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Abstract

One of the most significant families of herbaceous plants is the Lamiaceae. It includes
a large number of species with noteworthy biological and medicinal uses. The genus
Salvia is of particular importance due to its production of secondary metabolites such
as phenolics, terpenoids, flavonoids and volatile compounds, which are of significant
value in the pharmaceutical, food and perfumery industries. An emerging area of
interest is the potential of plant extracts as natural alternatives to mitigate agricultural
losses caused by phytopathogenic fungi and bacteria. My thesis work mainly focuses
on investigating the phytochemical composition and biological activities of various
Salvia species. This study aims to contribute to this field by exploring the bioactive
potential of Salvia spp. for environmentally friendly agricultural solutions.

The biomass of Salvia spp. was subjected to surface extraction with dichloromethane
and purified by applying different chromatographic techniques. The phytochemical
profile was studied by LC-MS and NMR analysis. The crude extracts were evaluated
for their antimicrobial and insecticidal potential. Exudates of S. discolor and S.
karwinskii showed an abundance of clerodane-type diterpenoids. The crude extract
demonstrated a broad spectrum of antimicrobial activity against different
phytopathogens.

Moreover, surface extracts of S. buchanani, S. corrugata, S. discolor, S. karwinskii, and
S. namaensis were evaluated against an invasive pest Tuta absoluta. All extracts showed
significant mortality rates, in particular, S. discolor and S. karwinskii exhibited strong
antifeedant and insecticidal effects.

In addition, biotechnological approaches were used to develop an in vitro
micropropagation protocol and establish hairy roots (HRs) for S. oxyphora.
Extracellular vesicles (EVs) were successfully isolated from the liquid culture of HRs.
EVs are mixtures of heterogeneous populations of structures with a wide size
distribution (30-1000 nm). Plant-derived EVs show great promise as next-generation
drug delivery systems, as they can concentrate and transport various bioactive
molecules to human cells.

These findings highlight the versatility and potential of Salvia species as a natural,
sustainable resource for controlling phytopathogens and pests. By advancing our
understanding of their bioactive compounds, this research contributes to developing
environmentally friendly solutions to agricultural challenges. It highlights the broader

applications of plant-derived products in science and industry.



Chapter 1

General introduction



1.1 Salvia genus

Salvia encompassed nearly 1000 species of herbs, shrubs, and perennial plants,
making it the largest genus within the Lamiaceae family. In the list of the 57 largest
genera as of 2002, Salvia occupied the 20th position, signifying its notable global and
regional diversity (1). Its presence spanned across temperate, subtropical, and tropical
regions (2). Salvia had experienced significant species diversification in three
geographical regions: Central and South America (500 species), central
Asia/Mediterranean (250 species), and Eastern Asia (90 species) as illustrated in Figure
1.1 (3). Certain species were cultivated globally, while others thrive exclusively in
particular regions as endemics. For instance, Salvia fruticosa Mill. is exclusive to the
Eastern Mediterranean basin, and Salvia canariensis L. is native solely to the Canary
Islands (2). Instead, Salvia officinalis L. (commonly known as sage or common sage)
is grown globally as both an aromatic herb and an ornamental plant, while Salvia

sclarea L. (clary sage) is cultivated in Europe and North America (4).

R
i

Figure 1.1 Regions containing high levels of species diversity within the Salvia genus,
with approximate species counts provided within each region (3).

In recent years, significant research has focused on the chemical components and
pharmacological properties of Salvia species. (5,6). Plants in the Salvia genus are
valuable sources of biologically active substances. Among the mentioned species, S.
sclarea, S. officinalis, and S. lavandulifolia Vahl. (spanish sage) stands out as the most
economically important in terms of global trade in essential oils. These three species

collectively contribute significantly to the essential oil market, with an estimated
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volume production ranging between 50 and 100 tonnes per year (7). This indicates their
widespread commercial use and demand in various industries such as cosmetics,
aromatherapy, pharmaceuticals, and food flavouring (4). Furthermore, it is notable that
various Salvia species are employed in traditional folk medicine, with some even
recognized in modern pharmacopoeia (8). Throughout ancient history, sage has held
significant importance as an herb renowned for its healing properties, revered by
civilizations such as ancient Egypt, the Romans, Greeks, and Anglo-Saxons.
Traditionally, the herb has been used to treat mental and nervous disorders, rheumatism,
and sexual debility. It helps reduce mouth, tongue, and throat inflammation while aiding
in wound healing. With its astringent, carminative, and antiseptic properties, it is also
used as a mouthwash or gargle (9).

These plants are rich in diverse natural compounds, including monoterpenoids,
diterpenoids, phenolic acids, triterpenoids, flavonoids, and saccharides (10). The
primary bioactive elements found in Salvia species likely consist of terpene derivatives
known as terpenoids, encompassing mono, di, and tri-terpenoids (11). About 214
triterpenoids that were isolated and identified from 113 Salvia species were evaluated
by Jash and colleagues (12). Ulubelen et al. (2000, 2002) examined the bioactive
properties associated with the structure of 111 different terpenoids found in Salvia
species, encompassing  diterpenoids, triterpenoids,  sesquiterpenoids, and
sesterterpenoids (13,14).

