational foliar treatments resulted
in numerically low AUDCP compared to the conventional treatment program. Treatment
with harpin proteins and R. sachalinensis exhibited the highest level of disease control,
as indicated by the low AUDPC (Table 1). However, the difference was not significant
(Table 1). All treatments indicated a lower incidence of disease than the base-conventional
treatment. In terms of incidence, the end-of-season incidence of gray mold showed a
significant difference among treatments on August (P = 0.0025). The treatments with the
lowest incidence of gray mold in this year were those including R. sachalinensis and harpin
αβ proteins with 3.77 and 10.11%, respectively, while the highest incidence occurred in the
nontreated plants with 20.82%. In the rest of the growing season, the difference was not
significant (P > 0.05) and only a numerical difference was observed, with the best treatment
being that of harpin proteins, with incidence below 5% (Figure 1A). Peaks of incidence
were more evident through midseason with disease going up and down (Figure 1).

Table 1. Effect of soil-application of Bacillus spp. and foliar application of different biorational
products in the control of major tomato diseases in greenhouse in Mexico in 2016 and 2017.

Treatment

AUDPC a

Gray Mold
AUDPC

Late Blight
AUDPC

Powdery Mildew
AUDPC

Pith Necrosis
AUDPC

Bacterial Canker

2016 2017 2016 2017 2016 2017 2016 2017 2016 2017

T1 c 59.24 ab 119.67 a 10.62 a 15.16 a 1.43 a 20.65 a 68.90 a 153.03 a 3.03 ab 23.26 a

T2 d 36.04 bc 53.65 c 10.94 a 6.35 b 0.18 a 4.05 b 30.65 b 164.30 a 0.0 b 18.31 a

T3 e 27.80 c 82.93 b 3.98 a 7.64 ab 0.17 a 10.09 ab 48.43 ab 121.60 a 6.52 a 18.07 a

T4 f 48.80 ab 53.41 c 14.31 a 9.51 ab 0.0 a 4.60 b 58.39 ab 171.64 a 0.0 b 19.07 a

T5 g 45.03 abc 67.8 bc 5.36 a 7.25 ab 0.35 a 9.57 ab 45.52 ab 129.71 a 0.0 b 23.74 a

a AUDPC—Area under the disease progress curve. b Mean values followed by different letters in the column
indicate significant differences among treatments according to a Duncan test (P < 0.05). Value in each cell is from
three replications. c T1—Soil application of Bacillus spp. + conventional foliar applications. d T2—Soil application
of Bacillus spp. and foliar application of extracts of R. sachalinensis. e T3—Soil application of Bacillus spp. via drip
irrigation + foliar application of αβ harpins. f T4—Soil application of Bacillus spp. via drip irrigation + foliar
application of Melalueca alternifolia. g T5—Soil application of Bacillus spp. via drip irrigation + foliar application of
bee honey.

Late blight. Incidence of late blight in the experiment with Bacillus spp. (Figure 1B) did
not show a significant statistical difference on the dates between treatments, but it did show
a numerical difference, where the highest incidence was in August for the treatment with
M. alternifolia, in September for the control, and from October onwards in the treatment with
R. sachalinensis, while the lowest incidence during these months occurred in the treatments
with harpin αβ proteins and bee honey. The AUDPC values in the experiment with Bacillus
spp. did not exhibit a statistical difference, but a numerical difference (Table 1), where
the lowest was in the treatments with harpin proteins and bee honey with 3.98 and 5.36,
respectively. The highest value was not recorded in the nontreated control (10.62), but in
the treatment with M. alternifolia (14.31).

Powdery mildew. As the season progressed, incidence of powdery mildew in the ex-
periment with Bacillus spp. (Figure 1C) showed no statistical difference and only presented
incidence at the beginning of the growing season, which was in June in the nontreated
control with 2.8% against M. alternifolia with 0%. The AUDPC values for powdery mildew
(Table 1) showed no significant difference either, where the highest value being 1.43 for the
nontreated plants and the lowest (0.0) for the treatment with M. alternifolia.

Pith necrosis. Incidence of pith necrosis (Figure 1D) in the experiment with Bacillus
spp. showed a statistical difference between treatments on 17 September (P = 0.013) and
1 October (P = 0.034). The treatments with the lowest incidence on 17 September were
bee honey (0.72%), harpin proteins (0.99%), R. sachalinensis (2.01%), and the nontreated
control (3.36%), while the most affected was M. alternifolia (8.83%). In October, the best was
R. sachalinensis with 1.7% and the most damaged was M. alternifolia. The AUDPC values for
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Bacillus spp. did not show statistical differences, only numerical (Table 1), where the best
treatment was R. sachalinensis (30.65) followed by bee honey (45.52).

Bacterial canker. The temporal progress of bacterial canker in the experiment with
Bacillus spp. (Figure 1E) had an incidence of less than 1.5% in all treatments and there were
only outbreaks of this disease in the treatment based on harpin proteins; however, they
were so low that they did not represent a statistical difference with the other treatments. The
AUDPC values for bacterial canker in the Bacillus spp. experiment showed no differences
(Table 1).

2.2. Treatment Effect in 2016: Experiment 2

The incidence of gray mold in the experiment with B. subtilis (Figure 2A) presented a
statistical difference and corresponded to the same date (P = 0.0020) as in the experiment
with Bacillus spp., where the highest incidence was reported in the nontreated plants with
31.08% and the lowest in the treatments with R. sachalinensis (5.8%) and harpin proteins
(6.24%). The most favorable conditions for B. cinerea occurred in August in the two trials;
so, conventional fungicides were applied preventively and curatively when the incidence
exceeded 5%. In the AUDPC values for gray mold, there was no statistical difference, as
the treatment with R. sachalinensis reached 33.81, which was the lowest value, followed by
the treatments with harpin proteins and M. alternifolia, with 37.08 and 39.17, respectively
(Table 2).

Table 2. Effect of combined use of Bacillus subtilis applied to the drip irrigation and foliar sprays of
biorational products for controlling tomato diseases under greenhouse conditions in 2016 and 2017.

Treatment

AUDPC a

Gray Mold
AUDPC

Late Blight
AUDPC

Powdery Mildew
AUDPC

Pith Necrosis
AUDPC

Bacterial Canker

2016 2017 2016 2017 2016 2017 2016 2017 2016 2017

T1 c 61.20 ab 103.03 a 1.45 a 12.5 a 6.16 a 15.49 a 48.05 a 215.93 a 0.00 a 31.55 a

T2 d 33.81 b 55.34 bc 2.41 a 9.89 a 1.71 b 3.16 b 28.92 a 207.08 a 3.12 a 41.85 a

T3 e 37.08 ab 83.11 ab 1.47 a 10.54 a 4.40 ab 8.06 ab 51.21 a 161.81 a 10.6 a 24.39 a

T4 f 39.17 ab 52.17 c 0.00 a 13.04 a 2.59 b 4.16 b 40.74 a 261.23 a 0.00 a 39.31 a

T5 g 56.53 ab 72.15 bc 3.08 a 18.01 a 2.25 b 9.60 ab 35.24 a 167.89 a 2.75 a 31.38 a

a AUDPC—Area under the disease progress curve. b Mean values followed by different letters in the column
indicate significant differences among treatments according to Duncan test (P < 0.05). c T1—Soil application of
Bacillus subtilis + conventional foliar applications. d T2—Soil application of Bacillus subtilis and foliar application
of extracts of R. sachalinensis. e T3—Soil application of Bacillus subtilis via drip irrigation + foliar application of αβ
harpins. f T4—Soil application of Bacillus subtilis via drip irrigation + foliar application of Melalueca alternifolia.
g T5—Soil application of Bacillus subtilis via drip irrigation + foliar application of bee honey.

As the season progressed, disease incidence of late blight caused by P. infestans in the
experiment with B. subtilis (Figure 2B) only exhibited a numerical difference, where the
highest incidence was in August with bee honey with 1.49% and the best treatments were
M. alternifolia and harpin proteins with 0%; in October, the highest incidence was observed
in the treatment with R. sachalinensis, while the lowest incidence in the whole growing
season was in M. alternifolia with 0%. For the experiment with B. subtilis, there was also no
difference among treatments with respect to the AUDPC values for late blight since this
presented very low levels (0 to 3.5) in all treatments (Table 2).

The incidence of powdery mildew (Figure 2C) showed a difference on June 28 (0.04%),
between the control (12.31%), R. sachalinensis (3.43%), bee honey (4.51%), and M. alternifolia
(5.19%). In addition, for the AUDPC data (Table 2), there was a statistical difference
(0.046), and the best treatments for powdery mildew were R. sachalinensis, bee honey, and
M. alternifolia with values of 1.71, 2.25, and 2.59, respectively

The incidence of pith necrosis did not differ among the treatments evaluated and the
disease remained below 5% (Figure 2D). However, it was in October that the incidence
increased, being the lowest in the treatment with R. sachalinensis (17.15%), whereas the high-
est levels were found in the plants treated with harpin proteins (31.21%). The development
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of the disease caused by P. corrugata according to the temporal dynamics was favored from
October, where the incidence increased without decreasing again; this damage is related
to the age of the plant in the last months of production. In the case of the AUDPC values
(Table 2), there was no statistical difference, but there was a numerical difference, and it
was observed that all treatments had a similar effect; however, the lowest AUDPC values
were observed in the treatments with R. sachalinensis (28.92) and bee honey (35.24), while
the highest AUDPC value was in the treatment with harpin proteins (51.21).

The bacterial canker in the experiment with B. subtilis (Figure 2E) had an incidence of
less than 3% in all treatments and there were only outbreaks of this disease in the treatment
with harpin proteins; however, they were so low that they did not represent a statistical
difference with the other treatments. The AUDPC data for bacterial canker in the B. subtilis
experiment (Table 2) also reported no differences among treatments.

2.3. Treatment Effect in 2017: Experiment 1

Disease incidence of gray mold in the experiment with Bacillus spp. (Figure 3A)
showed a significant statistical difference on 12 August (0.022), 26 August (0.019), 9 Septem-
ber (0.042), and 23 September (0.009). The treatments with the lowest incidence on August
12 were R. sachalinensis (13.90%), M. alternifolia (17.02%), and harpin proteins (17.38%).
Noteworthily, for the dates of 26 August as well as September 9 and 23, the best treatment
was with M. alternifolia. On the other hand, the AUDPC values for gray mold indicated a
statistical difference (0.0074), where it was observed that the best foliar treatments were the
plant extracts based on M. alternifolia and R. sachalinensis (Table 1).

The incidence of late blight in the experiment with Bacillus spp. (Figure 3B) showed
no significant statistical difference in dates among treatments but it did show a numerical
difference. The highest values were in July in the control with 8.71% and the lowest in
bee honey (2.37%), whereas in the rest of the growing season the values were below 2% in
all treatments; so, the numerical difference was minimal. The AUDPC data for late blight
(Table 1) did not indicate statistical differences and only had numerical differences, where
the best treatment was R. sachalinensis.

The incidence of powdery mildew in the experiment with Bacillus spp. (Figure 3C)
showed a statistical difference on 1 July (P = 0.0072), among treatments, where the best
were M. alternifolia, bee honey, R. sachalinensis, and harpin αβ proteins. In the rest of 2017,
the levels decreased to 0%, and it was in September when an increase was again observed
in the control (5.47%) against 0% in the treatment with R. sachalinensis. The AUDPC values
for powdery mildew reported not statistical but numerical differences (Table 1), where the
best treatments were R. sachalinensis and M. alternifolia.

The disease incidence of pith necrosis in the experiment with Bacillus spp. (Figure 3D)
showed a statistical difference on 29 July (P = 0.0054) and 7 October (P = 0.0212). The best
treatment for the control of pith necrosis was with the treatment based on harpin proteins,
since it recorded the lowest values throughout the growing season. The AUDPC data for
pith necrosis did not present statistical differences and all treatments had the same effect
(Table 1), but the lowest AUDPC was for the treatment with harpin proteins.

The incidence of bacterial canker (Figure 3E) showed no statistical difference between
dates in the treatments, but it did show a numerical difference. Throughout the growing
season, there was an increase in mid-July in the treatment with R. sachalinensis and the
lowest incidence was in the treatment with M. alternifolia. The AUDPC data for bacterial
canker also showed no differences among treatments (Table 1).

2.4. Treatment Effect in 2017: Experiment 2

In 2017, the experiment with B. subtilis for gray mold control (Figure 4A) showed a
statistical difference on 29 July (P = 0.046) and 26 August (P = 0.024), among treatments.
The treatment with the lowest incidence was that of 29 July with R. sachalinensis (7.97%);
however, for 26 August, the best was with M. alternifolia (6.52%). The most favorable
conditions for the disease caused by B. cinerea were from July to September according to the
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temporal dynamics. For the AUDPC values of gray mold (Table 2), statistical differences
were also shown (P = 0.035) and the best treatments were M. alternifolia and R. sachalinensis.

In the experiment with B. subtilis for late blight control, no statistical difference was
found among treatments, only numerical, and the highest incidence occurred in July in the
treatment with bee honey (11.53%) and the lowest in the treatment with harpin αβ proteins
(8.0%) compared with the untreated control (8.80%). In the remainder of 2017, the values
were <1%, so there was practically no presence of this disease. Favorable conditions for the
development of P. infestans were observed in June and July 2017, similar to the conditions
that occurred in 2016 (Figure 4B). For the experiment with B. subtilis, there was also no
significant statistical difference in the AUDPC data (Table 2), since practically all treatments
had very similar levels; even so, among these levels, the least affected corresponded to the
treatment with R. sachalinensis.

In the experiment with B. subtilis, there was no statistical difference in the foliar
treatments for powdery mildew management (Figure 4C), only numerical, and it was the
treatment with R. sachalinensis that presented the lowest incidence of the disease. Favorable
conditions for the development of L. taurica were observed in June 2017 and at the end of
September, where environmental conditions were favorable and marked the moment to
make the decision to apply the necessary prevention measures. In the experiment with
B. subtilis, there was a statistical difference (P = 0.048) in the AUDPC values (Table 2) and
the best treatments were R. sachalinensis and M. alternifolia.

The temporal progress of pith necrosis in the experiment with B. subtilis presented
a statistical difference on 15 July (P = 0.0139), where the best treatment was with harpin
proteins, while in the rest of the growing season, there was no difference among treatments,
but the lowest incidence was observed in plants treated with harpin proteins (Figure 4D).
The AUDPC data for pith necrosis (Table 2) did not present statistical differences and all
treatments had the same effect, but the lowest AUDPC value was for the treatment with
harpin αβ proteins.

In the experiment with B. subtilis, there was a statistical difference in the incidence
values for bacterial canker on 23 September (P = 0.0257). According to the temporal
progress, the favorable conditions for the development of C. michiganensis were observed
from July to September (Figure 4E), while the AUDPC values did not show significant
differences among treatments (Table 2).

3. Discussion

Tomato diseases with the greatest impact in the 2016 and 2017 growing seasons were
gray mold, late blight, powdery mildew, pith necrosis, and bacterial canker. The results
from the present study showed that Bacillus spp. (PHC Colonize®) and B. subtilis (Fungifree
AB®) applied as a soil treatment prevented the development of fungal diseases in the
root of tomato plants, which are common in the area where the study was conducted.
Other studies have reported that Bacillus species are a good alternative for the integrated
management of soilborne tomato diseases, such as Rhizoctonia or Pythium damping-off,
and Fusarium wilt [12,13].

Our study showed that disease incidence caused by B. cinerea was significantly re-
duced with the application of foliar treatments based on extracts of R. sachalinensis and
M. alternifolia in both growing seasons. Previous studies have shown that M. alternifolia oil
destroys the cell wall and changes the composition of the cell membrane of B. cinerea hy-
phae, increasing its permeability and allowing the release of cellular material [14]; whereas,
in the case of R. sachalinensis, it has been found that this extract significantly reduced the
percentage of B. cinerea colonization on strawberry leaves [15]. In addition, the volatile
phase of the extracts is known to be more toxic and effective than the contact phase for the
control of plant pathogenic fungi [14,16].