Diterpenes constitute a group of natural compounds characterized by a basic structure
consisting of 20 carbon atoms (15,16). The explanation for the synthesis of
geranylgeranyl diphosphate (GGPP) can be understood by examining its different
cyclization forms, which are produced through either the deoxy-xylulose phosphate
pathway (DOXP) or the mevalonic acid pathway (MVA) (17,18). The diterpenoids
discovered within the Lamiaceae family exhibit more than 50 unique skeletal structures,
rendering them among the most extensive and diverse groups of plant metabolites,
comprising over 10.000 individual configurations (5,15,16,19,20). This category can
be divided into five distinct groups based on their composition: abietane, clerodane,

labdane, pimarane, and miscellaneous diterpenoids (14,21).
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1.2 Biological activities of Salvia

Historically, the Salvia genus has been employed for diverse applications, such as
in herbal beverages, culinary appetisers, and addressing ailments like colds, stomach-
aches, and gastrointestinal discomforts (18,22). Furthermore, an abundance of research
described the biological activity of this genus, including their anticancer, antioxidant,
antihypertensive, antibacterial, hypoglycaemic, hypolipidemic, memory-enhancing and
antiviral properties (23-25). It also demonstrated sedative and hypnotic effects, skeletal
muscle relaxants, anti-inflammatory and pain relief, neuroprotective effects, and
management of alcohol and morphine addiction syndrome (7). Research has shown that
diterpene quinones from the S. milthiorrhiza extract bind to central benzodiazepine
receptors (26). The Salvia genus has been extensively reviewed in the literature,

highlighting its broad spectrum of biological activities (10,27).

1.3 Importance of Salvia from an agricultural point of view

Phytopathogenic fungi and bacteria damage food production and cause health
issues, resulting in significant losses in agriculture. Alternaria (28), Botrytis (29),
Colletotrichum (30), Stemphylium (31), Pythium (32), and Fusarium (33) are the most
prevalent fungus taxa that affect crops worldwide. The most dangerous and widely
dispersed plant pathogenic bacteria are mostly found in Gram-positive genera like
Arthrobacter, Clavibacter, Curtobacterium, and Rhodococcus, as well as Gram-
negative groups including Xanthomonas, Pseudomonas, Xylella, and Erwinia (34).
These species negatively impact agricultural production and food product quality,
causing significant financial losses (35). Synthetic fungicides are currently the main
tool used to manage phytopathogens, although they have several disadvantages (36).
Triazoles and imidazoles are the primary subgroups of the "azole group," including
many synthetic antifungals used in agriculture (37). Triazoles are widely active
compounds that work by preventing the plasma membrane from producing sterols. The
creation and structure of cells are disrupted. Conversely, imidazoles cause problems for
the mitotic spindle and tubulin production, which impedes cell division (mitosis) (38).
The ability of azoles to stop fungal growth is one of their main advantages. This
capacity helps preserve food and shield plants from fungal diseases, which increases
crop production. Nevertheless, there are disadvantages to their use as well, such as the

possibility of harmful residues in treated crops (39).
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The mainstays of current, effective strategies to control bacterial infections are
antibiotics, which are permitted in some countries but banned in Europe, and copper
compounds (40). In agriculture, copper has been used for more than a century to manage
bacteria, fungi, and oomycetes. The multisite method of action of copper ions makes
the development of pathogen resistance to copper unlikely. According to the Fungicide
Resistance Action Committee (FRAC, 2018), oomycetes and fungi have not
demonstrated any resistance to the different copper compounds. However, over time,
several bacterial diseases have developed copper resistance. In 1983, resistance was
first identified in Xanthomonas campestris pv. vesicatoria (41), followed by resistance
in Pseudomonas syringae pv. tomato in 1986 (42). Additionally, populations of Erwinia
amylovora have also been demonstrated copper tolerance (43). Copper is a metal that
is often used in fungicide and bactericide formulations due to its broad spectrum of
activity against a variety of phytopathogens (44). Additional advantageous agronomic
characteristics of copper include its great effectiveness in rainy environments, its
comparatively low acute toxicity to terrestrial animals, and its affordable price (45).
Despite the efficacy of copper in controlling a wide range of phytopathogens, its use
was increasingly regulated in Europe. Over the past few decades, European plant
protection laws have progressively reduced the allowable maximum amount of copper
in plant protection (regulation (EU) 2018/1981). Synthetic pesticides have certainly
increased food production and produced significant economic gains, but they also have
drawbacks that have made it necessary to stop using some of them and switch to safer
and more effective crop protection alternatives (46,47). Given the fact that scientists are
constantly discovering and creating new active chemicals to protect crops, the process
of discovery is still challenging, because active ingredients must comply with ever-
stricter consumer requirements and regulatory constraints (39,48). As a result, there is
a growing interest in researching substitute techniques for plant disease management.
According to findings, natural compounds can be an excellent approach to developing
safer alternatives to conventional pesticides while developing new plant protection
solutions (49). To defend themselves against predators and illnesses, plants create a
variety of metabolites with bactericidal, fungicidal, insecticidal, nematocidal, or
repelling qualities (50).

Phytochemicals derived from Salvia have demonstrated significant potential in
combatting phytopathogens responsible for diseases and substantial economic losses in

agricultural systems globally (51,52). Sage tissues are now used to extract antimicrobial
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components in raw mixes, where the action is based on all phytochemicals, including
essential oils and solvent extracts, which are among the most promising compounds to
replace or combine drugs for plant disease treatment (52). In a recent study antifungal
activity of dichloromethane extract of S. somalensis has been reported against
Colletotrichum coccodes, F. oxysporum, Sclerotinia sclerotiorum, B. cinerea and
Rhizoctonia solani. This antifungal effect was attributed to the presence of carnosic
acid, a compound known for its strong bioactive properties (53). The antifungal
properties of pure components and ethanolic extracts from S. canariensis L. were
studied by Lopez-Cabeza ef al. (2024) against three phytopathogenic fungi (35). At a
dose of 1000 pg/mL, the ethanol extract showed noteworthy efficacy, inhibiting the
mycelial growth of A. alternata by 47.60%, B. cinerea by 62.16%, and F. oxysporum
by 47.95%. Interestingly, carnosic acid had a strong inhibitory effect on the in vitro
growth of all investigated fungi, as did its derivatives 11-acetoxy carnosic acid and
11,12-acetoxy carnosic acid (35). Similarly, another study found that the essential oil
of S. officinalis exhibited an inhibitory effect on the mycelial development of
Colletotrichum species (54). Bellumori and colleagues (55) investigated the
antimicrobial effects of terpenes and rosmarinic acid from S. rosmarinus against two
polyphagous pathogens, the fungus A. alternata and the bacterium P. viridiflava. Their
microbial tests revealed that both terpenes and rosmarinic acid effectively inhibited the
growth of these pathogens, highlighting their potential as natural agents for controlling
fungal and bacterial diseases in plants (55). In addition, different studies (Table 1.1)

have demonstrated that sage extract affects a broad spectrum of plant pathogens.
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Table 1.1 Antimicrobial activity of Salvia extracts against phytopathogens.

Salvia spp Extract Phytopathogen References
S. aegyptiaca Water, ethanol Phytora infestans (56)
S. africana-lutea Dichloromethane: F verticillioides, (57)
methanol F. proliferatum
S. canariensis Ethanol A. alternata, F. oxysporum, (35
B. cinerea
S. cryptantha, Ethanol, methanol, F oxysporum f. sp. Radices (58,59)
S. officinalis, water B. cinerea, Monilia laxa,
S. tomentosa Aspergillus niger, and Penicillum
sp.
S. fruticosa Water A. solani (60)
Ethanol B. cinerea (61)
S. officinalis Water B. cinerea (62)
S. officinalis Methanol:water: acetic A. alternata, A. niger, and A. (63)
acid (90:9:1) parasiticus
S. officinalis Methanol A. alternata, B. cinerea, P. (64)
cambivora, and F. oxysporum
S. officinalis Ethanol, A. alternata, A. solani, F. solani, F.  (65)
methanol oxysporum f. sp. Ilycopersici, P.

infestans, Rhizoctonia solani, B.
cinerea, C. coccodes, Verticillum

alboatrum
S. officinalis Ethanol Plasmopora viticola (66)
Water F. oxysporum f. sp. asparagi (67)
S. officinalis Hydroalcoholic S. sclerotiorum (68)
S. officinalis Water F oxysporum f. sp. cyclaminis (57)
S. officinalis Ethanol Pseudoperonospora cubensis (69)
S. officinalis Ethanol Fusarium avenaceum, F (70)
culmorum, F. graminearum, F.
sporotrichioides
S. officinalis Methanol, A. alternata, F. oxysporum, B. (28)
acetone cinerea, Phytophthora cambivora.
S. officinalis, Water, buffer Alternaria spp. (71)
S. sclarea
S. rosmarinus Methanol R. solani, F. oxysporum, B. cinerea, (72)
S. somalensis Dichloromethane C. coccodes, F. oxysporum, S. (53)
sclerotiorum, B. cinerea, R. solani
S. virgata n-Hexane, R. solani, A. solani, F. oxysporum f. (73)
methanol sp. radicis, Verticillum dalhiae
S. tigrina Ethanol B. cinerea, F. oxysporum, A. (74)
alternata

These findings support the increasing interest in plant-based treatments because they
are more environmentally friendly and biodegradable than synthetic chemicals. The
vast diversity and abundance of phytochemicals within the Salvia genus and their
potential against phytopathogens spark interest in the search for novel biologically
active compounds for sustainable plant protection. Despite the increasing fascination
with this genus, only a small fraction of the recognized species has undergone

comprehensive chemical and biological scrutiny.
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1.4 Botanical description of Salvia species examined in the present work
Salvia

Kingdom Plantae

Phylum  Streptophyta

Class Equisetopsida

Subclass  Magnoliidae

Order Lamiales

Genus  Salvia

Family Lamiaceae

1.4.1 Salvia discolor Kunth F.W.H.von Humboldt, A.J.A.Bonpland & C.S.Kunth, Nov.
Gen. Sp. 2: 294 (1818)

Synonyms:

Salvia bonplandiana F. Dietr.

In Nachtr. Vollst. Lex. Gértn. 7: 403 (1821),

b/

Salvia mexicana Hemsl.
In Gard. Chron., n.s., 19: 341 (1883),
Salvia nigricans Hemsl

(In Gard. Chron., n.s., 19: 341 (1883).

Distribution: Peru

Climate and location: S. discolor flourishes when exposed to full sunlight for at least
half the day, although it can also handle partial shade. This plant is particularly well-
suited to warmer climates.

Soil and irrigation: This plant prefers well-drained soils as it is sensitive to
waterlogged conditions. Ensuring proper drainage is crucial to prevent root rot and
promote healthy growth. Consistent moisture improves the plant's overall condition and
flowering.