According to the incidence of late blight caused by the oomycete P. infestans, it was
observed that the treatment with harpin αβ proteins presented the lowest values, which
has also been reported in previous studies reporting the reduction of the disease caused by
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P. infestans in tomato plants by foliar sprays of harpin proteins [17]. On the other hand, plant
extracts based on R. sachalinensis and M. alternifolia did not satisfactorily reduce the disease
caused by P. infestans. In this regard, Seidl Johnson et al. [18] found that R. sachalinensis
extract was ineffective in controlling the disease caused by different isolates of P. infestans
in tomato. In contrast, Reuveni et al. [19] reported that foliar sprays of M. alternifolia at
0.5–1% were effective in prophylactically reducing the disease caused by P. infestans under
greenhouse conditions.

In relation to the development of powdery mildew caused by L. taurica, this disease
was favored at the beginning of the growing season; so, preventive fungicide applications
should be made prior to an outbreak occurring. In the present study, it was determined that
foliar sprays of M. alternifolia and R. sachalinensis extracts are effective for the management
of powdery mildew in tomato plants. Similar results were observed in other studies,
where M. alternifolia extract was reported to have a good effect in the control of powdery
mildew in different crops, including tomato [19] and cucumber [20]. Similarly, the effect of
R. sachalinensis extract in the control of powdery mildew in tomato has been verified [21,22],
as well as in the control of powdery mildew in cucumber [23,24], where foliar sprays
significantly reduced conidial germination and disease severity due to the direct effect on
the fungus and the induction of plant defense responses through the formation of callose
papillae, hydrogen peroxide accumulation, and induction of the salicylic acid-dependent
pathway [25].

In the case of pith necrosis, caused by Pseudomonas corrugata, the products evaluated in
this study did not control the disease. Tomato pith necrosis appears to develop when there
are low night temperatures, high nitrogen levels, and high humidity [1]. According to the
temporal progress, favorable conditions for the development of the disease were observed
from July and continued until October; therefore, prior to this time is when the necessary
preventive measures should be taken, such as applications with copper-based products,
local treatment with Bordeaux mixture, and bactericide applications. In addition, it has
been recommended to avoid high doses of nitrogen fertilization and regularly sanitize tools
such as clippers and pruning shears [1].

Regarding C. michiganensis, this plant pathogenic bacterium did not cause catastrophic
damage and the disease was kept under control throughout the growing season, which
could be related to the application of Bacillus. In this regard, Abo-Elyousr et al. [26]
recorded that B. subtilis and B. amyloliquefaciens can successfully decrease bacterial canker
disease in tomato plants by producing antibiotics, siderophores, and lytic enzymes. In
2017, the development of bacterial canker was significantly higher compared with that
in 2016, which is attributed to the fact that the pathogen was possibly in the seed, given
that there are reports indicating that the onset of this disease or primary infection results
from internally or superficially infested seeds [27], which leads to carrying out preventive
measures, such as those used here, to avoid damage from this or any other problem. On the
other hand, it was observed that the application of harpin αβ proteins had no control effect
on bacterial canker, coinciding with the findings reported by Ustun et al. [28] in Turkey.
Similarly, Obradovic et al. [29] reported that harpin proteins did not induce effective defense
responses of tomato plants against the bacterium Xanthomonas vesicatoria.

It should be noted that although there were no statistical differences in all the combi-
nations of Bacillus with the foliar treatments in this study, there was a numerical difference,
which showed important results since the number of diseased plants was reduced. In
addition, the lowest values were in the interactions where the Bacillus spp.-based product
was used.

In summary, there is convincing evidence that the soil and foliar application of the six
biorational products tested in this study are effective in controlling potato late blight, gray
mold, powdery mildew, pith necrosis, and bacterial canker in greenhouse tomato produc-
tion compared to the conventional treatment used by growers in this region. The findings
in this study contribute to the development of integrated disease management strategies,
which include cultural practices aimed at reducing inoculum or avoiding conditions that
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predispose crops to the development of the disease; the application of biological products;
and, ultimately, the use of chemical measures. This implementation in the tomato crop
allowed combining natural inducers (bee honey and harpin αβ proteins), plant extracts
(R. sachalinensis and M. alternifolia), beneficial microorganisms (Bacillus spp.), and cultural
and chemical alternatives, with the last element only being applied when necessary. The
products tested in this study can be integrated into this management system; in addition
to saving on chemical applications and reducing the negative impact on the environment,
they allowed opening up a panorama for integrated crop management (ICM) that can be
further refined for a more sustainable use of resources.

4. Materials and Methods

4.1. Description of the Experiments

Two experiments were conducted in 2016 (and repeated in 2017) in a low-technology
1000-m2 greenhouse located in the municipality of Coatepec Harinas, State of Mexico,
Mexico. The greenhouse space was divided into two sections of ~500 m2 to establish the
two experiments. In each experiment, six biorational commercial products (Table 3) were
tested in a number of treatment combinations (described in Table 4), each including soil
application of either of two Bacillus-containing commercial products as a base treatment.
The six products that were tested in this study were selected because of their reported effect
on diseases in other cropping systems and because of their affordability for growers.

Table 3. Biorational products tested for control of tomato diseases in the greenhouse trials.

Product; Manufacturer Active Ingredient Rate

PHC Colonize®, PHC Bacillus spp. 2.0 kg/ha
Fungifree AB®, FMC Bacillus subtilis 2.0 kg/ha
Regalia Maxx®, FMC Extract of Reynoutria sachalinensis 1.25 L/ha

Messenger Gold®, PHC Harpin αβ proteins 150 g/ha
Timorex Gold®, Syngenta Extract of Melaleuca alternifolia 5 mL/L

Bee honey Bee honey 1 mL/L

Table 4. Description of the treatment combinations tested in this study for control of major tomato
diseases in greenhouse production in 2016 and 2017.

Treatment a Description

1 Soil application of Bacillus spp. via drip irrigation + foliar application
(conventional) of grower’s treatments (Control)

2 Soil application of Bacillus spp. via drip irrigation + foliar application of
Reynoutria sachalinensis at 20-day intervals

3 Soil application of Bacillus spp. via drip irrigation + foliar application of αβ
harpins at 20-day intervals

4 Soil application of Bacillus spp. via drip irrigation + foliar application of
Melalueca alternifolia at 20-day intervals

5 Soil application of Bacillus spp. via drip irrigation + foliar application of bee
honey at 20-day intervals

a Corresponds to Experiment 1. For Experiment 2, the base treatment Bacillus spp. was changed to B. subtilis, but
the foliar treatments remained unchanged.

The soil in this greenhouse had an initial pH of 4.8, EC of 0.56, and organic matter
content of 5.4. The soil is not fumigated and has a history of occurrence of the major
tomato diseases. In addition, the area of study is an area where these diseases are prevalent
and expected to occur each year. For the case of potato late blight and gray mold, one or
two applications of fungicides were necessary to ensure a harvestable crop. Weed control
during both growing seasons was carried out manually.
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4.2. Experiment 1

In this experiment, a Bacillus-spp.-based product (PHC Colonize®) was applied to
the soil in one of the 500 m2 greenhouse sections through a drip irrigation system. Eight
days later (28 June 2016), four week-old tomato seedlings cv. Aguamiel (Vilmorin®, Paris,
France) were transplanted to marked rows inside the greenhouse section. Row spacing was
1.20 m and interplant spacing was 25 cm. The treatments were disposed in a randomized
complete block design with three replications. The experimental units consisted of two
10 m-long, 1.20 m-wide rows. Thereafter, application of Bacillus spp. to the soil started
eight days after transplant and continued for the four first months and then were switched
to 15-day intervals for the last two months of the study. Foliar applications also started
eight days after transplant but continued at 20-day intervals until the end of the study.
Applications were carried out with a backpack sprayer when the plants were <60 cm-tall
and with a stretcher power sprayer when the plants were >60 cm-tall. The equipment was
calibrated at each application and the water pH was adjusted to 5.5 to 6 and amended with
an adherent.

4.3. Experiment 2

This experiment was carried out in the other 500-m2 greenhouse section. The ex-
periment design and size of experimental units remained the same as in experiment 1.
However, the soil treatment in the irrigation system was changed to Bacillus subtilis instead
of Bacillus spp. The foliar treatments were the same as in the previous experiment. Both
experiments were repeated in 2017.

4.4. Statistical Analyses

The incidence of the five major fungi, oomycetes, and bacteria diseases that occurred
on the crop during six months of study was evaluated on each experimental unit at 15-day-
intervals. Incidence was calculated with the following formula:

PI =
n
N

× 100

where PI = Percentage of incidence of the disease, n = number of seedlings or plants with
symptoms of the disease, and N = total number of seedlings or plants in the experimental unit.

With the incidence data (temporal incidence percentages), the area under the disease
progress curve (AUDPC) was calculated for each disease using the following formula [30]:

AUDPC = ∑n−1

i=l

(
yi + yi+l

2

)
(ti+l − ti)

where n is the number of assessments, i is the time point of observation, yi is the disease
incidence, and ti is the number of days from the start of the experiment to the measurement date.

The value of the AUDPC for each disease was analyzed with a one-way ANOVA using
PROC GLM procedure on SAS version 9.4 (SAS Institute, Cary, NC, USA). The assumption
of normality and homogeneity of variance was satisfied in the two trials. Differences
between treatments within the trials were further compared by a Duncan test at P ≤ 0.05
level. The AUDPC data from each experiment were analyzed separately because the species
of Bacillus used in the conventional treatment (control) in experiment 1 differed from that
in experiment 2. Moreover, given that each experiment was repeated once only, it made
more sense to keep the year effect as fixed rather than random.
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Abstract: The aim of this study was to determine the effect of the hydrolates obtained as the
by-products of the Thymus vulgaris essential oil steam distillation process. The bioassays, which
were undertaken in order to determine the effect on germination and initial growth of seedlings
of some cultivated and weed species, were performed under controlled conditions with dif-
ferent concentrations of the hydrolates. Seeds of Glycine max, Helianthus annuus, Zea mays,
Triticum aestivum, Daucus carota subsp. sativus, Allium cepa, Medicago sativa, and Trifolium repens, and
six weed species—Amaranthus retroflexus, Chenopodium album, Portulaca oleracea, Echinochloa crus-galli,
Sorghum halepense, and Solanum nigrum—were treated with 10, 20, 50, and 100% T. vulgaris hydrolate
solution. The obtained results showed that the T. vulgaris hydrolate had the least negative effect on the
germination of cultivated species, such as soybean, sunflower and maize, whereas clover and alfalfa
were the most sensitive. By comparison, all the tested weed species expressed high susceptibility. It
can be concluded that the T. vulgaris hydrolate has an herbicidal effect, in addition to its potential as a
biopesticide in terms of integrated weed management.

Keywords: oxidative stress; germination; inhibition; biopesticide

1. Introduction

The hydrolates or hydrosols are the by-products of the essential oil steam distillation
process. They consist of condensate water and small amounts of essential oil compounds,
which are mostly soluble in water [1]. Hydrosols have been recently noticed for their
biological properties, including antifungal, antibacterial and antioxidant activity [2,3].
Today, hydrolates are widely used in the pharmaceutical, food, and cosmetic industries,
and in aromatherapy [4]. Their production is easy and cheap, and they appear to be less
toxic to human health than essential oils [2].

Thymus vulgaris L. is a perennial flowering aromatic plant that has been used globally
for many centuries for medicinal and culinary purposes [5]. Essential oils and lipophilic
substances are abundant in this plant [6]. According to [7], T. vulgaris extracts are rich
in the aromatic compounds thymol, carvacrol, p-cymene, and γ-terpinene. The chemical
composition of an essential oil depends on the harvesting time of the plant material, the
phenological phase of the plant, the growing area of the plants, and other parameters [8].
Thus, the results of chemical composition studies of T. vulgaris essential oil and hydrolates
vary. For example, it was determined that the major component of T. vulgaris essential oil
is thymol (36.1%), whereas, in the case of hydrosol, thymol (98.1%) and carvacrol (1.9%)
were dominant [9]. According to [8], the major component of the essential oil obtained
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before flowering is thymol (46.74%), whereas [10] discovered that T. vulgaris essential oil
contained 68.1% thymol and 3.5% carvacrol.

Thymol and carvacrol have antioxidant properties [11,12]. In the fields of human and
veterinary medicine, and in plant protection, the antibacterial and antifungal activity of
thymol and carvacrol [13–15], the nematocidal effect of T. vulgaris essential oil [16], and the
antiviral properties of the extracts [17–19], essential oil [20–22], and hydrolates [23] have
been reported. With regard to its antibacterial properties, T. vulgaris hydrolate has practical
applications in the food industry for the microbiological safety of fresh-cut tomatoes and
cucumbers [24], carrots and apples [25], and lettuce [26].

In recent years, in order to reduce the use of pesticides in the control of diseases,
pests, and weeds in agriculture, great efforts have been made to identify new biopesti-
cides that are as effective as synthetic chemicals. Thymol and carvacrol are examples
of bioactive compounds that may have the potential to become an integral part of agri-
cultural practice as biopesticides. These compounds are potentially useful in controlling
the emission of odors and pathogens in swine waste [27]. Due to its fast degradation
rates in tropical soil and water, thymol is considered to have a low environmental risk in
terms of tropical crop production [28]. According to [29], thymol and carvacrol showed
high inhibition at low concentrations against weed seeds, such as those of red-root ama-
ranth (Amaranthus retroflexus L.), wild radish (Raphanus raphanistrum L.), and wild mustard
(Sinapis arvensis L.). In the case of Sorghum bicolor L. seeds, carvacrol applied in a con-
centration of 3 mmol L−1 showed higher efficacy than the tested commercial herbicide
(2,4-D), leading to the inhibition of the germination rate (~40%) and the germination
speed (~56%) [30]. Furthermore, it was concluded that, among the studied essential
oils, thymol can be used as an environmentally friendly root-repellent agent instead of
synthetic herbicides [31].

The aim of this study was to test the different T. vulgaris hydrolate solution (THS)
concentrations against the seed germination and seedling lengths of some of the most
important weed species that occur in Serbia: red-root amaranth (Amaranthus retroflexus L.),
common lambsquarters (Chenopodium album L.), common purslane (Portulaca oleracea L.),
cockspur grass (Echinochloa crus-galli (L.) P. Beauv.), Johnson grass (Sorghum halepense (L.)
Pers.), and black nightshade (Solanum nigrum L.). The other aim was to study the phytotoxic
potential of the hydrolate towards the most common field and vegetable crop seeds: soy-
bean (Glycine max (L.) Merr.), sunflower (Helianthus annuus L.), maize (Zea mays L.), wheat
(Triticum aestivum L.), carrot (Daucus carota subsp. sativus (Hoffm.) Schübl. & Martens),
onion (Allium cepa L.), alfalfa (Medicago sativa L.), and white clover (Trifolium repens L.).

2. Results

2.1. Seed Germination
2.1.1. Germination Percentage (GP)

Cultivated species: The highest germination percentage was registered in sunflower
seeds (ranging from 73 to 96%), whereas the carrot seeds expressed the lowest germination
percentage, ranging from 14 to 0% (Table 1).

Weed species: The tested hydrolate, depending on the hydrolate solution percentage,
led to a reduction in germination ranging from 53 to 100%, with the exception of the black
nightshade, in which 10 and 20% hydrolate solutions led to a reduction of ≤5%; by compar-
ison, in the case of 50 and 100% THS, the reduction was 86 and 100%, respectively (Table 2).
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Table 1. The obtained results for the calculated germination indices in the case of the tested cultivated
species treated with T. vulgaris hydrolate solutions.