Pruning: The plant has leafless stems that extend up to 90 cm before arching. Cutting
back does not encourage bushier growth.

Fertilization: Requires moderate fertilization with a balanced fertilizer (N: P2Os=1:1).
Alternatively, organic fertilizers can be applied every two months during active growth.
Propagation: Propagation is best achieved through semi-hardwood cuttings, which

typically root well and establish quickly.
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Planting density: This is a moderately vigorous plant; therefore, use a planting distance
of 50-60 cm x 50-60 cm. In 16 cm diameter pots: the maximum density should not
exceed 12 plants/m?.

Pests and diseases: Generally tolerant to pests and diseases. Adult plants grown at high

densities may be affected by mealybugs (75).

1.4.2 Salvia karwinskii Benth. Labiat. Gen. Spec.: 725 (1835)
Synonyms:

Salvia erythrostephana Epling

In Brittonia 7: 136 (1951),

Salvia lindenii Benth.

In A.P.de Candolle, Prodr. 12: 333 (1848),
Salvia siguatepequensis Standl.

In J. Arnold Arbor. 11: 40 (1930)

Distribution: El Salvador, Guatemala, Honduras, Mexico Central, Mexico Gulf,
Mexico Southeast, Mexico Southwest, Nicaragua

Climate and location: It grows best in full sun, yet it can also withstand some shade,
much like in a forest.

Soil and irrigation: This plant prefers moist, enriched soil, which mimics its native
habitat. However, once established, it exhibits significant drought resistance.
Pruning: To promote a more compact growth habit, periodically trim the tips of the
branches during or following the flowering months.

Fertilization: Benefits from organic-based fertilizers applied in spring and mid-
summer.

Multiplication: It can be propagated through cuttings or seeds, ensuring the
continuation and spread of this resilient and adaptable plant.

Propagation: Primarily propagated through cuttings.

Planting density: Space plants about 70-100 cm between rows and 50-70 cm within
rows to encourage vertical growth.

Pests and diseases: Watch for attacks of Botrytis cinerea and root rot from Oomycetes.

It may be affected by mites in hot and dry climates (76).
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1.4.3 Salvia buchanani Hegde Bot. Mag. 174: t. 430 (1963)
Distribution: Mexico (NE. Querétaro) ’

Climate and location: full sun and dappled shade
Soil and irrigation: moist but well-drained soil.
Maintain consistent moisture levels without allowing
the soil to become waterlogged. Protect the plant from
excessive winter wet to prevent root rot and other
moisture-related issues.

Pruning: Prune in spring by cutting back spent flower spikes to extend the flowering
period.

Fertilization: Light and frequent fertilization during the growing season with balanced
fertilizers (N: P,Os =1:1:1).

Propagation: Easily propagated by semi-woody cuttings in spring or summer.
Planting density: This is a moderately vigorous plant; therefore, use a planting distance
of 50-60 cm x 50-60 cm. In 16 cm diameter pots: the maximum density should not
exceed 12 plants/m?.

Pests and diseases: Can be affected by aphids and powdery mildew in the summer and
fall (77).

1.4.4 Salvia corrugata Vahl Enum. P1. Obs. 1: 252 (1804)
Synonyms:

Alguelaguen gaudichaudii Briq.

In Annuaire Conserv. Jard. Bot. Genéve 2: 182 (1898),
Sphacele gaudichaudii Briq.

In Annuaire Conserv. Jard. Bot. Genéve 2: 182 (1898)

Distribution: South Colombia to Peru.
Climate and location: S. corrugata thrives in full sun, making it ideal for sunny
locations.

Soil and irrigation: This plant prefers rich, well-drained soils that provide ample
nutrients. Regular watering is essential for optimal growth and prolonged blooming
periods.

Pruning: New growth tips should be regularly pruned to maintain a controlled size and
shape. The plant naturally exhibits a dense and bushy growth habit, which can be
managed with periodic trimming.
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Fertilization: Requires regular fertilization with a balanced fertilizer (N: P,Os=1:1),
especially during the growing season.

Propagation: Easily propagated by cuttings or seeds, with good results during spring.
Planting density: In open fields: transplant with a distance of 50-70 cm between plants
to allow for good air circulation. In 14 cm diameter pots: the maximum density should
not exceed 16-20 plants/m?.

Pests and diseases: Can be affected by aphids and whiteflies; roots are susceptible to

Phytophthora sp. in cases of excessive irrigation (78,79).

1.4.5 Salvia namaensis Schinz Verh. Bot. Vereins Prov. Brandenburg 31: 208 (1890)
Synonyms:

Salvia burchellii N.E.Br.

In Bull. Misc. Inform. Kew 1901: 130 (1901)
Distribution: South Africa

Climate and location: This plant requires full sun, is
well-suited for warm climates and can be grown in pots

or garden beds.

Soil and irrigation: It prefers well-drained, composted soils. A general potting soil
mix works well for seedlings. It responds well to regular watering, during summer.
Pruning: S. namaensis is a fast-growing plant that can become untidy after 2-3 years.
It should be pruned back hard or lifted and replanted to maintain its shape and vigour.
Fertilization: Requires few nutrients and is suitable for poor soils, minimal fertilization
with balanced fertilizers at the start of the season.

Propagation: Propagates by cuttings or seeds in spring.

Planting density: In open fields: transplant with a distance of 50-70 cm between plants
to allow for good air circulation. In 14 cm diameter pots: the maximum density should
not exceed 16-20 plants/m?.

Pests and diseases: Tolerant to most pests and diseases but may be susceptible to root

rot from oomycetes in poorly drained soils (80).
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1.4.6 Salvia oxyphora Briq. Bull. Herb. Boissier 4: 864 (1896) _
Distribution: Bolivia

Climate and location: full sun to partial shade.

Soil and irrigation: Prefers moist, well-drained soil.

Plants must be protected from winter wetness and may

need regular watering in summer. o RN
Pruning: Minimal pruning is needed; trimming unsightly shos is necessa in late
spring.

Propagation: Propagates by cuttings or seeds in spring.

Planting density: In 14 cm diameter pots the maximum density should not exceed 4
plants/m?.

Pests and diseases: Tolerant to most pests and diseases (81).
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Chapter 2
Phytochemical investigation of Salvia discolor Kunth

and antimicrobial activity against phytopathogens
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2.1 Introduction

To explore the phytochemical properties of Salvia discolor, dichlomethane
extract of aerial parts was investigated for isolation and structural identification of
compounds. The efficacy of crude extract was evaluated against two strains of
phytopathogenic  bacteria  (Clavibacter — michiganesis  subsp.  michiganesis,
Pectobacterium carotovorum subsp. carotovorum) and nine strains of phytopathogenic
fungi (Alternaria solani, Botrytis cinerea, Colletotrichum lindemuthianum, Fusarium
solani, Fusarium oxysporum f. sp. lactucae race 1, Phoma betae, Phaeomoniella
chlamydospora, Pythium dissotocum, Stemphylium sp.), selected among the more
common pathogens of agricultural interest.
C. michiganesis subsp. michiganesis is a Gram-positive, plant-pathogenic actinomycete
belonging to the family Microbacteriaceae (82). It is the causal agent of bacterial wilt
and canker in tomatoes (Solanum Ilycopersicum L.), widely regarded as the most
significant bacterial disease affecting tomatoes, leading to considerable commercial
losses on a global scale. It enters the plant through wounds in the root or stem and
subsequently invades the xylem. The first symptom is unilateral leaf wilting, which
later affects all leaves. Canker lesions form on the stem, and the plant eventually dies.
If infection occurs at a later stage of plant development, the plant may survive long
enough to produce fruit. However, fruits from infected plants often develop
characteristic spots, known as birds eyes (83).
P carotovorum subsp. carotovorum (previously known as Erwinia carotovora subsp.
carotovora) (84), is a typical necrotrophic Gram-negative phytopathogen, that causes
soft rot disease in a variety of crops and ornamental plants during cultivation,
transportation, and storage (85). The main virulence factors secreted by bacterium
include different plant cell wall degrading enzymes such as pectate lyase, cellulose,
polygalacturonase, and protease. These enzymes break down plant cell walls, allowing
the pathogen to enter host tissues through wounds or naturally occurring openings such
as lenticels and stomata. This causes tissue maceration in tubers, rhizomes and leaves.
It is considered one of the top ten most significant agricultural pathogens and has been
associated with numerous plant disease outbreaks (86).
A. solani is a necrotrophic fungus that affects various parts of the tomato plant, causing
a range of diseases including early blight on foliage, collar rot on basal stems of
seedlings, stem lesions on mature plants, and fruit rot. Among these, early blight is the

most destructive, often leading to severe defoliation and significant economic damage
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in tomato crops. As a result, it receives substantial attention in breeding programs.
While early blight is the primary concern, A. solani can also cause less economically
significant symptoms such as collar rot at the seedling stage, stem lesions on mature
plants, and fruit rot (60,87).

B. cinerea is a significant plant pathogen affecting a diverse array of host plants,
especially in temperate climates. It is well known for causing gray mold disease in over
200 plant species, including many vegetables, fruits, trees, and flowers. As a
necrotroph, it can target a variety of organs, such as leaves, stems, and fruits, frequently
resulting in significant losses after harvest. Additionally, it feeds on decomposing and
senescent plant matter as a saprophyte. A complicated interaction between extracellular
enzymes, proteins, and metabolites drives host infection. These compounds facilitate
infection by degrading cell walls, producing toxins, and inducing oxidative stress, while
also contributing to the conversion of host tissue into fungal biomass. The fungus's
ability to overcome various phytoalexins further enhances its pathogenicity and broad
host range (64,88).

C. lindemuthianum is a globally distributed fungal genus known for causing severe
diseases, such as anthracnose in beans and fruit rots across various plant hosts,
significantly impacting crop productivity worldwide. Anthracnose is one of the most
destructive diseases affecting common beans (Phaseolus vulgaris L.). Under optimal
conditions for disease development, this pathogen can lead to complete crop loss. The
fungus spreads mainly through contaminated seeds or crop debris. Key symptoms
include necrotic lesions on bean stems and pods, often with salmon-coloured ooze from
acervuli. These lesions can cause seed deterioration within pods and plant death.
Additionally, the fungus produces purple to reddish angular lesions on the underside of
leaves along the veins, leading to premature leaf drop (30).

F solani is primarily responsible for root rot in legumes and other plants, severely
impacting the production of crops such as beans, soybeans, peas, lentils, tomatoes, and
cucurbits. This pathogen belongs to the F. solani species complex (FSSC), a group of
filamentous fungi with global distribution. It typically causes foot and root rot, leading
to symptoms like stunted growth, chlorosis, stem lesions, and wilting in infected plants.
The disease is often referred to as Fusarium root rot, causing extensive damage to the
root systems, weakening the plant and hindering nutrient uptake (89,90).