Tested Plant Concentration GP (%) CVG (% Day−1) GI (−) t50 (Time) GRI (%/Day)

soybean

control 93 23.48 627 2.78 33.94
10% 74 30.58 572 2.48 31.41
20% 71 28.18 529 2.48 27.82
50% 66 30.56 510 2.39 27.21
100% 60 24.00 410 2.77 19.21

maize

control 97 22.35 633 4.15 27.45
10% 80 19.66 473 4.80 19.36
20% 82 18.34 455 4.56 18.13
50% 65 18.36 361 4.69 15.81
100% 21 23.33 141 3.25 8.71

onion

control 85 23.94 580 3.69 26.29
10% 75 19.74 445 4.07 16.42
20% 33 17.94 179 4.56 6.30
50% 21 17.95 114 4.59 4.07
100% 10 13.51 36 7.00 1.42

sunflower

control 89 33.21 711 1.81 44.89
10% 96 34.78 780 1.77 49.72
20% 88 19.43 515 4.18 18.13
50% 83 21.01 518 3.81 18.42
100% 73 25.70 519 2.68 23.79

alfalfa
control 83 35.78 681 2.17 36.08

10% 85 32.69 675 2.18 35.73
20% 76 23.03 506 2.76 24.99

clover
control 93 37.65 776 2.29 41.29

10% 95 38.00 791 2.28 42.34
20% 90 23.87 613 2.90 30.06

carrot
control 39 16.46 192 4.85 7.09

10% 14 11.76 35 8.20 1.70
20% 1 12.50 3 7.50 0.12

wheat

control 100 43.10 868 1.73 52.47
10% 89 18.39 495 4.36 18.22
20% 66 22.53 433 3.65 17.26
50% 9 20.93 56 4.17 2.14

GP—germination percentage (ISTA, 2015); CVG—coefficient of velocity of germination (Jones and Sanders, 1987);
GI—germination index (Bench et al., 1991); t50—median germination time (Farooq et al., 2005); GRI—germination
rate index (Esechie, 1994 after modification).

Table 2. The obtained results for the calculated germination indices in the case of the tested weed
species treated with T. vulgaris hydrolate solutions.

Tested Plant Concentration GP (%) CVG (% Day−1) GI (−) t50 (Time) GRI (%/Day)

red-root
amaranth

control 83 24.78 578 2.56 30.41
10% 26 14.86 111 6.29 4.03

cockspur

control 22 19.47 129 3.92 4.60
10% 20 15.15 88 6.33 3.30
20% 9 15.25 40 5.75 1.47
50% 4 17.39 21 5.33 0.71

common
purslane

control 100 38.46 840 1.88 51.41
10% 46 22.77 304 3.88 13.86
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Table 2. Cont.

Tested Plant Concentration GP (%) CVG (% Day−1) GI (−) t50 (Time) GRI (%/Day)

Johnson grass

control 23 13.30 80 7.50 3.35
10% 17 12.06 46 7.90 2.10
20% 6 11.76 15 8.00 0.71
50% 1 11.11 2 8.50 0.11

common
lambsquarters

control 51 20.00 306 4.19 12.95
10% 47 18.58 264 4.43 9.91
20% 1 14.29 4 6.50 0.14

black
nightshade

control 84 13.25 290 7.68 12.16
10% 100 14.14 393 6.47 15.13
20% 95 14.80 403 6.34 15.27
50% 14 11.57 33 8.25 1.64

GP—germination percentage (ISTA, 2015); CVG—coefficient of velocity of germination (Jones and Sanders, 1987);
GI—germination index (Bench et al., 1991); t50—median germination time (Farooq et al., 2005); GRI—germination
rate index (Esechie, 1994 after modification).

2.1.2. Coefficient of Velocity of Germination (CVG)

Cultivated species: The highest CVG values for the applied hydrolate solutions (from
10 to 100%) were noted in the following order: clover; soybean; soybean; sunflower (in the
range from 25.70 to 38.00% day−1). The lowest CVG values for 10 and 20% THS were ob-
served in carrot (11.76 and 12.50% day−1, respectively), whereas, for 50 and 100% hydrolate
solutions, they were recorded for onion (17.95 and 13.51% day−1, respectively) (Table 1).

Weed species: The highest CVG value when 10% THS was applied was noted for
common purslane seeds (22.77% day−1), whereas, in the case of 20 and 50% hydrolate
solution, it was observed in cockspur (15.25 and 17.39% day−1, respectively). Conversely,
Johnson grass expressed the lowest CVG values (in the range from 11.11 to 12.06% day−1)
when 10, 20, and 50% hydrolate solutions were applied (Table 2).

2.1.3. Germination Index (GI) and Germination Rate Index (GRI)

Cultivated species: Not taking into account the complete germination reduction, clover
had the highest GI and GRI values for 10 and 20% hydrolate solutions (791/42.34 and
613/30.06% day−1, respectively), whereas sunflower expressed the highest values when
50 and 100% THS was applied (518/18.42 and 519/23.79% day−1, respectively). The lowest
GI and GRI values for 10 and 20% hydrolate solutions were noted for carrot (35/1.70 and
3/0.12% day−1, respectively), whereas, in the case of 50 and 100% THS, the lowest values
were observed for wheat (56/2.14% day−1) and onion (36/1.42% day−1) (Table 1).

Weed species: Not taking into account the complete germination reduction, the highest
GI and GRI values were observed for common purslane (840/51.41 and 304/13.86% day−1,
respectively), whereas the lowest values were noted for Johnson grass (in the range from
2/0.11 to 46/2.10% day−1) (Table 2).

2.1.4. Median Germination Time (t50)

Cultivated species: Not taking into account the complete germination reduction, the
highest t50 values for the applied hydrolate solutions (from 10 to 100%) were noted in the
following order: carrot; carrot; maize; onion (in the range from 4.69 to 8.20 days); whereas
the lowest values were observed as follows: sunflower; soybean; soybean; sunflower
(ranging from 1.77 to 2.68 days) (Table 1).

Weed species: The highest t50 values were noted for Johnson grass (in the range from
7.90 to 8.50), whereas the lowest values were observed in the case of common purslane
(10% hydrolate solution: –3.88) and cockspur (20 and 50%: 5.75 and 5.33) (Table 2).

The obtained results for the calculated germination indices (GP, CVG, GI, t50, and GRI)
are shown in Tables 1 and 2.
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2.1.5. Shoot and Root Length

The examination of the hydrolate effect on the initial growth of the studied field and
vegetable seedlings showed that the sunflower seeds expressed a stimulative effect in terms
of shoot and root seedling length when treated with the lower hydrolate concentrations
(10%), whereas, in the case of the other tested plants, a statistically significant reduction,
proportional to the increase in hydrolate concentration, was observed.

The TH reduced the seedling growth in all of the tested plant species, with the ex-
ception of black nightshade, which, like in the case of sunflower, exhibited shoot and root
growth stimulation when treated with 10 and 20% hydrolate solution. However, 50% THS
inhibited the growth of black nightshade seedlings (Tables 3 and 4).

Table 3. The shoot and root seedling length of the field and vegetable crop species treated with 10, 20,
50, and 100% T. vulgaris hydrolate solutions.

Tested Plant Variable Shoot Length (mm) Root Length (mm)

onion

control 13.70 ± 10.15 a 7.65 ± 6.40 a

10% 6.59 ± 5.69 b 2.86 ± 2.80 b

20% 0.85 ± 1.98 c 0.59 ± 1.44 c

50% 1.08 ± 1.64 c 0.60 ± 0.98 c

100% 0.17 ± 0.53 c 0.17 ± 0.53 c

maize

control 25.26 ± 12.87 a 69.29 ± 25.76 a

10% 19.49 ± 17.00 b 54.31 ± 49.06 b

20% 13.80 ± 14.75 c 29.66 ± 28.76 c

50% 10.78 ± 14.81 c 20.09 ± 27.81 d

100% 4.87 ± 10.05 d 5.53 ± 13.48 e

sunflower

control 34.41 ± 21.64 a 50.01 ± 38.16 b

10% 38.00 ± 19.68 a 64.51 ± 46.27 a

20% 29.31 ± 23.66 b 40.90 ± 41.06 b

50% 9.47 ± 7.91 c 13.18 ± 10.70 c

100% 7.32 ± 6.54 c 12.26 ± 11.13 c

soybean

control 27.87 ± 13.03 a 13.92 ± 8.65 b

10% 14.76 ± 11.18 b 19.91 ± 19.83 a

20% 12.13 ± 9.80 b 18.56 ± 18.65 a

50% 8.94 ± 7.37 c 11.70 ± 12.40 b

100% 7.70 ± 7.41 c 6.28 ± 6.61 c

wheat

control 114.12 ± 19.17 a 114.11 ± 19.14 a

10% 30.28 ± 26.61 b 40.36 ± 34.36 b

20% 22.47 ± 26.56 c 22.92 ± 26.09 c

50% 3.72 ± 13.82 d 2.63 ± 9.69 d

carrot
control 3.65 ± 7.38 a 4.32 ± 6.95 a

10% 0.37 ± 1.07 b 1.65 ± 4.54 b

20% 0.04 ± 0.40 b 0.04 ± 0.40 c

white clover
control 12.74 ± 4.99 a 31.85 ± 16.72 a

10% 9.66 ± 3.47 b 25.64 ± 10.86 b

20% 6.99 ± 3.26 c 17.17 ± 10.18 c

alfalfa
control 12.08 ± 7.71 a 28.51 ± 19.45 a

10% 10.35 ± 5.35 b 27.29 ± 17.64 a

20% 7.50 ± 5.44 c 12.46 ± 11.92 b

The data are mean values ± standard error. a–d Values without the same superscripts within each column differ
significantly (p < 0.05).
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Table 4. The shoot and root seedling length of the weed species treated with 10, 20, 50, and 100%
T. vulgaris hydrolate solutions.

Tested Plant Variable Shoot Length (mm) Root Length (mm)

common purslane control 10.49 ± 2.55 a 19.76 ± 4.53 a

10% 1.54 ± 1.78 b 1.71 ± 2.01 b

red-root amaranth
control 15.61 ± 8.32 a 14.43 ± 7.72 a

10% 1.81 ± 3.29 b 1.96 ± 3.41 b

common
lambsquarters

control 4.12 ± 5.63 a 7.65 ± 12.77 a

10% 2.07 ± 3.21 b 1.89 ± 2.46 b

20% - 0.05 ± 0.50 c

cockspur grass
control 8.90 ± 17.75 a 10.70 ± 23.20 a

10% 6.13 ± 13.74 ab 4.70 ± 11.07 bc

20% 3.08 ± 10.33 bc 1.47 ± 5.88 b

Johnson grass

control 10.48 ± 21.54 a 10.38 ± 22.58 a

10% 2.38 ± 9.94 bc 1.78 ± 7.33 bc

20% 5.52 ± 15.09 b 4.81 ± 13.25 b

50% 0.42 ± 2.96 c -

black nightshade

control 2.57 ± 5.48 c 9.69 ± 19.86 c

10% 10.96 ± 3.80 a 43.88 ± 13.68 a

20% 8.77 ± 4.60 b 19.64 ± 15.25 b

50% 1.22 ± 4.17 d 2.97 ± 9.20 d

The data are mean values ± standard error. a–d Values without the same superscripts within each column differ
significantly (p < 0.05).

The effect of the T. vulgaris hydrolate solutions on the germination rate and seedling
length can be observed in Figure 1, where maize, white clover, and red-root amaranth are
shown as the examples.

 

Figure 1. The effect of the applied T. vulgaris hydrolate solutions on maize and white clover.
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2.2. Biochemical Parameters
2.2.1. MDA Content

The accumulation of the malondialdehyde (MDA) was notably higher in alfalfa
seedlings after the treatment with 20% TH solution (115.74 nmol MDA/g FW). In the
common lambsquarters seedlings, the amount of MDA after the treatment with 10% TH
solution was 165.73 nmol MDA/g FW, whereas, in the case of the cockspur grass seedlings
after treatment with the 20% hydrolate solution, it was 83.96 nmol MDA/g FW. The accu-
mulation of the MDA indicates that 10 and 20% hydrolate extracts have a negative effect
on these three species by inducing oxidative stress, along with the induction of the lipid
peroxidation process. By comparison, the red-root amaranth seedlings showed higher ox-
idative stress in the control, whereas, in the case of Johnson grass, the highest MDA content
was noted in the seedlings treated with 20% TH solution (74.51 nmol MDA/g FW). The
results of the tested seedlings of the remaining species showed no statistically significant
differences in terms of the lipid peroxidation intensity.

2.2.2. SOD Activity

A significant decrease in SOD activity was detected in the case of maize (116.40 U/g FW)
and soybean (5.69 U/g FW) seedlings when treated with the highest THS concentration,
and in sunflower (33.85 U/g FW) and white clover (2.47 U/g FW) seedlings when treated
with 20% THS. An increase in SOD activity was noted in the seedlings of wheat (all the
tested concentrations, ranging between 122.96 and 125.39 U/g FW), carrot (10% hydrolate,
150.95 U/g FW), cockspur grass (20% hydrolate, 313.76 U/g FW), black nightshade (all the
tested concentrations, with the highest in the case of 10% hydrolate, 236.92 U/g FW), and
Johnson grass (all the tested concentrations, with the highest in the case of 20% hydrolate,
337.81 U/g FW). The alfalfa seedlings showed the highest SOD activity when treated with
20% hydrolate (282.83 U/g FW) and the lowest in the case of 10% hydrolate (175.61U/g FW).
The results of the tested seedlings of the remaining species did not show any statistically
significant differences in terms of the SOD activity (Tables 5 and 6).

Table 5. Biochemical analysis of the treated field and vegetable crop species 14 days after the treatment.

Tested Plant Variable LP nmol/g FW SOD U/g FW nmol O2.-//g FW

wheat

control 69.40 ± 16.60 a 119.09 ± 0.81 a 58.01 ± 4.06 a

10% 67.91 ± 8.23 a 124.46 ± 0.38 b 89.84 ± 25.86 a

20% 48.09 ± 4.86 a 122.96 ± 0.50 b 252.08 ± 63.13 ab

50% 55.27 ± 8.72 a 125.39 ± 1.31 b 319.63 ± 103.44 b

maize

control 62.00 ± 1.90 a 120.44 ± 0.14 d 15.83 ± 3.88 a

10% 38.66 ± 4.75 a 118.91 ± 0.21 bc 34.25 ± 9.08 bc

20% 69.25 ± 27.45 a 119.53 ± 0.42 c 19.66 ± 3.71 ab

50% 63.19 ± 23.16 a 118.35 ± 0.07 b 46.38 ± 1.21 c

100% 49.51 ± 8.59 a 116.40 ± 0.00 a 5.11 ± 0.63 a

sunflower

control 52.20 ± 5.65 a 82.66 ± 0.57 c 57.63 ± 6.15 a

10% 42.03 ± 10.17 a 50.60 ± 16.59 ab 115.60 ± 7.12 b

20% 43.00 ± 6.69 a 33.85 ± 11.59 a 56.08 ± 16.80 a

50% 41.13 ± 4.83 a 67.20 ± 5.48 bc 76.26 ± 18.75 ab

100% 37.24 ± 6.66 a 71.64 ± 0.26 bc 99.39 ± 5.96 b

soybean

control 95.20 ± 4.59 a 107.96 ± 0.86 c 22.38 ± 1.15 ab

10% 96.92 ± 8.93 a 24.91 ± 0.99 b 30.09 ± 1.71 bc

20% 97.15 ± 16.08 a 23.01 ± 4.43 b 18.21 ± 2.40 a

50% 86.53 ± 8.75 a 10.68 ± 1.05 a 33.75 ± 5.81 c

100% 89.89 ± 24.37 a 5.69 ± 2.94 a 19.71 ± 2.77 ab
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Table 5. Cont.