F. oxysporum is a ubiquitous ascomycete fungus that is generally saprophytic and

nonpathogenic present in soil. However, certain pathogenic strains of this species
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invade the vascular systems of plants, resulting in Fusarium wilt (89). This disease
disrupts water and nutrient flow within the plant, causing symptoms such as severe
wilting, yellowing of leaves, stunted growth, and eventually plant death. It affects many
economically important crops worldwide, making it a significant concern for
agricultural production. Presently, the most serious lettuce disease that causes
considerable losses is fusarium wilt, which is caused by F. oxysporum f. sp. lactucae
91).

P betae recently reclassified as Neocamarosporium betae within the family
Neocamarosporiaceae, is a significant plant pathogen affecting red beet (Beta vulgaris
subsp. vulgaris) (92). Despite the taxonomic update, the name P. betae remains widely
recognized in the agricultural community. This pathogen poses a serious threat to red
beets across various growth stages, causing substantial damage. It is particularly
notorious for inducing damping-oft disease in both pre-emergent and post-emergent
seedlings, severely impacting early plant development. Beyond the seedling stage, it
can also cause root rot, leaf spot, and even storage rot, compromising beet quality post-
harvest and leading to significant losses. Its ability to damage plants throughout their
lifecycle poses a major threat to beet production, leading to significant yield losses
(89,93).

P. chlamydospora is a tracheomycotic fungus that infects the xylem of grapevine (Vitis
vinifera L.), causing severe wood-related symptoms such as discolouration, brown
streaks, gummosis and necrosis. These symptoms severely affect the overall health,
productivity and longevity of the vine (94). It is a primary pathogen responsible for
vascular diseases within the Esca disease complex, including Petri disease. Esca is a
destructive disease of the grapevine trunk. It is a vascular fungal infection that affects
the plant's water and nutrient transport system. It is one of the most significant
challenges facing grape growers worldwide as it progressively weakens the vine, often
leading to reduced yields and premature vine death (95).

P dissotocum is oomycetes, a particular species from the genus Pythium. It is a
prominent pathogen that affects a wide variety of plants, from young annual vegetable
seedlings to mature forest trees. It is primarily responsible for seedling damping down
and a host of other serious diseases. Root rot caused by Pythium spp. is one of the most
destructive diseases, severely limiting the production of common beans (89).
Stemphylium spp. causing gray leaf spot are one of the most common and damaging

diseases affecting tomato crops. Severe plant defoliation and significant yield losses are
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caused by this phytopathogen. Gray leaf spot symptoms can be seen in plants and
seedlings. As the disease progresses, it first manifests as round to elongated dark spots
on leaves, which get larger and eventually turn gray and bright. When leaves are
severely infected, they turn yellow, die, and drop. Old infections typically dry out and
break. The severity of the disease usually increases after fruiting begins (31).

The study was aimed to characterize the phytochemical profile of the surface extract of
S. discolor and to evaluate the antimicrobial potential of crude extract against

phytopathogenic bacteria and fungi.

2.2 Material and methods

2.2.1 General experimental procedure

NMR investigations were done using a Bruker DRX-600 spectrometer (Bruker
BioSpin GmBH, Rheinstetten, Germany) coupled with a Bruker 5 mm TCI CryoProbe
at 300 K and a Bruker DRX-400 spectrometer. Every 2D NMR spectrum was obtained
in CDCls, and the TOCSY, COSY, ROESY, HSQC, and HMBC spectra were obtained
employing conventional pulse sequences and phase cycling. The data obtained by NMR
analysis was processed using UXNMR software. The ROESY spectra were acquired
using tmix = 400 ms. A Thermo Fisher Scientific, San Jose, California, USA.
HRESIMS data were obtained in both the positive and negative ion mode on a Q Ex-
active Plus mass spectrometer, Orbitrap-based FT-MS system, equipped by an ESI
source (Thermo Fischer Scientific Inc., Bremen, Germany). Following the
manufacturer's instructions, the Orbitrap mass analyzer was calibrated with a
combination of caffeine, sodium dodecyl sulphate, sodium taurocholate, methio-nine-
arginine-phenylalanine-alanine-acetate (MRFA), and Ultramark 1621. Information was
collected and analyzed employing the software supplied by the manufacturer. MPLC
chromatography was carried out using normal phase Si60 cartridges Supervarioflash
and LiChroprep RP-18 (40—63 um) (Merck, Darmstadt, Germany) in conjunction with
a spot liquid chromatography system (Armen Instrument, Saint Ave, France). For TLC
analysis, silica gel 60 F254-coated aluminium sheets (Merck, dimensions: 20 x 20 c¢m,
layer thickness: 0.2 mm) were utilized. The mobile phase consisted of
CHCIl3—CH30H-HCOOH (10:0.5:0.1), and spot visualization was achieved by
spraying with 50% H>SO4 followed by gentle heating. Semipreparative HPLC was
performed using a Waters W600 pump, fitted with a Rheodyne Delta 600 injector, a
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2414 refractive index detector, and a 2998 photodiode array detector (Waters
Corporation, Milford, MA, USA). The separation was carried out on a Symmetry Prep
C18 column (7.8 x 300 mm i.d., 7 pum particle size) at room temperature. The flow rate
was set to 1.03 mL/min, with a sample loop volume of 100 pL. The eluent system
consisted of A: H,O and B: CH30H, with a gradient starting at 50% B and reaching

100% B over 61 minutes, maintained at 100% B until 90 minutes.

2.2.2 Plant material

Fresh aerial parts of S. discolor were obtained from CREA-OF Sanremo, Italy.
The species was identified by Dr. Andrea Copetta and a voucher specimen
(HMGBH.e/7290.2024.001) is deposited at Herbarium of Giardini Botanici Hanbury
(La Mortola, Ventimiglia, Italy).

2.2.3 Chemicals
Solvents for extraction and purification were acquired from VWR International

Srl in Milano, Italy. CDCl3 (99.8%) was acquired from Sigma-Aldrich (Milano, Italy).

2.2.4 Extraction and isolation

1.2 Kg of freshly harvested aerial parts of S. discolor were briefly immersed in
CH2Cl: for 20 seconds. After filtration, 53 g of dry residue was obtained by evaporating
the solvent under reduced pressure. The resultant exudate underwent n-hexane
partitioning, yielding an n-hexane-soluble (26.64 g) and an n-hexane-insoluble portion
(23.17 g). n-Hexane-soluble portion was chromatographed on a silica gel column (50 x
4 cm; analytical TLC control) eluted with mixtures of n-hexane—CHCl;—CH3OH (from
50:50:0 to 0:0:100, 2.28 L) to afford 37 fractions (Ii-I37). Fraction I»s eluted with
mixtures of CHCl3-CH3OH from 1.47 to 1.56 L was purified by semipreparative RP-
HPLC afforded 2 (2.9 mg; tr=75.5 min).
The n-hexane-insoluble extract was then subjected to hot extraction using aqueous
CH30H (80%) to obtain a methanol-soluble fraction (7.2 g), and a methanol-insoluble
fraction, mainly constituted by triterpene compounds, particularly ursolic and oleanolic
acids (10.2 g). The methanol-soluble fraction was chromatographed on a silica gel
column (50 x 4 cm; analytical TLC control) eluted with mixtures of n-
hexane—CHCl;—CH30OH (from 50:50:0 to 0:0:100, 1.68 L) to afford 11 fractions. (II;-

II11). Fraction IIs (1.2 g) was re-chromatographed on a silica gel column (35 x 1 cm;
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analytical TLC control) mixtures of n-hexane—CHCIl3—CH3OH (from 50:50:0 to
0:0:100, 1.74 L) affording 17 fractions (III;-1II;7). Fraction Illio (175 mg) (eluted with
CHCI3 from 0.87 to 0.90 L) was further purified by semi-preparative RP-HPLC
affording 3 (2.6 mg; tr = 52.0 min). Fraction Illg was further purified by semi-
preparative RP-HPLC affording 4 (0.7 mg; tr=63.0 min) and 5 (3.1 mg; tr = 86.5 min).
Fraction II7 (0.7 g) after separation using MPLC afforded 12 fractions (IVi-IV12).
Fraction V¢ (103 mg) (eluted with CHCI3 from 0.87 to 0.93 L) afforded 1 (1.0 mg; tr
= 35.1 min) and 6 (2.0 mg, tr = 60.5). Fraction Ilo (1.2 g) afforded 12 fractions (Vi-
V12). Fraction Vg (131.7 mg) (eluted with n-hexane: ethyl acetate 87:13 from 0.24 to
0.30 L) afforded 7 (1.2 mg; tr = 69.5 min). Fraction V7 (159.8 mg) (eluted with n-
hexane: ethyl acetate 87:13 from 0.30 to 0.39 L) afforded 8 (3.7 mg; tr = 60.0 min).

2.2.5 Microorganisms

Strains of C. michiganensis subsp. michiganensis and P. carotovorum subsp.
carotovorum were isolated from symptomatic plants of Solanum lycopersicum L. and
Brassica oleracea L. respectively. Bacterial strains were cultured on nutrient agar
medium (NYDA) at 28°C for 2 days in Petri dishes. The NYDA medium consisted of
8.0 g nutrient broth, 1.5 g glucose, 4.0 g yeast extract, 20.0 g agar (Sigma-Aldrich,
Milano, Italy), and 1 L of deionized water. The bacterial inoculum was then prepared
from the one-day-old culture by suspending the bacteria in a vial containing Buffered
Peptone Water (Generon, Italy). The inoculum, with a concentration of 5 x 108
CFU/mL, was quantified using the serial dilution plating method and stored at 4°C.
Phytopathogenic fungi strains A. solani, C. lindemuthianum, F. solani, F. oxysporum f.
sp. lactucae race 1, P. betae, P. chlamydospora, P. dissotocum, Stemphylium sp. were
isolated from symptomatic plants of Solanum tuberosum L., Vitis vinifera L., Phaseolus
vulgaris L., Curcurbita pepo L., Lactuca sativa L., Spinacia oleracea L., Apium
graveolens L., S. lycopersicum L. respectively at CeRSAA (Albenga (SV), Italy). Four
strains of B. cinerea were isolated from Lavandula angustifolia Mill. (strain 1), S.
lycopersicum (strain 2), Viburnum opulus L. (strain 4), and Fragaria X ananassa (strain
11).
For the isolation process, infected plant material was rinsed with water and cut into
small pieces, then transferred to Petri dishes containing approximately 30 mL of Potato
Dextrose Agar supplemented with 5 pg/mL streptomycin sulphate (VWR Life Science,

Milano, Italy) to prevent bacterial contamination. The Petri dishes were incubated in
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the dark at 27 &+ 2°C for 7 days, with daily observations for mycelium growth. Once
fungal colonies appeared, pure strains were isolated and incubated under the same
conditions for an additional 7 days. The fungi were identified through morphological
and microscopic analysis, followed by molecular sequencing of the ITS region, as
described by White et al. (1990) (96) and pathogenicity was confirmed in vivo using
Koch’s Postulates (97).