Tested Plant Variable LP nmol/g FW SOD U/g FW nmol O2.-//g FW

onion
control 36.87 ± 5.63 a 111.58 ± 2.46 a 90.44 ± 42.56 a

10% 37.92 ± 8.46 a 97.41 ± 2.74 a 290.53 ± 25.37 a

20% 35.17 ± 5.62 a 116.34 ± 14.87 a 817.26 ± 117.71 b

carrot
control 18.03 ± 2.20 a 99.19 ± 6.91 a 60.83 ± 14.08 a

10% 18.54 ± 0.81 a 150.95 ± 14.96 b 165.92 ± 33.20 b

white clover
control 43.73 ± 8.47 a 23.46 ± 2.68 c 46.48 ± 6.47 b

10% 38.65 ± 3.78 a 8.72 ± 0.95 b 25.45 ± 2.64 a

20% 60.90 ± 10.18 a 2.47 ± 0.63 a 30.07 ± 4.56 ab

alfalfa
control 97.48 ± 20.25 ab 188.94 ± 1.74 b 17.77 ± 7.08 a

10% 51.35 ± 11.12 a 175.61 ± 0.78 a 24.64 ± 7.01 a

20% 115.74 ± 19.05 b 282.83 ± 1.20 c 49.91 ± 6.47 b

The data are mean values ± standard error. a–d Values without the same superscripts within each column differ
significantly (p < 0.05).

Table 6. Biochemical analysis of the treated weed species 14 days after the treatment.

Tested Plant Variable LP nmol/g FW SOD U/g FW nmol O2.-//g FW

common
lambsquarters

control 18.48 ± 2.38 a 79.52 ± 2.91 a 154.49 ± 8.15 a

10% 165.73 ± 0.67 b 334.59 ± 95.64 a 3366.46 ± 412.48 b

red-root amaranth
control 43.88 ± 2.81 b 80.56 ± 3.06 a 77.48 ± 1.87 a

10% 31.41 ± 2.42 a 101.83 ± 10.51 a 82.48 ± 19.03 a

cockspur grass
control 37.81 ± 1.41 a 142.56 ± 7.65 a 151.52 ± 45.71 a

10% 32.90 ± 0.20 a 126.47 ± 8.79 a 256.70 ± 89.31 a

20% 83.96 ± 3.75 b 313.76 ± 9.55 b 536.88 ± 20.80 b

black nightshade

control 48.92 ± 4.32 a 84.67 ± 2.40 a 305.66 ± 126.34 a

10% 48.46 ± 9.95 a 236.92 ± 58.78 b 1105.43 ± 9.45 a

20% 30.48 ± 2.91 a 179.82 ± 3.76 ab 644.68 ± 460.14 a

50% 35.23 ± 6.61 a 100.55 ± 2.79 a 420.61 ± 85.40 a

Johnson grass

control 37.40 ± 1.77 ab 77.59 ± 2.43 a 224.38 ± 14.53 a

10% 33.36 ± 0.12 a 166.76 ± 57.79 ab 241.64 ± 46.46 a

20% 74.51 ± 2.82 c 337.81 ± 31.68 c 731.04 ± 290.72 a

50% 43.63 ± 2.98 b 228.08 ± 3.93 b 338.85 ± 8.69 a

The data are mean values ± standard error. a–c Values without the same superscripts within each column differ
significantly (p < 0.05).

2.2.3. O2.-/Radicals

Without taking into account common purslane, for which there was not enough
plant material to carry out the analysis, the total quantity of removed superoxide an-
ion radicals was proportionally higher with the increase in the TH concentrations in
the seedlings of: wheat (319.63 nmol O2.-//g FW), onion (817.26 nmol O2.-//g FW),
carrot (165.92 nmol O2.-//g FW), alfalfa (49.91 nmol O2.-//g FW), common lambsquarters
(3366.46 nmol O2.-//g FW), and cockspur grass (536.88 nmol O2.-//g FW). The lowest
quantities of removed superoxide anion radicals were noted in the seedlings of sunflower
(56.08 nmol O2.-//g FW) and soybean (18.21 nmol O2.-//g FW) treated with 20% hydrolate,
in the seedlings of white clover (25.45 nmol O2.-//g FW) treated with 10% hydrolate, and
in those of maize (5.11 nmol O2.-//g FW) treated with 100% hydrolate. The results of the
tested seedlings of the remaining species showed no statistically significant differences in
terms of the quantity of removed superoxide anion radicals.
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3. Discussion

The most important components of TH are the phenols carvacrol and thymol. Car-
vacrol and thymol have the potential to be used as bioherbicides and may help to reduce
the use of synthetic herbicides and minimize damage to biodiversity and human health [32].
To date, these compounds have been associated with a phytotoxic effect on many weed and
cultivated species. It was found that oregano (Origanum acutidens (Hand.-Mazz.) Ietsw.)
essential oil and the phenols carvacrol and thymol had a phytotoxic effect on the seed ger-
mination and plant growth of red-root amaranth, common lambsquarters, and curly dock
(Rumex crispus L.) [33]. The pepper-rosmarin (Lippia sidoides Cham.) essential oil, which
contains thymol as its main component (84.90%), presented negative allelopathic effects on
garden lettuce (Lactuca sativa L.) culture [34]. The phytotoxic activity of the T. vulgaris plant
has been proven for various types of extracts and oils [35,36] and in soil experiments [37].

In this experiment, it was found that high concentrations of TH limited the seed
germination of some weed species, such as common lambsquarters, red-root amaranth, and
common purslane, whereas no negative effect was found on the germination of some field
and vegetable crops. Seed germination efficiency depends on the seed’s size and weight;
thus, large seeds contain more nutrients and are usually capable of faster germination and
growth than small seeds [38]. Moreover, seedlings of large-seeded species have higher
survival rates than small-seeded species [39]. This may partly explain the good germination
of sunflower, soybean, and maize seeds, even after treatment with higher concentrations of
the hydrolates, whereas, in small seeds of common lambsquarters, red-root amaranth, and
common purslane, germination was completely absent after these treatments. In addition,
germination of the mentioned weeds was significantly influenced by the concentrations
of thymol and carvacrol. By investigating the sensitivity of common lambsquarters and
red-root amaranth seeds to thymol and carvacrol, it was found that the germination was
completely absent when 10 mg thymol and 9.8 mg carvacrol were applied [33]. Other
studies concluded that ormadere (Tanacetum chiliophyllum var. chiliophyllum (Fisch. & Mey.)
Sch. Bip.) essential oil, which is also rich in borneol, also inhibits the germination of these
two weed species [40]. In a previous study [41], it was confirmed that carvacrol and thymol
are the main compounds that induce the total inhibitory effect against seed germination
of common purslane and cockspur grass. It was also found that carvacrol completely
inhibits the germination of common purslane seeds [42]. According to [43], thymol has
the greatest impact on cockspur grass, reducing its seed germination and shoot growth;
this was confirmed in our research, in which 50 and 100% of TH rich in thymol completely
inhibited the germination of this weed species, and 20% hydrolate reduced the seedlings’
length. In studies of the effect of oregano (Origanum vulgare L.) essential oil on Johnson
grass, it was noted that carvacrol-rich (73.7%) essential oil inhibited Johnson grass seeds’
germination (52.7%) [44]. Our research confirms the hypothesis that carvacrol, in addition
to thymol, plays a significant role in inhibiting the germination of this weed. Regarding
black nightshade, a previous study proved that conehead thyme (Thymbra capitata (L.) Cav.)
essential oil (which has carvacrol as its main compound) blocked black nightshade germi-
nation and seedling growth at 0.5 μL/mL [42]. Although our research showed that lower
concentrations of TH stimulate germination and seedlings’ growth, higher concentrations
(50 and 100%) led to their reduction.

Maize and sunflower showed the greatest resistance to the T. vulgaris hydrolates. The
highest concentration of the applied hydrolate did not completely inhibit the germination
of the maize seeds, although it was confirmed that thymol and carvacrol had an inhibitory
effect on maize seeds’ germination [41] and growth [45].

According to [46], borneol, carvacrol, and thymol significantly inhibited the garden
pepperwort (Lepidium sativum L.) radicle length by 10−4 M, and borneol reduced the
garden radish (Raphanus sativus L.) radicle length by the same amount. When the effect
of T. vulgaris essential oil on some crops and weeds was examined, it was found that
cockspur grass inhibited the radicle and seedling length, whereas, in the case of garden
radish, bell pepper (Capsicum annuum L.), and garden lettuce, seed germination was
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completely absent [47]. Treatment with the individual components (thymol, carvacrol,
and borneol) showed that thymol stimulated the germination of garden radish seeds, but
thymol and carvacrol completely inhibited the seed germination of bell pepper, garden
lettuce, common lambsquarters, and common purslane. Moreover, thymol inhibited the
cockspur grass radicle and seedling length. In our research, TH inhibited the germination
and seedling growth of cockspur grass, common purslane, and common lambsquarters,
and those of the other tested weed species, which is in accordance with the results of the
above-mentioned studies.

Usually, the major components of hydrosol are the same as those present in the
essential oils [3]. For the three main components of the studied THS (thymol, borneol, and
carvacrol), the phytotoxic effects on some weed and cultivated species were determined.

Biochemical analysis showed that the tested crops expressed different sensitivity to
THS, with alfalfa being the most sensitive. By comparison, a statistically significant increase
in MDA accumulation was recorded in the tested weeds: common lambsquarters, cockspur
grass, and Johnson grass. This means that the THS provoked stress in these plants and
strongly affected the lipid peroxidation [48].

4. Materials and Methods

4.1. Tested Plants

In this experiment, the seeds of the field and vegetable crops, i.e., soybean, sunflower,
maize, wheat, carrot, onion, alfalfa, and white clover, and of the weeds, i.e., red-root
amaranth, common lambsquarters, common purslane, cockspur grass, Johnson grass, and
black nightshade, were used. The field and vegetable crop seeds were obtained from The
Institute of Field and Vegetable crops in Novi Sad, and the weed seeds were collected from
several localities during 2019 and 2020, and confirmed and deposited at the Herbarium of
The Department of Plant and Environmental Protection, Faculty of Agriculture, University
of Novi Sad.

4.2. Hydrolate

Thymus vulgaris cv. “N19” plants were grown at The Institute of Field and Vegetable
crops, Novi Sad (experimental field in Bački Petrovac). Steam distillation was performed
in a small-scale distillation unit according to [49]. After two hours (according to the
requirements of the European Pharmacopoeia), the essential oil was separated from the
aqueous layer and the hydrolate was purified using filter paper and stored in the refrigerator
at 8 ◦C during the whole experiment. Simultaneous distillation–extraction using the
Likens–Nickerson apparatus was performed to isolate the volatile compounds, which were
further analyzed by GC-FID and GC-MS, according to [50]. The main volatile compound in
T. vulgaris hydrolate was thymol with 73.6%, followed by borneol (7.1%), carvacrol (4.4%),
linalool (2.8%), terpinen-4-ol (2.8%), and 1-octen-3-ol (2.5%). The other 25 compounds were
present in percentage shares of less than 1.0% (Figure 2).

Figure 2. GC-FID chromatogram of T. vulgaris hydrolate.
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The TH was diluted with distilled water in order to make 10, 20, 50, and 100% hydrolate
solution, which was undertaken shortly before setting the experiment.

4.3. Seed Germination and Seedlings Length

After sterilization, which was performed according to [51], 25 seeds of each plant
species were placed in a Petri dish (Ø 12 mm) on filter paper soaked with 10 mL of the
particular hydrolate solution, i.e., distilled water in the case of the controls, in four replicates.
The seeds of the tested weeds, and of the field and vegetable crops, were kept in a climate
chamber at 22/20 ◦C during a 12 h photoperiod and at 60 ± 2% humidity for 10 days.
The exceptions were Johnson grass and black nightshade, for which the seeds were kept
at a higher temperature (30/26 ◦C). The seed germination rate and seedling length were
recorded at the same time once a day during the whole experiment. The influence of TH on
the tested seeds was determined by measuring the seedlings’ shoot and root length [52],
and by recording the number of germinated seeds on the last day of the experiment.

In order to better understand the obtained results considering the germination of
the tested seeds of the cultivated and weed species, several germination indices were
calculated:

• Germination percentage (GP) [%] [53] represents the final germination percentage of
the seed population and is calculated according to Equation (1):

GP =
Ng
Nt

× 10 (1)

where Ng is the number of the germinated seeds and Nt is the total number of
the seeds.

• Coefficient of velocity of germination (CVG) [% day−1] [54] represents the time
required in order to reach the final germination percentage, and is calculated by
Equation (2):

CVG =
Σk

i=1 Ni
Σk

i=1 Ni × Ti
× 100 (2)

where Ti is the time from the start of the experiment to the ith interval; Ni is the
number of the seeds germinated in the ith interval (the number corresponding to the
ith interval, not the accumulated number); and k is the total number of the intervals.

• Germination index (GI) [%] [55] reflects the germination speed; thus, a higher GI value
indicates a faster germination rate. It is calculated according to Equation (3):

GI = (10 × n1) + (9 × n2) + · · ·+ (1 × n10) (3)

where n1, n2 . . . n10 represent the number of germinated seeds on the 1st, 2nd, and
subsequent days until the 10th day; 10, 9 . . . 1 are the weights that are given to the
number of germinated seeds on the 1st, 2nd, and subsequent days until the 10th day.

• Median germination time (t50) [time] [56] represents the time required in order to
reach the 50% of the final germination and is calculated by Equation (4):

t50 =
Ti +

(
N
2 − Ni

)
× (Tj − Ti)

Nj − Ni
(4)

where N is the final number of germinated seeds; Ni and Nj are the total number of
seeds germinated in adjacent counts at time Ti and Tj, when Ni < N

2 < Nj.

• Germination rate index (GRI) (% day−1) [57] (after a modification) reflects the germina-
tion speed without distinguishing between the days with higher or lower germination
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since the percentage is evenly spread across the time frame. It is calculated according
to Equation (5):

GRI =
G1

1
+

G2

2
+ · · ·+ Gx

x
(5)

where G1 is the germination percentage × 100 on the 1st day after sowing; G2 is
the germination percentage × 100 on the 2nd day after sowing, etc., and Gx is the
germination percentage × 100 on the xth day after sowing.

The seedlings of the tested plants were collected at the end of the experiment for the
biochemical analysis.

4.4. Biochemical Analysis of the Tested Plants

For the determination of the biochemical parameters, 2 g of the fresh plant mate-
rial (leaf) treated with TH, and the controls (untreated plants), were homogenized in
phosphate buffer (10 mL; 0.1 M, pH 7.0). After centrifugation, the supernatants were
used for the biochemical analyses. The biochemical parameters were determined spec-
trophotometrically using an UV/VIS spectrophotometer (Thermo Scientific Evolution 220
(Waltham, MA, USA)).

Superoxide dismutase (SOD) (EC 1.15.1.1) activity was determined according to the
method of [58] with minor modifications. One unit of SOD activity was defined as the
quantity of enzymes required to inhibit photochemical reduction of nitro blue tetrazolium
(NBT) chloride by 50%. The SOD activity was expressed in U/g of the fresh weight (FW).
The quantity of removed superoxide anion radicals was determined by the method of [59].
The total quantity of removed superoxide anion radicals (O2.-) is reported in nmol O2.- per g
of the fresh weight (nmol O2.-/g FW). The content of malondialdehyde (MDA), which
is the end product of the lipid peroxidation process, was measured at 532 nm using the
thiobarbituric acid (TBA) test [58]. The total quantity of TBA-reactive substances is reported
in nmol of the MDA equivalents per g of the fresh weight (nmol MDA/g FW).

4.5. Statistical Analysis

The values of the biochemical parameters are expressed as the mean ± standard error
of the mean, and were tested by ANOVA followed by the comparison of the means by
Duncan’s multiple range test (p < 0.05). The data were analyzed using TIBC STATISTICA
version 14.

5. Conclusions

The studied THS showed an inhibitory effect on the weed species, i.e., red-root ama-
ranth, common lambsquarters, common purslane, cockspur grass, Johnson grass, and
black nightshade.

Regardless of the applied THS concentration, sunflower seeds showed the highest
germination rates, whereas red-root amaranth seeds showed the highest sensitivity. The
lower hydrolate concentrations (10%) had a stimulative effect in terms of sunflower shoot
and root seedlings’ length, whereas, in the case of the other tested plants, a statistically
significant reduction was noted.

The main compounds present in TH (thymol, borneol, and carvacrol) were able to
inhibit the seed germination and seedling growth of several weeds, and exhibited a less phy-
totoxic effect on some of the tested field and vegetable crops. The tested hydrosol represents
a potential source of an alternative and environmentally acceptable weed management
compound for selective weed control.
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Abstract: Herbicides, commonly used in agriculture to control weeds, often cause negative effects
on crops. Safeners are applied to reduce the damage to crops without affecting the effectiveness of
herbicides against weeds. Plant biostimulants have the potential to increase tolerance to a series of
abiotic stresses, but very limited information exists about their effects on herbicide-stressed plants.
This study aims to verify whether the application of a potential safener such as Terra-Sorb®, an
L-α-amino acid-based biostimulant, reduces the phytotoxicity of an Imazamox-based herbicide
and to elucidate which tolerance mechanisms are induced. Sunflower plants were treated with
Pulsar® 40 (4% Imazamox) both alone and in combination with Terra-Sorb®. Plants treated with the
herbicide in combination with Terra-Sorb® showed higher growth, increased acetolactate synthase
(ALS) activity, and amino acid concentration with respect to the plants treated with Imazamox
alone. Moreover, the biostimulant protected photosynthetic activity and reduced oxidative stress.
This protective effect could be due to the glutathione S-transferase (GST) induction and antioxidant
systems dependent on glutathione (GSH). However, no effect of the biostimulant application was
observed regarding phenolic compound phenylalanine ammonium-lyase (PAL) activity. Therefore,
this study opens the perspective of using Terra-Sorb® in protecting sunflower plants against an
imazamox-based herbicide effect.

Keywords: amino acids; biostimulant; glutathione; herbicide; safener; sunflower

1. Introduction

Weeds are included among the main biotic limitations that affect optimal crop pro-
ductivity. Weeds establish a competitive relationship with the main crop to obtain water
and nutrients essential for the growth and development of plants. This competition may
reduce the yield and quality of the crops by more than 50% [1,2]. Herbicide application is
currently the most widely used and efficient agricultural practice to restrict the proliferation
of weeds. Herbicides are biologically active organic compounds that alter the basic phys-
iological processes of plants, causing their death. For instance, the mechanism of action
of the Imazamox [(5-(methoxymethyl)-2-(4-methyl-5-oxo-4-propan-2-yl-1H-imidazol-2-yl)
pyridine-3-carboxylic acid)] herbicide is the inhibition of acetolactate synthase (ALS) en-
zymes. ALS is necessary for the synthesis of essential branched-chain amino acids, such as
valine, leucine, and isoleucine, necessary for plant growth [3,4].

Herbicides must meet two antagonistic criteria: on the one hand, they must allow for
the efficient control of a wide range of weed species and, on the other hand, be harmless or
less phytotoxic for the crops they are applied to [5]. The most characteristic visible symp-
toms of phytotoxicity that appear a few days after the application of herbicides on plants
are an accumulation of anthocyanins, chlorosis, and necrotic spots on the leaves [6]. Dif-
ferent studies have shown that herbicides restrict plant growth and development through
increased oxidative stress and decreased antioxidant and photosynthetic activities. Thus, a
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wide range of herbicide types causes oxidative stress-inducing the accumulation of reactive
oxygen species (ROS) such as H2O2 and O2

− [7,8]. This phenomenon was observed in
plants treated with ALS-inhibiting herbicides such as mesosulfuron- methyl, although there
are a lack of studies about the effect of imazamox herbicides on oxidative stress [9].

Concerning photosynthesis, the analysis of chlorophyll (Chl) a fluorescence is a pow-
erful tool for studying this process and the effects of stress on it [10]. The photosynthetic
process is initiated when light is absorbed by the pigments of the membrane antenna
complexes. Part of the absorbed energy is transferred as excitation energy and trapped by
the reaction centers (RCs), where it is useful for photosynthetic reactions, and the other part
is dissipated as heat and low-energy light (fluorescence) [11]. In Chl a fluorescence analysis,
a dark-adapted leaf with the photosystem II (PSII) electron-acceptor pools completely
oxidized was illuminated with a high-intensity light source. This illumination produced
a rapid polyphasic rise of fluorescence until the electron acceptors in the photosystems
were reduced. This polyphasic curve of fluorescence presented several phases (O, J, I, P).
Derived from this curve, multiple parameters indicative of the photosystem functioning
were available [10]. Several studies showed that the analysis of Chl a fluorescence is very
useful for estimating the damage caused by Imazamox-based herbicides, although they do
not directly affect the photosynthesis process [12,13].

Certain compounds called protectors or “safeners” are usually applied together with
herbicides to reduce phytotoxicity. Safeners are applied to reduce damage to crops without
affecting the effectiveness of herbicides against weeds [5]. Currently, the use of herbicides
associated with “safeners” represents roughly 30% of the value of herbicide sales [14].
Safeners induce the resistance responses of plants to herbicide toxicity through the following
mechanisms: retention on the leaf surface to avoid herbicide drift, decreased absorption
and translocation, desensitization of the herbicide target protein, and detoxification or
herbicide metabolism in plants [6]. This latter mechanism of herbicide resistance involves
the performance of a series of physiological processes called non-target site resistance
(NTSR). Two important plant mechanisms of the NTSR are glutathione (GSH) homeostasis
and phenolic compounds [15].

GSH is a tripeptide made up of three amino acids: glutamic acid, cysteine, and glycine.
The synthesis and availability of these amino acids are essential for reducing the toxic effects
of herbicides. Thus, GSH, together with the action of the enzyme glutathione S-transferase
(GST), produces the herbicide conjugation with GSH, forming a complex that later facilitates
the degradation of the herbicide into non-toxic compounds for plants [16]. Furthermore,
GSH acts directly in the detoxification of toxic radicals produced by herbicides in plants,
such as H2O2 and methylglyoxal, through the induction of GSH-peroxidase enzymes and
the glyoxalase system [17,18].

In addition, the application of phenolics in safeners produces an improvement in
sensitive plants to the resistance of herbicides [19,20]. Salicylic acid is a phenolic compound
that acts as a hormone and induces the antioxidant response of plants, which could explain
its protective effect. Furthermore, the concentration of phenolic compounds increases very
significantly in plants resistant to the Imazamox herbicide, enhancing the plant antioxidant
response. Hence, the direct use of salicylic acid and other polyphenols as safeners, or
the use of compounds that stimulate the synthesis of these compounds from secondary
metabolism, could be very useful in herbicide tolerance [21]. Despite the effectiveness and
low cost of most commercial safeners, some are toxic to different organisms in aquatic and
terrestrial ecosystems [22]. Therefore, the search for new herbicide protective compounds
that are efficient and more environmentally friendly is imperative and currently represents
a new direction of research in herbicide development.

The use of biostimulants as a means for increasing the tolerance of plants when
exposed to different stress factors, including herbicides, could be very positive [16,23].
Thus, the growth of plants that are under stress conditions such as drought, nutrient
shortage, and other factors, including herbicides, could be improved by biostimulant
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application [24–27]. Surprisingly, very limited information exists about the effects of L-α-
amino acid-based biostimulants on herbicide-stressed plants [28].

The R&D department of Bioiberica, S.A. company, developed an L-α-amino acid-
based biostimulant called Terra-Sorb®. It was obtained through an exclusive enzymatic
hydrolysis technology (Enzyneer®) of animal-origin proteins, and it contains all of the
biologically active amino acids in plants. Other studies observed that the application of
this biostimulant improved the regulation of Rubisco, tolerance to cold stress, and nitrogen
deficiency [29–31].

The first objective of this study is to verify whether the combined application of an
Imazamox-based herbicide with the biostimulant Terra-Sorb® reduces the phytotoxic effect
compared to treatment with the herbicide application alone. This herbicide-biostimulant
combination was chosen given the negative effects of the herbicide on the amino acid
synthesis and the significant amino acid content of the biostimulant. In addition, through
the analysis of ALS activity, AAs and phenolics profiles, GSH metabolism, and stress
indicators, this study tries to elucidate which mechanisms of resistance to herbicides are
induced by the application of the foliar Bioiberica biostimulant (Terra-Sorb®).

2. Results and Discussion

Herbicide application is currently the most widely used and efficient agricultural
practice to restrict weed proliferation. Herbicides are biologically active organic compounds
that alter the basic physiological processes, causing plant death [5]. However, different
studies showed that herbicides have also restricted the growth and development of plants
for agronomic interests. One of the most obvious symptoms of herbicide phytotoxicity
is biomass loss, which has been well characterized in numerous species and is, therefore,
one of the most widely used indices to define the degree of resistance or sensitivity to this
stress type [5,6]. Therefore, biomass production and RGR were measured as indicators
of the protective effect of the Terra-Sorb® biostimulant against herbicide application. The
application of the herbicide Pulsar_40 to sunflower plants caused wilting symptoms, turgor
loss, the appearance of chlorotic spots on leaves, and less growth between leaf nodes
(Figure 1). However, the application of the Terra-Sorb® biostimulant effectively mitigated
these negative symptoms (Figure 1), and plants showed 52% more shoot biomass and
almost six times more RGR compared to plants treated only with the herbicide (Figure 2).

  

Figure 1. Sunflower plants and leaves 4-days after the application of the treatments (H: Pulsar_40;
H + B: Pulsar_40 + Terra-Sorb®). Arrows on sunflower leaves indicate chlorotic spots on plants
treated with the herbicide (H).
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(a) (b) 

Figure 2. Biomass production (a) and relative growth rate (RGR) (b) of shoot of sunflower plants
subjected to the treatments (H: Pulsar 40; H + B: Pulsar 40 + Terra-Sorb®). Values are expressed as
means ± standard error (n = 9). The level of significance was p < 0.001 (***).

The analysis of ALS enzyme activity is the main indicator of the phytotoxic effect
of imidazolinone-type herbicides such as Imazamox (Pulsar 40) when used in sunflower
plants [3,4]. In our experiment, plants supplied with the Terra-Sorb® biostimulant and the
herbicide registered greater ALS enzyme activities compared to plants treated only with
the Pulsar 40 herbicide (Figure 3). This result indicates the protective effect of ALS activity
by Terra Sorb® foliar against the herbicide.

Figure 3. ALS activity in sunflower plants subjected to the treatments (H: Pulsar-40; H + B: Pulsar-40
+ Terra Sorb® foliar). Values are expressed as means ± standard error (n = 9). The level of significance
was represented by p < 0.001 (***).

We analyzed the aminogram profile of the sunflower plants to relate the ALS activity
to the amino acids profile of the sunflower plants. Thus, the lower ALS enzyme activity
(Figure 3) might reduce concentrations of leucine, isoleucine, and valine in plants treated
with the herbicide, as observed in other studies [32,33]. Otherwise, the sunflower plants
treated with the biostimulant Terra-Sorb® together with the herbicide showed higher
concentrations of these amino acids, which suggests the protective effect of this biostimulant
to avoid the reduction of amino acid synthesis (Table 1). This effect could have a great
contribution to the best growth observed in the sunflower plants of the combined treatment
(Figures 1 and 2). In addition, plants supplied with Terra-Sorb® and the herbicide presented
higher levels of alanine and aspartate, which are precursors of leucine, isoleucine, and
valine [34]. Likewise, the concentrations of other amino acids, such as glutamate, glycine,
serine, and proline, were higher in plants treated with the combined treatment compared
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to plants treated only with the herbicide (Table 1). The increase in these amino acids might
be essential to the protective effect that this compound exerts against the herbicide.

Table 1. Aminogram (μg g−1 DW) in sunflower plants subjected to the treatments.

H H + B p-Value

Alanine 145.69 ± 2.30 210.92 ± 3.33 ***
Arginine 37.26 ± 0.59 36.13 ± 0.57 NS
Asparagine ND ND
Aspartate 237.33 ± 2.08 306.49 ± 4.85 ***
Glutamate 381.49 ± 6.03 430.49 ± 6.81 ***
Glutamine ND ND
Glycine 169.06 ± 2.67 195.13 ± 3.09 ***
Histidine 11.72 ± 0.22 11.49 ± 0.21 NS
Isoleucine 460.64 ± 7.28 751.21 ± 11.88 ***
Leucine 821.21 ± 12.98 1113.13 ± 17.60 ***
Lysine 7.23 ± 0.11 7.30 ± 0.12 NS
Phenylalanine 479.71 ± 7.58 485.64 ± 7.68 NS
Proline 43.20 ± 0.68 62.93 ± 1.00 ***
Serine 635.08 ± 10.04 691.70 ± 10.94 ***
Threonine 42.86 ± 0.68 42.63 ± 0.67 NS
Tryptophan 355.27 ± 5.62 361.70 ± 5.72 NS
Tyrosine 512.92 ± 8.11 514.62 ± 8.14 NS
Valine 1008.64 ± 15.95 1475.79 ± 23.33 ***
Methionine 75.51 ± 1.19 75.88 ± 1.20 NS
Cysteine 7.39 ± 0.13 7.23 ± 0.12 NS

H: Pulsar-40; H + B: Pulsar-40 + Terra-Sorb®. Values are means ± standard error (n = 9). The levels of significance
were represented as NS (p > 0.05) and *** (p < 0.001). ND—Non detected.

In addition to biomass production and ALS activity, the use of different photosynthetic
parameters is commonly used as an indicator of the phytotoxic effects of many herbicide
types [9,13,35,36]. Photosynthetic activity analysis through fluorescence is a quick, non-
invasive method to check the physiological state of plants. This technique is based on
the induction of fluorescence emission to a dark-adapted leaf. The fluorescence may be
represented over time with a curve showing O, J, I, and P phases [10], as observed in
Figure 4. In the present study, sunflower plants treated with the combined treatment
showed lower fluorescence values during all the OJIP phases of fluorescence emission,
lower VJ and DIo/RC, and higher Sm values in comparison to plants treated with the
herbicide alone (Figures 4 and 5). These results suggest that a lower energy dissipation, and
therefore better use of light energy, is produced in plants supplied with the biostimulant
under herbicide toxic conditions. Other OJIP parameters also indicated a positive influence
of the Terra-Sorb® application. Thus, the greater RC/ABS and γRC point led to a greater
availability of RC and energy capture. In addition, the higher N, ψo, ΦEo indicated a better
quinone A reduction and electron transport capacities. Finally, the great increments in
PIABS and PItotal showed an overall improvement in photosynthetic performance (Figure 5).
In their study, Balabanova et al. [12] = observed a diminution in these parameters as a
response to Imazamox in sunflower plants but did not observe a positive effect in the
biostimulant application together with the herbicide compared to the herbicide alone.
These results suggest different responses of fluorescence parameters in response to different
biostimulants.
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Figure 4. Native fluorescence induction curves of sunflower plants subjected to the treatments (H:
Pulsar-40; H + B: Pulsar-40 + Terra Sorb® foliar). Represented values are means from nine data (n = 9).

Figure 5. Radar plot showing OJIP-test parameters derived from Chl a fluorescence induction in
sunflower plants subjected to H + B treatment: Pulsar-40 + Terra Sorb® foliar. Data normalization
were made to enable the representation of all parameters on the same scale. The dotted gray line
values represent the relative increase or decrease in plants of the H + B treatment with respect to
plants of the H treatment (black line).

The application of herbicides usually produces an induction of oxidative stress. Indeed,
the concentrations of indicators such as MDA and ROS tend to increase in plants affected by
herbicide phytotoxicity [9]. Under these stress conditions, the application of biostimulants
could reduce cellular oxidative damage and, therefore, the peroxidation of membrane lipids
by regulating the antioxidant defense and reducing ROS levels in plants [37]. Accordingly,
in the present experiment, sunflower plants treated with the Terra-Sorb® biostimulant
showed lower MDA, O2

− and H2O2 values, which confirmed the protective effect of the
Terra-Sorb® in reducing the phytotoxic effect of the Pulsar-40 herbicide on sunflower plants
(Table 2).
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Table 2. Stress indicators in sunflower plants subjected to the treatments.

MDA (μg g−1 FW) O2
− (μg g−1 FW) H2O2 (μg g−1 FW)

H 9.68 ± 0.49 1.64 ± 0.35 12.64 ± 1.47
H + B 8.41 ± 0.35 1.08 ± 0.27 8.33 ± 1.81
p-value *** * ***

H: Pulsar-40; H + B: Pulsar 40 +Terra-Sorb®. Values are means ± standard error (n = 9). The levels of significance
were represented as * (p < 0.05) and *** (p < 0.001).

One of the most important mechanisms in non-target herbicide resistance involves
the action of the GSH tripeptide and the GST enzyme [38]. The combined action of
the GSH-GST system produces the GSH–herbicide complex, from which the herbicide
undergoes a series of transformations, thus reducing its phytotoxic effects [38–40]. In
the present experiment, sunflower plants treated with the herbicide plus biostimulant
presented greater GSH concentrations and GST activities than plants supplied with the
herbicide alone. The greater GSH levels could be favored by the higher presence of
glutamic, glycine, and serine (Table 1). This last amino acid produces cysteine through
the enzyme serine acetyltransferase, which, together with glutamic and glycine, is one of
the three amino acids that make up the GSH tripeptide [41]. Briefly, the induction of the
GSH-GST in plants treated with the Terra-Sorb® and Pulsar-40 herbicide could be defined
as an action mechanism that would explain the protective biostimulant effect inducing
the phytotransformation and/or degradation of the herbicide, and therefore reducing its
intracellular concentration and its phytotoxicity in plants.

There are a lot of studies which focus on the involvement of GSH acting directly in the
detoxification of toxic radicals produced by the herbicide application on plants, such as ROS
and the methylglyoxal compound. This detoxification process is crucial in the so-called
NTSR and is carried out by enzymes such as GPX and glyoxalases (Gly I and Gly II) [17,18].
In our experiment, plants supplied with the combined treatment showed higher GPX
and Gly activities compared to the plants treated with the herbicide alone (Table 3). The
induction of these enzymes in sunflower plants by the application of the Terra-Sorb® could
contribute to the observed minimum values of the oxidative stress indicators (Table 2).

Table 3. GSH homeostasis in sunflower plants subjected to the treatments.

GSH
(mg g−1 FW)

GST
(ΔAbs min−1 mg prot−1)

GPX
(ΔAbs min−1 mg prot−1)

Gly I
(ΔAbs min−1 mg prot−1)

Gly II
(ΔAbs min−1 mg prot−1)

H 0.14 ± 0.02 0.32 ± 0.07 0.04 ± 0.01 0.06 ± 0.01 0.05 ± 0.01
H + B 0.27 ± 0.05 1.04 ± 0.27 0.07 ± 0.01 0.15 ± 0.03 0.10 ± 0.02
p-value *** ** *** *** ***

H: Pulsar_40; H + B: Pulsar_40 +Terra-Sorb®. Values are means ± standard error (n = 9). The levels of significance
were represented as ** (p < 0.01) and *** (p < 0.001).

Finally, regarding ROS detoxification, it should be noted that higher proline levels
were detected in plants supplied with the biostimulant (Table 1). Proline is a very reliable
indicator of resistance against abiotic stress since it has an osmoprotective, osmoregulatory,
and antioxidant role against the generation of ROS [42,43]. The increase in proline concen-
tration in the plants subjected to the combined treatment could explain the decrease in ROS
levels, especially H2O2 (Table 2).

The phenolics profile was analyzed because these compounds constitute another herbi-
cide resistance mechanism that enhances the antioxidant response of plants [21]. Moreover,
the application of a phenol compound-like salicylic acid as a “safener” improves herbi-
cide resistance in sensitive plants because it induces antioxidant plant responses [19,20].
These results have led to the proposal of the direct use of salicylic acid and other polyphe-
nols as “safeners” or the use of compounds that stimulate their synthesis from secondary
metabolism [20,21]. Additionally, we analyzed the phenylalanine ammonium-lyase (PAL)
enzyme activity, which is key in the synthesis of phenolic compounds [44]. Nevertheless,
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neither the PAL activity nor the polyphenolic compounds which were detected varied
significantly between the applied treatments (Figure 6 and Table 4). Considering that
neither the PAL activity (Figure 5) nor the concentration of salicylic acid nor the rest of the
phenolic compounds (Table 4) were modified with the application of Terra-Sorb®, we can
rule out this physiological process as part of the mode of action that could be involved in
the protective effect of the biostimulant.

Figure 6. PAL activity in sunflower plants subjected to the treatments (H: Pulsar-40; H + B: Pulsar-40
+ Terra-Sorb®). Values are expressed as means ± standard error (n = 9).

Table 4. Phenolic compound profile (mg g−1 DW) in sunflower plants subjected to the treatments.

H H + B p-Value

5-CQA (chlorogenic acid) 3.17 ± 0.10 3.17 ± 0.13 NS
5-CQA-Isomer 4.03 ± 0.05 4.03 ± 0.05 NS
Di-caffeoylquinic acid 10.56 ± 2.10 10.56 ± 2.02 NS
SA (μg g−1 DW) 4.03 ± 0.06 4.07 ± 0.06 NS

H: Pulsar_40; H + B: Pulsar_40 + Terra-Sorb®. Values are means ± standard error (n = 9). The level of significance
is represented as NS (p > 0.05).

3. Materials and Methods

3.1. Plant Material and Experimental Design

Sunflower seeds, Helianthus annuus var. Neoma (first generation Clearfield) were sown
in individual pots (13 cm in upper diameter, 10 cm in lower diameter, 12.5 cm in height,
and a volume of 2 L) filled with peat. A total of 48 plants were used for the experiment.
These plants were grouped in 6 plastic trays (8 plants per tray). The sunflower plants grew
in a culture chamber in the Department of Plant Physiology of the University of Granada
under controlled conditions with relative humidity 60–80%, temperature 25 ◦C/15 ◦C
(day/night), and 16 h/8 h photoperiod with a PPFD (photosynthetic photon-flux density)
of 350 μmol−2 s−1 (measured with an SB quantum 190 sensor, LI-COR Inc., Lincoln, NE,
USA). The light source was provided by fluorescent tubes (Philips Master TL-D 58W/840
REFLEX, Holland; 400–700 nm). Plants were watered with tap water until the first true
leaves emerged. After, a complete Hogland-type nutrient solution was applied to the plants
as irrigation composed of: 4 mM KNO3, 2 mM Ca(NO3)2, 2 mM MgSO4, 1 mM KH2PO4,
1 mM NaH2PO4, 2 μM MnCl2, 1 μM ZnSO4, 0.25 μM CuSO4, 0.1 μM Na2MoO4, 125 μM
Fe-EDDHA, and 50 μM H3BO3 (pH 5.8). To avoid salt accumulation, the nutrient solution
in the trays was removed, the trays were thoroughly cleaned using distilled water, and a
new nutritive solution was added. This process was repeated every three days.
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Treatments were applied 47 days after sowing and when the sunflower plants pre-
sented 6 fully expanded mature leaves. A foliar application with a volume of 0.02 mL/cm2

was applied to the plants of the two different treatments:

Herbicide treatment (H): Pulsar_40 (4 mL/L) + Dash_HC (2 mL/L).

Herbicides + Biostimulant (HB): Pulsar_40 (4 mL/L) + Dash_HC (2 mL/L) + Terra Sorb® foliar (8 mL/L).

Pulsar_40 herbicide (BASF Española, S.L., Barcelona, Spain) contains Imazamox at
4% weight/volume (w/v). The different treatments were diluted using distilled water to a
final volume of 100 mL at the concentrations described above. Dash_HC (BASF Española,
S.L., Barcelona) was added as a surfactant, which is composed of methyl oleate/palmitate
37.5%, fat alcohol polyalkoxylate phosphate 22.5%, and oleic acid 5%.

The foliar treatments were applied to plants in 3 trays randomly distributed in the
cultivation chamber. A total of 24 plants received each of the treatments. Two samplings
of the plant materials (leaves) were carried out. The first sampling was on the treatments
application date in which only the fresh weight (FW) of the shoots was measured. Four
days after the application of the treatments, the fluorescence of chlorophyll a was analyzed,
and subsequently, the second sampling of the plant material was carried out. The plant
material was washed and subsequently dried on filter paper to obtain the FW. From the
FW data of both samplings, the relative growth rate (RGR) was calculated. A part of the
plant material from the second sampling was subjected to quick freezing using liquid
nitrogen and subsequently transferred to the lab for the determination of biochemical
parameters. The remaining plant material was lyophilized to determine the profile of
phenolic compounds. For each analysis, 3 subsamples were obtained from the frozen
or lyophilized material. Then, from each of the sub-samples, the analysis was repeated
in triplicate.

3.2. Relative Growth Rate (RGR)

The RGR was calculated using the increase in FW of the plants from the moment of
the application of treatments to the moment of sampling using the equation:

RGR = (ln FWf − ln FWi)/(Tf − Ti)

T is the time (number of days), and the subscripts indicate the first (i) and last sampling
(f) [45].

3.3. Determination of Enzymatic Activities

The assay method for the acetolactate synthase (ALS) enzyme was carried out follow-
ing the method described by Malkawi et al. [46], in which the acetolactate reaction product
was measured spectrophotometrically at an absorbance of 525 nm.

To determine the enzyme activities related to GSH homeostasis [glutathione
S-transferase, glutathione peroxidase (GPX), glyoxalase I (Gly I), and glyoxalase II (Gly II)],
the enzyme extracts were obtained by grinding 0.5 g of leaves in 5 mL of 50 mM phosphate
buffer (pH 7.0) containing 100 mM KCl, 5 mM mercaptoethanol, and 10% glycerol. The
homogenate was centrifuged at 21,500× g for 10 min, and the supernatant was used to
determine the enzymatic activities [47].

Glutathione S-transferase (GST) activity was measured according to Hasanuzza-
man et al. [47], where the reaction mixture contained 1.5 mM GSH, 1 mM 1-chloro-2,4-
dinitrobenzene (CDNB), and enzyme extract. The increase in absorbance at 340 nm was
recorded. GPX activity was measured as described by Nahar et al. [48]. The absorbance was
measured at 412 nm in a maximum time of 5 min. Gly I activity was analyzed according
to the method of Hasanuzzaman et al. [47] and modified as follows: after adding methyl-
glyoxal, the reaction started, and the increase in the absorbance at 240 nm was measured.
Gly II activity was analyzed as described by Hasanuzzaman et al. [47]. The reaction was
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started by adding S-lactoylglutathione, and the increase in the absorbance at 412 nm was
recorded spectrophotometrically.

The phenylalanine ammonium lyase (PAL) activity was analyzed according to Rivero
et al. [49] by a method which measured the production of cinnamic acid at 290 nm.

3.4. Aminogram Analysis

The soluble amino acids were extracted following the method of Bieleski and Turner [50]
modified as follows: 0.1 g of fresh leaves were homogenized in 1 mL of MCW
(methanol:chloroform:water, 12:5:1). An amount of 50 μL of L-2 aminobutyric acid was
added as an internal standard. The mixture was centrifuged at 2300× g for 10 min. An
amount of 700 μL of Milli-Q water and 1.2 mL of chloroform were added to the resulting
supernatant and incubated for 24 h at 4 ◦C. Then, the aqueous phase was obtained, which
was lyophilized, and the resulting dry extract was diluted with 0.1 M HCl. The instrumen-
tal analysis of soluble amino acids was carried out using the Pre-column AccQ Tag Ultra
Derivatization Kit (Waters, Milford, MA, USA). Derivatization was carried out according to
the manufacturer’s protocol. For derivatization, 60 μL of borate buffer was added to 10 μL
of the sample, 10 μL of 0.1 N NaOH, and 20 μL of reconstituted AccQ Tag Ultra reagent.
LC fluorescence analysis was performed on the Waters Acquity® UHPLC system equipped
with the Acquity fluorescence detector. UHPLC separation was performed on the AccQ Tag
Ultra column (2.1 × 100 mm, 1.7 μm) from Waters. The flow rate was 0.7 mL min−1, and
the column temperature was kept at 55 ◦C. The injection volume was 1 μL, and detection
was established at an excitation wavelength of 266 nm and an emission wavelength of
473 nm. The solvent system consisted of two eluents: 1:20 dilution of concentrated AccQ
Tag Ultra eluent A and AccQ Tag Ultra eluent B.

3.5. Chl a Fluorescence

The analysis was performed on intact plants. For each measurement, a small area
of the leaf was kept in darkness using a special clip. Chl a fluorescence kinetics was
determined using the Handy PEA Chlorophyll Fluorimeter (Hansatech Ltd., King’s Lynn,
Norfolk, UK); OJIP phases were induced by red light (650 nm) with a light intensity of
3000 μmol photons m−2 s−1. One measurement was made on nine fully developed leaves
from nine different plants from each treatment (n = 9). The analyzed leaves were in the
middle position of the plant. This analysis was performed at midday The phases of the OJIP
fluorescence were analyzed by the JIP test and the following parameters were obtained: time
to reach fluorescence maximum (t(FM)), fluorescence origin (FO), fluorescence maximum
(FM), variable fluorescence (FV), maximum quantum yield of primary PSII photochemistry
(FV/FM), fluorescence at J-step (2 ms) (VJ), standardized area above the fluorescence curve
(Sm), the number of quinone A (QA) redox turnovers until FM was reached (N), the apparent
antenna size of active photosystem II (PSII) reaction center (RC) (ABS/RC), proportion of
active RC (RC/ABS), dissipated energy flux per RC at t = 0 (DIo/RC), trapping flux leading
to QA reduction per RC (TRo/RC), electron transport flux per RC at t = 0 (ETo/RC), the
efficiency that a trapped exciton can move an electron further than QA into the electron
transport chain (ψo), quantum yield for electron transport from QA to plastoquinone (ϕEo),
the probability that the PSII Chl molecule functions as RC (GRC), performance index of
electron flux from PSII-based to intersystem acceptors (PIABS), and performance index of
electron flux to the final photosystem I (PSI) electron acceptors (PItotal) [51]. The results of
these parameters are shown in Figure 5. The represented data were obtained by dividing
the mean of H + B treatment plants by the mean of H treatment plants for each parameter
to normalize the data and enable the comparison of parameters of different scales.

3.6. Determination of the Concentration of Oxidative Indicators (Malondialdehyde (MDA), H2O2,
and O2

−)

MDA concentration was determined according to the method described by Fu and
Huang [52]. Fresh materials were extracted with TBA + TCA, and after extraction, the

340



Plants 2022, 11, 2761

absorbance was recorded at 532 nm and 600 nm to the correct turbidity. H2O2 concentration
was measured colorimetrically according to Junglee et al. [53] based on the reaction with
KI and reading absorbance at 350 nm. For O2

− determination, the method described by
Xiao et al. [54] was followed. The method was based on the reaction of the sample extract
with hydroxylamine, sulfanilic acid, and α-1-naphthylamine, and the color intensity was
measured at 530 nm.

3.7. Determination of GSH Concentration

The determination of GSH concentration was carried out following the method of
Law et al. [55]. This method is based on the specificity of the enzyme GSH reductase for ox-
idized glutathione. Finally, the samples were read at 412 nm against a GSH standard curve.

3.8. Determination of the Phenolic Compound Profile

Dry lyophilized leaves (50 mg) were extracted with 1 mL of methanol 70% v/v in
a vortex for 1 min; it was then heated to 70 ◦C for 30 min in a heat bath, stirring every
5 min using a vortex and centrifuged at 12,000× g for 10 min at 4 ◦C. The supernatant
was collected, and the methanol was completely removed using a rotary steam. The
dried material obtained was redissolved in 1 mL of ultrapure water and filtered through a
0.22-micron Millex-HV13 filter (Millipore, Billerica, MA, USA). Phenolic compounds were
determined using a high-performance ion-exchange liquid chromatography method which
separated the phenolic compounds according to the procedure of Moreno et al. [56]. First,
the separated phenolic compounds were identified from the extracted samples following
their MS2-[MH] fragments in HPLC-DAD-ESI-MSN, carried out on a Luna C18 100A
column (250 × 4.6 mm, 5 microns in particle size; Phenomenex, Macclesfield, UK). For
mobile phases A and B, respectively, water was used: formic acid (99:1, v/v) and acetonitrile
A and B, with a flow rate of 800 μL/min. The linear gradient started with 1% solvent B,
reaching 17% solvent B in 15 min to 17 min, 25% at 22, 35% at 30, and 50% at 35, which was
kept in isocratic mode up to 45 min. Chromatograms were recorded at 330 nm. HPLC-DAD-
ESI analysis was carried out on an Agilent 1200 HPLC (Agilent Technologies, Waldbronn,
Germany) coupled to a serial mass detector.

3.9. Statistical Analysis

The results were statistically evaluated using an analysis of variance, and simple
ANOVA with a 95% confidence interval. For all parameters analyzed, the mean and
standard error were calculated from nine data (n = 9). Differences between treatment means
were compared using Fisher’s least significant differences (LSD) test at a 95% probability
level. The significance levels were expressed as: * p < 0.05; ** p < 0.01; *** p < 0.001; NS—not
significant.

4. Conclusions

In conclusion, the application of the Terra-Sorb® biostimulant shows a protective
effect against stress due to the imazamox-based Pulsar-40 herbicide. Thus, the combined
treatment incremented plant growth and ALS enzymatic activity and maintained leucine,
isoleucine, and valine concentrations. In addition, the application of the biostimulant
combined with the imazamox herbicide protected photosynthetic activity and significantly
reduced oxidative stress in the sunflower plants. This protective effect could be based
on the induction of the GSH-GST and antioxidant enzymatic systems. In addition, a
higher accumulation of proline could substantially reduce the radical and toxic reactive
compounds produced by herbicide application.
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Abstract: Globally, root rot disease of tomato plants caused by Sclerotium rolfsii is a severe disease
leading to the death of infected plants. The effect of some commercial antiseptics and disinfectant
agents, such as chloroxylenol (10%), phenic (10%) and formulated phenol (7%) on the control of root
rot pathogen and its impact on growth and chemical constituents of tomato seedlings cv. Castle
Rock were investigated in vitro and in vivo. The antifungal activity was measured in vitro following
the poisoned food technique at different concentrations of 1000, 2000, 3000 and 4000 μL/L. Disin-
fectant agents and atrio (80%) were tested in vivo by soaking 20-day-old tomato seedlings in four
concentrations of 125, 250, 500 and 1000 μL/100 mL water for 5 min and thereafter planting in soil
infested by S. rolfsii. Fresh and dry weight, shoot and root length, and chemical constituents of tomato
seedlings infected by S. rolfsii were investigated at 35 days after planting (DAP). Experimental results
indicated that chloroxylenol (10%) was the most effective on fungus in vitro, recorded an effective
concentration (EC50 = 1347.74 μL/L) followed by phenic (10%) (EC50 = 1370.52 μL/L) and formu-
lated phenol (7%) (EC50 = 1553.59 μL/L). In vivo, atrio (80%) and disinfectant agents at different
concentrations significantly (p ≤ 0.05) reduced disease incidence, increased shoot and root lengths
and increased dry and fresh weight. Additionally, it significantly increased chlorophyll a, chlorophyll
b, total carotenoids, total carbohydrates, total proteins, and total phenols. The highest reduction of
root rot incidence and increase tomato growth parameters, as well as chemical compositions, were
recorded on tomato seedlings treated with atrio (80%) as well as formulated phenol (7%) at different
concentrations, followed by chloroxylenol (10%) at 125 and 250 μL/100 mL, whereas phenic (10%)
was found to be the least effective treatment. Therefore, the application of formulated phenol (7%)
could be commercially used to control tomato root rot diseases and increase the quality and quantity
of tomato plants since it is promising against the pathogen, safe, and less expensive than fungicides.

Keywords: antifungal effect; chloroxylenol; phenic; phenol; Sclerotium rolfsii; tomato plants

1. Introduction

Tomato (Solanum lycopersicum L.) is one of the most important vegetable crops in the
world due to increasing demand, dietary value and widespread production [1]. It is a rich
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source of vitamins (A and C), minerals, beta-carotene, and a high amount of water [2]. The
10 leading producers of tomato in the world are China, India, Turkey, USA, Egypt, Italy,
Iran, Spain, Mexico and Brazil [3]. The world’s tomato production in 2020 was 187 million
tonnes, with an average yield of 37 tonnes per hectare [3].

Sclerotium rolfsii is a destructive disease for many plants, causing damping-off and root
rot of nursery seedlings, wilting and blight on adult plants [4]. It is responsible for high
economic losses sustained by tomato producers each year [5]. Chemical fungicides have
been used for disease management, become an integral part of agriculture, and increased
food production [6]. However, they are costly; their extensive use has raised concerns about
residual effects and toxicity to humans, animals and the environment, and efficacy has also
decreased due to the emergence of fungicide-resistant pathogens [7].

On the contrary, antiseptics and disinfectants are non-selective and anti-infective
agents that can be applied topically. They are used in healthy sectors and care centers to
inhibit the growth of microbes and inanimate objects [8]. Chloroxylenol or para-chloro-
meta-xylenol (PCMX) is a commercially cheap liquid antiseptic with low toxicity, low metal
corrosivity, an active pH of 4–9, and is yet powerful enough to use as a disinfectant due to
its broad spectrum of antimicrobial effects, that is, bacteria, fungi and yeast. It can kill 98%
of microbes in just 15 s [9].

Phenol (carbolic acid) is generally a protoplasmic poison and was the first antiseptic
employed by Joseph Lister (1912–1927), and displays effective antimicrobial activity against
a wide range of microorganisms. Recently, phenols have been widely used in the healthcare,
cosmetic, food and pharmaceutical industries to prevent unwanted microbial resistance [10].
It is less potent than chloroxylenol in inhibiting microorganism activity [11].

This research aims to find a new safe characteristic of the active ingredient and formu-
late it in a suitable formulation type to be used as an alternative to conventional fungicides.
Additionally, we determine the antifungal activity of some commercial antiseptics and
disinfectant agents and recommend the best agent to control tomato root rot disease caused
by S. rolfsii.

2. Results

2.1. Characterization of Formulation Components

The total solubility of phenol is 100%, 62.5% and 33% in acetone, xylene and water,
respectively. It exhibits acidic properties as seen by its free acidity of 0.098, suggesting that
it requires an acidic adjuvant for its formulation (Table 1).

Table 1. Physico-chemical properties of phenol as an active ingredient.

Solubility % (w/v) Free Acidity as %
H2SO4Water Acetone Xylene

33 100 62.5 0.098

Data in Table 2 show the physico-chemical properties of surfactants, that is, Sisi 6,
polyethylene glycol 600 mono laurate (PEG 600 ML), and polyethylene glycol 600 di-
laurate (PEG 600 DL) used for preparing phenol as soluble concentrates. According to
the hydrophilic–lipophilic balance (HLB), Sisi 6 and PEG 600 ML dispersed agents since
their HLB values were more than 13, whereas PEG 600 DL was ~10–12. On the other
hand, these surfactants reduced the surface tension values compared to water. The critical
micelle concentration (CMC) of Sisi 6 was 0.5% and possessed low surface tension of
28.5 dyne/cm, and the CMC value of PEG 600 ML was 0.3% and possessed low surface
tension of 30.64 dyne/cm, and the CMC value of PEG 600 DL was 0.4% and possessed
low surface tension of 30.23 dyne/cm. Further, the acidic properties were 0.245, 0.882, and
0.049 for Sisi 6, PEG 600 ML, and PEG 600 DL, respectively. These findings conclude that
all surface-active agents tested were suitable for preparing phenol as soluble concentrate
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formulation. Since the HLB of a surfactant is related to its solubility, a surfactant having a
high range (13) will tend to be water-soluble [12].

Table 2. Physicochemical characteristics of surfactants used for preparing phenol as soluble concentrates.

Surface Active Agent
Surface Tension

(dyne/cm) at
CMC

CMC% HLB
Free Acidity as %

H2SO4

Sisi 6 28.5 0.5 >13 0.245
PEG 600 ML 30.64 0.3 >13 0.882
PEG 600 DL 30.23 0.4 10–12 0.049

CMC is important in the selection of surfactants for specific applications. Generally,
at a concentration greater than the CMC value, the surface tension of the solution does
not decrease with a further increase in surface tension concentrations [13]. In addition, the
solubility of surfactant in water is considered an approximate guide to its HLB [14]. These
findings conclude that the surfactants were suitable as a spreading agent to prepare the
soluble liquid formulation.

Data in Table 3 demonstrate the physicochemical properties of the commercial disinfec-
tants before and after storage at (54 ± 3 ◦C) for three days. Free acidity, alkalinity, and surface
tension of formulated phenol (7%) and phenic (10%) did not change. In contrast, a slight
decrease in free alkalinity was shown in chloroxylenol after three days of storage. Further,
these disinfectants were soluble and clear with no sedimentation in both cases, indicating the
ability of the formulation to keep its properties either before or after storage conditions [13].

Table 3. Physicochemical properties of disinfectants before and after storage at (54 ± 3 ◦C) for three days.

Storage
Physicochemical

Properties

Commercial Disinfectants

Phenol
Formulated

Chloroxylenol Phenic

Before storage

Surface tension (dyne/cm) 40 36.97 36.97
Free acidity as % H2SO4 0.249 0 0

Free alkalinity as % NaOH 0.0 0.72 1.84
Solubility Soluble Soluble Soluble

Sedimentation nil nil nil

After storage

Surface tension (dyne/cm) 38 36.97 36
Free acidity as % H2SO4 0.249 0 0

Free alkalinity as % NaOH 0 0.52 1.84
Solubility Soluble Soluble Soluble

Sedimentation nil nil nil

2.2. Physicochemical Properties of Spray Solution at the Recommended Field Dilution Rate (1.5%)

Phenol-formulated and other commercial disinfectants showed low surface tension
values, high viscosity, high electrical conductivity, and a low alkaline pH value com-
pared to water and the active ingredient (Table 4). The surface tension (dyne/cm) of the
spray solution was 28, 33.44, and 34.58 recorded in formulated phenol (7%), phenic (10%),
and chloroxylenol (10%), respectively. The pH of the spray solution was 7.42, 8.46, and
8.94 recorded in formulated phenol (7%), chloroxylenol (10%), and phenic (10%), respec-
tively. The viscosity (cm/poise) of the spray solution was 1.71, 1.70, and 1.20 in formulated
phenol (7%), phenic (10%), and chloroxylenol (10%), respectively. Further, the conductivity
(μMHOS) of the spray solution was 585, 448, and 425 in phenic (10%), chloroxylenol (10%),
and formulated phenol (7%), respectively.
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Table 4. Physicochemical properties of spray solution at the recommended field dilution rate (1.5%).

Compounds

Physico-Chemical Properties

Surface Tension
(dyne /cm)

pH Value
Conductivity

(μMHOS)
Viscosity

(cm/poise)

Water 72 9.21 350 0.89
Phenol 34.79 7.51 370 1.19

Formulated phenol (7%) 28 7.42 425 1.71
Chloroxylenol (10%) 34.58 8.46 448 1.20

Phenic (10%) 33.44 8.94 585 1.70

2.3. The Antifungal Activity of Disinfectant and Atrio (80%) on S. Rolfsii by Poisoned Food
Technique In Vitro

Data in Table 5 and Figure 1 representing the application of disinfectant agents, that
is, formulated phenol (7%), chloroxylenol (10%), and phenic (10%) at four concentrations
of 1000, 2000, 3000, and 4000 μL/L show induced reduction on linear growth of S. rolfsii
in vitro. No fungus growth was observed at a high concentration of all compounds. Further,
the lowest EC50 value was observed by chloroxylenol (10%) (1347.74 μL/L) followed by
10% phenic (1370.52 μL/L) and 7% formulated phenol (1553.59 μL/L).

Table 5. Inhibitory effect (%) of antiseptic and disinfectant agents tested at different concentrations
against S. rolfsii in vitro.

Compounds
Concentrations (μL/L)

EC50 EC90 Slope Value
1000 2000 3000 4000

Formulated phenol (7%) 33.33 55.55 72.22 100 3.1239 +/– 0.3266 3995.7593 1553.59
Chloroxylenol (10%) 36.66 64.44 88.88 100 3.2679 +/– 0.3469 3324.9652 1347.74

Phenic (10%) 38.88 58.88 85.55 100 3.123 +/– 0.3341 3525.7869 1370.52

                                

(A) (B) (C) 

                                    

Figure 1. The antifungal activity of disinfectant agents in vitro measured by poisoned food technique.
(A) Formulated phenol (7%); (B) chloroxylenol (10%); (C) phenic (10%). 1© Control, 2© 1000 μL/L,
3© 2000 μL/L, 4© 3000 μL/L, and 5© 4000 μL/L.

2.4. The Antifungal Activity of Disinfectant and Atrio (80%) on S. rolfsii (Greenhouse Conditions)
2.4.1. Effect of disinfectant agents at different concentrations and Atrio 80% on the
incidence of tomato root rots caused by S. rolfsii at 35 DAP (greenhouse conditions)

Tomato seedlings planted in soil infected with S. rolfsii showed disease symptoms
(yellowing, root rot and crown rot). The disease incidence was 93.75% at 35 DAP compared
to control sterilized soil. Tomato seedlings treated with a high concentration (1%) of
formulated phenol (7%) as well as atrio 80%, recorded lower disease incidence ~12.50%,
whereas the concentrations 0.5% and 0.25% of formulated phenol (7%) recorded ~18.75%
and 25.0%, respectively. Therefore, treating tomato seedlings with formulated phenol (7%)
at different concentrations of 1, 0.5, and 0.25% caused disease reduction of ~86.7, 80.0, and
73.3%, respectively, compared to other tested agents.
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The disease reduction recorded in seedlings treated with chloroxylenol (10%) at a
concentration of 0.25% was 66.67%, whereas using phenic (10%) at a concentration of
0.125 reduced the disease by 53.33% (Table 6 and Figure 2). However, the high concentration
(1%) of chloroxylenol and phenic antagonized the pathogen in vitro; it was toxic for the
plant and killed the tomato seedlings after 5 days of treatment.

Table 6. Effect of disinfectant agents at different concentrations and atrio 80% on the incidence of
tomato root rots caused by S. rolfsii at 35 DAP (greenhouse conditions).

Treatments Concentrations
Disease Incidence

(%)
Disease Reduction

(%)

Control infected soil N/A * 93.75 0.00
Control sterilized soil N/A 0.00 100.00

Formulated phenol
(7%)

125μL 100 mL−1 43.75 53.33
250μL 100 mL−1 25.00 73.33
500μL 100 mL−1 18.75 80.00
1000μL 100 mL−1 12.50 86.67

Chloroxylenol (10%)
125μL 100 mL−1 37.50 60.00
250μL 100 mL−1 31.25 66.67
500μL 100 mL−1 56.25 40.00

Phenic
(10%)

125μL 100 mL−1 43.75 53.33
250μL 100 mL−1 56.25 40.00
500μL 100 mL−1 66.60 28.96

Atrio (80%) 2 g L−1 12.50 86.67
* N/A, not applicable.

                                         
(A) (B) 

                        I                II             III 
(C) (D) 

Figure 2. Effect of disinfectant agents at different concentrations and atrio 80% on the incidence of
tomato root rots caused by S. rolfsii at 35 DAP (greenhouse conditions). (A) Formulated phenol (7%);
(B) chloroxylenol (10%); (C) phenic (10%); (D) (I) Atrio (80%); (II) control pathogen; (III) healthy
control. 1© 125 μL 100 mL−1; 2© 250 μL 100 mL−1; 3© 500 μL 100 mL−1; 4© 1000 μL 100 mL−1.

2.4.2. Effect of Disinfectant Agents at Different Concentrations and Atrio 80% on Growth
Parameters of Tomato Seedlings Infected by S. rolfsii at 35 DAP

Tomato seedlings grown in soil infected with S. rolfsii recorded a reduction in all growth
parameters, that is, plant height, shoot and root length, and fresh and dry weight at 35 DAP
compared to the control sterilized soil (Figure 3, Table S1). Compared to untreated plants,
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tomato seedlings treated with atrio (80%) or disinfectant agents at different concentrations
significantly (p ≤ 0.05) reduced tomato root rot incidence (Table 6) and increased all growth
parameters at 35 DAP. The maximum increase in all growth parameters was recorded at
a high concentration of 1% of formulated phenol (7%), atrio (80%), 0.5% of formulated
phenol (7%), 0.25% of chloroxylenol (10%), and 0.125% of phenic (10%), respectively. The
high concentration (1%) of chloroxylenol and phenic was toxic for the plant and killed the
tomato seedlings after 5 days of treatment.
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Figure 3. Effect of disinfectant agents at different concentrations and atrio 80% on growth parameters
of tomato seedlings infected by S. rolfsii at 35 DAP. CIS; Control infected soil; CSS; control sterilized
soil; (I) 125 μL 100 mL−1; (II) 250 μL 100 mL−1; (III) 500 μL 100 mL−1; (IV) 1000 μL 100 mL−1.
The values shown in the figures are means ± SEM (n = 3), with different alphabetic letter/s being
significantly different (p < 0.05) following Tukey’s post hoc test.

2.4.3. Effect of Disinfectant Agents at Different Concentrations and Atrio 80% on
Metabolite of Tomato Seedlings Infected by S. rolfsii at 35 DAP

Compared to control sterilized soil, tomato seedlings planted in soil infected with
S. rolfsii recorded low leaf pigment concentration (Figure 4, Table S2). Tomato seedlings
treated with atrio (80%) and disinfectant agents at different concentrations significantly
(p ≤ 0.05) reduced tomato root rot incidence (Table 6) and increased chlorophyll A and
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B, total chlorophyll, and total carotenoids concentration in leaves of tomato seedlings
at 35 DAP compared to untreated plants. The maximum increase in leaf pigments was
recorded at a 1% concentration of formulated phenol (7%), atrio (80%), 0.5% of formulated
phenol (7%), 0.25% of chloroxylenol (10%), and 0.125% of phenic (10%), respectively.
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Figure 4. Effect of disinfectant agents at different concentrations and atrio 80% on chemical con-
stituents of tomato seedlings infected by S. rolfsii at 35 DAP. CIS; Control infected soil; CSS; control
sterilized soil; (I) 125 μL 100 mL−1; (II) 250 μL 100 mL−1; (III) 500 μL 100 mL−1; (IV) 1000 μL
100 mL−1. The values shown in the figures are means ± SEM (n = 3), with different alphabetic letter/s
being significantly different (p < 0.05) following Tukey’s post hoc test.
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Further, treating with atrio (80%) and disinfectant agents at different concentrations
significantly (p ≤ 0.05) improved chemical constituents, that is, total carbohydrates, protein
content, proline content and total phenols of tomato seedlings at 35 DAP compared to
untreated plants. The maximum increase in chemical constituents of tomato seedlings was
recorded at a 1% concentration of formulated phenol (7%), atrio (80%), 0.5% of formulated
phenol (7%), 0.25% of chloroxylenol (10%), and 0.125% of phenic (10%), respectively
(Figure 4, Table S3). The high concentration (1%) of chloroxylenol and phenic was toxic for
the plant and killed the tomato seedlings after 5 days of treatment.

3. Discussion

The tomato is an important vegetable crop due to its economic importance and nu-
tritional value. It is one of the most important crops in Egypt and is used for food and
industrial purposes [15]. Sclerotium rolfsii is a necrotrophic soil-borne plant pathogen that
attacks more than 500 plant species belonging to over 100 families, causing chlorosis and
wilting of entire plants and finally reducing crop yield and quality [16,17]. Synthetic fungi-
cides have been used to control plant diseases worldwide. Although synthetic fungicides
are highly effective, their repeated use has led to problems, such as environmental pollution,
development of resistance, and residual toxicity [18].

The antiseptics used in this study are composed of phenols and chloroxylenol com-
pounds. Each compound can be combined or used individually to achieve an antifungal
effect. Disinfectants are used to treat the surface of inanimate objects and eliminate all
pathogenic microorganisms by causing the denaturation of microbial proteins or enzymes.
The antimicrobial properties of the disinfectant against some pathogenic bacteria have been
reported earlier [19].

The physicochemical properties of phenol were carried out to determine the appropri-
ate formulation type (Table 1). When selecting a pesticide formulation, several factors must
be addressed; that is, the feasibility of utilizing a certain formulation in a specific location
to control the target pest and whether the created product will offer effective control [20].
According to the Ref. [21], the pesticide which can be formulated is limited by solubility
and hydrolytics. Therefore, the soluble liquid formulation is suitable for the tested material.

Results showed that surfactants applied to soluble liquid would reduce the surface
tension of spray droplets, providing more coverage for toxicants by decreasing the contact
angle of the spray on a solid surface [22]. The active ingredient with various inert com-
ponents, known as additives or adjuvants, enhances the active ingredient’s effectiveness.
Spreaders, wetting agents, stickers, foaming agents, and compatibility agents are all common
additives [23]. Phenol showed free acidity, and one of the proposed surfactants (Sisi 6, PEG
600 ML, and PEG 600 DL) also showed free acidity, indicating that it might be employed in
the formulation procedure of this chemical with no chemical interaction expected [23].

There were no observable changes for the soluble concentrate local formulation and
commercial disinfectants before and after accelerated storage (Table 3), as it showed nearly
the same values for free acidity or alkalinity, surface tension and solubility with no sedi-
mentation in both cases, indicating the ability of the formulation to keep its properties in
either normal or accelerated storage conditions with expected stability [24].

The spray solution used at a dilution rate (1.5%) had low surface tension, high viscosity,
high conductivity, and low pH. Lowering the surface tension of a pesticide spray solution
predicts increased wettability and spreading over the treated surface, which leads to
increased pesticidal efficiency [25]. Increasing spray solution viscosity causes less drift
and increases retention, sticking, and pesticidal effectiveness [26]. Increasing the electrical
conductivity of the spray solution would lead to the deionization of insecticides and
increase their deposit and penetration on the tested surface, resulting in an increase in
insecticidal efficiency [27].

Application of selected disinfectant agents, that is, chloroxylenol (10%), phenic (10%)
and formulated phenol (7%) at four concentrations 1000, 2000, 3000 and 4000 μL/L showed
induced reduction in linear growth of Sclerotium rolfsii in vitro. Our results were in line
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with an earlier study [28] reporting that chloroxylenol had complete antifungal activity.
Phenol and chloroxylenol cause the denaturation of proteins and inhibition of enzymes in
microorganisms [29,30].

In this study, treating tomato seedlings with different disinfectant agents led to disease
reduction, explaining the improvement of plant growth parameters, photosynthetic pig-
ments and chemical constituents compared to those which were untreated [31]. However,
there are no adequate studies on the effect of antiseptic and disinfectant agents against
phytopathogenic fungi.

4. Materials and Methods

4.1. Tested Materials
4.1.1. Commercial Disinfectants

A. Chloroxylenol, or para-chloro-meta-xylenol (PCMX), is a mixture of 4.8% chlorox-
ylenol + 9.9% terpineol and absolute alcohol. It was supplied by Agricultural Devel-
opment Markets, Nadi El Seid St., Dokki, Giza.

B. Phenic contains more than 98% high-quality, high-impact saponified tar oils and
carbonates. It has between 6.5 and 7% pure phenol, a highly effective disinfectant. It
is produced by the International Company for Chemicals and Industrial Detergents
(Cairo, Egypt).

4.1.2. Active Ingredient

Phenol or carbolic acid (C6H5OH), a white crystalline solid, was supplied by EL-
Gomhoria Co., Cairo, Egypt.

4.1.3. Surface-Active Agents

A. Sisi-6, an anionic surfactant prepared by neutralizing aryl alkyl sulphonic acid
with alkaline.

B. Polyethylene glycol 600 di-laurate (PEG 600 DL) (Alexandria, Egypt), a nonionic surfac-
tant supplied by The National Company for Starch, Yeast and Detergents, Alexandria.

C. Polyethylene glycol 600 mono laurate (PEG 600 ML), a nonionic surfactant, supplied
by The National Company for Starch, Yeast and Detergents, Alexandria.

4.2. Physico-Chemical Properties of Basic Formulation Constituents
4.2.1. Active Ingredient

A. Solubility is determined by measuring the volume of distilled water, acetone and
xylene for complete solubility or miscibility of one gram of an active ingredient at
20◦C [32]. The solubility (%) was calculated according to the following equation:

Solubility(%) =
W
V

× 100 (1)

W = Active ingredient weight, V = Volume of solvent required for complete solubility.
B. Free acidity or alkalinity was determined according to the Refs. [33,34].

4.2.2. Surface-Active Agents

A. Surface tension was measured using a Du-Nouy tensiometer for solutions containing a
0.5% (w/v) surface-active agent following the American Society of Testing Materials [35].

B. Hydrophilic–lipophilic balance (HLB): The solubility of a surfactant in water was
used to approximate its hydrophilic–lipophilic balance [14].

C. Critical micelle concentration (CMC): The concentration of the tested surfactants at
which the surface tension of the solution does not decrease as the surfactant concentra-
tion increases (CMC) was determined using the technique given by the Ref. [13].

D. Free-acidity or alkalinity was determined as mentioned previously.
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4.3. Preparation of Phenol as Soluble Concentrate Formulation

The formulation of phenol was carried out by combining an active ingredient and sur-
factant in water in three forms (7% + 5% + 88%), (7% + 7.5% + 85.5%), and (7% + 10% + 83%).
These three mixes were exposed to several tests to determine the optimal composition.
The surface tension of the prepared mixtures was then evaluated at a field dilution rate of
(0.5%), and the combination with the lowest surface tension was regarded as successful
since it demonstrated the best wetting, spreading, and pesticidal efficiency when sprayed
over the treated surface.

4.4. Physicochemical Properties of Disinfectants before and after Storage

A. Surface tension was determined as mentioned before.
B. Free acidity or alkalinity was determined as mentioned previously.
C. Accelerated storage was done to check the stability of local formulations at 54 ± 30 ◦C

for three days according to the Ref. [35].

4.5. Determination of the Physico-Chemical Properties of the Spray Solution at the Field Dilution Rate

A. Surface tension was measured using the du Nouy Tensiometer method described by
the Ref. [36].

B. The pH was determined using an Adwa (AD8000) pH meter [35].
C. Viscosity was measured at room temperature with a “Brookfield DV II + PRO” digital

viscometer and UL rotational adaptor (ULA) [37].
D. Electrical Conductivity was measured using Cole–Parmer pH/Conductivity follow-

ing the method described by the Ref. [35].

4.6. Isolation and Identification of the Fungal Pathogen

Tomato plants showing typical root and crown rot symptoms were collected from a pri-
vate field in Qaliubia Governorate, Egypt. The infected root samples were washed with tap
water to remove the adhering soil particles, cut into small fragments, and surface-sterilized
by dipping in 5% sodium hypochlorite solution for 5 min following the method [38]. The
segments were washed several times with sterilized distilled water, dried between two
folds of sterilized filter papers and transferred under aseptic conditions to sterilized Petri
dishes containing potato dextrose agar medium (PDA). Thereafter, plates were incubated
at 25 ± 2 ◦C, and developed colonies were picked up after five days, transferred onto a
new PDA medium and purified using hyphal tip techniques [39]. The isolated fungus was
identified microscopically according to Barnett and Hunter [40]. The identification was
confirmed in the Plant Pathology Department, Faculty of Agriculture, Cairo University,
Giza, Egypt. The stock culture was maintained on DPA slants and kept at 10 ◦C in the
refrigerator for further experiments.

Antifungal Assay In Vitro

The antifungal activity of antiseptic and disinfectant agents, that is, chloroxylenol
(10%), phenic (10%) and formulated phenol (7%) against S. rolfsii was investigated by using
a food poisoning technique [41]. Disinfectant agents at concentrations of 1000, 2000, 3000,
and 4000 μL/L were mixed with 50 mL of sterilized PDA medium and transferred equally
into three Petri dishes. The media were allowed to solidify. Then a five-day old fungal
culture disk of 9 mm diameter was taken and inoculated to the centre of the Petri dishes
containing disinfectant agents. Instead of a PDA, a medium without disinfectant agents
served as the control. All plates were incubated at 25 ± 2 ◦C, and radial growth of the
colony was measured when the mycelia of control had almost filled the Petri dishes. Each
test was performed in triplicate.

The fungal growth inhibition was calculated due to treatments against the control
using the following formula [42]:
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Inhibition(%) = [
C − T

C
× 100] (2)

where C is the average of three replicates of hyphal extension (mm) of the control and T is
the average of three replicates of hyphal extension (mm) of plates treated with tested mate-
rial. EC50 and EC90 values were determined by the linear regression (LPD) line computer
program of the tested fungus percentage inhibition probit vs. logs of the concentrations
(μL/L) of the disinfectant’s agents. The EC50 and EC90 values indicate the effective concen-
trations (μL/L) that cause 50% and 90% growth inhibition. In essence, the lower the value of
EC50 and EC90, the higher the efficacy of disinfectant agents in the test under consideration.

4.7. Greenhouse Experiment

Selected antiseptic and disinfectant agents, that is, chloroxylenol (10%), phenic (10%)
and formulated phenol (7%), were evaluated for controlling root rot disease on tomato
plants caused by S. rolfsii in the greenhouse (temperature (25 ◦C ± 2 ◦C) and humidity 65%)
at the Central Agriculture Pesticide Laboratory, ARC, Giza, during the growing season
2021. Pots were filled with cornmeal sand medium at 3% (W/W), infested by S. rolfsii
and watered regularly for 10 days before planting to ensure the distribution of inoculum.
Tomato seedlings cv. Castle rock of 20 days old were soaked in the tested materials at
different concentrations of 125, 250, 500, and 1000 μL/100 mL water for 5 min and fungicide
(atrio 80% WP, Strchemi Industrial Chemicals, Egypt) at the recommended dose of 2 g L−1,
individually. Tomato seedlings were planted at the rate of four seedlings/pot and four
replicated (pots) were used for each treatment. At 35 DAP, root rot disease incidence
was evaluated as the number of root-rot-diseased plants relative to the number of plant
seedlings in each treatment according to the Ref. [43]. Disease incidence was calculated
relative to the control infected soil. Fresh and dry weight and shoot and root length, growth
parameters and chemical constituents of tomato seedlings infected by S. rolfsii at 35 DAP
were determined as follows:

1. Total carbohydrates were determined and expressed as glucose according to the
Shaffer–Somogi micro-method [44].

2. Total protein content was determined indirectly using nitrogen concentration esti-
mated by the semi-micro-Kjeldahl method, and a Kjeldahl conversion coefficient of
6.25 was used [45].

3. Total phenols were determined using the colourimetric method of Folin–Denis as
described by the Ref. [46].

4. Proline content was determined according to the method described by the Ref. [47].
5. Chlorophylls (a and b) and carotenoid concentrations were determined following

the Ref. [48].

4.8. Statistical Analysis

The obtained data were subject to analysis of variance (ANOVA), using Minitab
Statistical Software 20 [49]. Significant differences between means were compared at
p < 0.05 following Tukey’s post hoc test.

5. Conclusions

Experimental results proved that treating tomato seedlings with high concentration
(1%) of formulated phenol (7%) as well as low concentrations 0.25 and 0.5% of chloroxylenol
(10%) improved growth parameters and chemical constituents of treated plants compared
to those which were untreated. We also conclude that these disinfectants are more effec-
tive at controlling root rot disease; however, toxicological studies for the recommended
agents are needed.
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https://www.mdpi.com/article/10.3390/plants11243542/s1, Table S1. Effect of antiseptic and dis-
infectant agents at different concentrations on growth parameters of tomato seedlings infected by
S. rolfsii at 35 DAP: Table S2. Effect of antiseptic and disinfectant agents at different concentrations on
leaf pigments of tomato seedlings infected by S. rolfsii at 35 DAP: Table S3. Effect of antiseptic and
disinfectant agents at different concentrations on chemical constituents of tomato seedlings infected
by S. rolfsii at 35 DAP.
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