2.2.6 Antibacterial activity

Two phytopathogenic strains (C. michiganensis subsp. michiganensis and P,
carotovorum subsp. carotovorum) were used to evaluate the antibacterial activity of
surface exudate. A sterile stock solution of surface extract in dimethyl sulfoxide
(DMSO) was prepared and stored at -20°C. This stock solution was diluted 1:10 with
Mueller-Hinton broth medium (Merck-Millipore, Burlington, Massachusetts, USA), to
give a final concentration of 2000 pg/mL, which is two times the highest concentration
assessed. 100 pL of diluted solution was transferred to the wells in the first column of
a microtiter plate. Similarly, sterile stock solutions of streptomycin sulphate (VWR Life
Science, Radnor, PA, USA), bacitracin (Sigma-Aldrich, Milan, Italy), and ampicillin
(Sigma-Aldrich, Milan, Italy) were prepared in DMSO and diluted 1:10 with Mueller-
Hinton broth, achieving a concentration of 64 pg/mL, twice the highest test
concentration. Each antibiotic solution (100 pL) was also transferred to a different well
of the first column of a microtiter plate. One-day-old bacterial cultures were prepared
by dilution in Buffered Peptone Water (VWR Life Science, Radnor, PA, USA) to obtain
the suspension reached 0.5 on the McFarland scale. The bacterial suspension was
diluted to 1/150 in Mueller Hinton Broth (MHB) (Merck-Millipore, Burlington, MA,
USA), obtaining a final concentration of approximately 5 x 10° cells/mL. A micro-
dilution procedure was used to determine the MIC (minimum inhibitory concentration
value) as per the method reported by the Clinical and Laboratory Standards Institute
using MHB. The 96-well microplate was prepared with 2-fold serial dilutions of surface
extract (0.975 to 1000 pg/mL), and 50 pL of the bacterial inoculum was introduced to
corresponding amounts of various concentrations of exudate. At the same time, the
inoculum was added to equivalent volumes of ampicillin and streptomycin sulphate
spread over a 96-well microplate and prepared from 2-fold serial dilutions ranging from
0.0312 to 32 pg/mL. The activity of DMSO was tested as a negative control in the last
second row, ranging from 0.0461 to 50 ul/mL. Uninoculated sterile MHB medium
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served as a blank control in the final row. Drug-free wells in the final column were used
to regulate growth. The microplate and solutions were kept in ice during all operations
until the next incubation step to prevent chemical degradation. The minimum inhibitory
concentration (MIC) was determined by measuring the lowest concentration of
chemicals that prevented observable growth after a 24-hour incubation period at 35°C.

Each MIC determination was conducted in triplicate.

2.2.7 Antifungal activity

The poisoned food technique was used to assess the antifungal activity of the
dichloromethane surface extract of S. discolor against A. solani, B. cinerea, C.
lindemuthianum, F. solani, F. oxysporum f. sp. lactucae race 1, P. betae, P
chlamydospora, P. dissotocum and Stemphylium sp. An inhibitory effect on mycelial
growth was observed. To prepare the culture medium 39 g of potato dextrose agar was
dissolved in 1 L of distilled water followed by autoclaving at 121°C for 15 minutes.
The medium was cooled to 50°C and supplemented with streptomycin sulphate (5
pug/mL). Crude surface extract (dissolved in 1% v/v DMSO (Sigma-Aldrich, St. Louis,
MO, USA)) was added at concentrations of 5, 100, 250, 500, 750 and 1000 pg/mL to
the medium and solidified in 90 mm diameter Petri dishes. Four synthetic fungicides
Ortiva (Syngenta, Milano, Italy) (azoxystrobin 23%), azoxystrobin 250 pg/mL, Score
25 EC (Syngenta, Milano, Italy) (difenoconazole 23.6%), difenoconazole 250 ug/mL,
Switch (Syngenta, Milano, Italy) (cyprodinil 37%+fludioxonil 25%), cyprodinil 375
pg/mL and fludioxonil 250 pg/mL, Ridomil Gold WG (Syngenta, Milano, Italy)
(Metalaxyl-M 2%+ copper 14.19%), Metalaxyl-M 20 ug/mL and copper 141.9 ng/mL
were included as reference controls. The concentrations used were recommended by
the manufacturers. The sterile agar plugs of the experimental fungi, measuring
approximately 2 x 2 mm, were placed in the centre of the prepared media in Petri dishes
and incubated at 25°C in the dark (98). Each concentration of the extract was tested in
triplicate. Medium treated with 1% v/v DMSO, and untreated plates were used as
control. After inoculation, the radius of mycelial growth was measured, and the
percentage of growth inhibition relative to the untreated control was reported. To ensure

consistent results across all trials, the experiments were repeated three times.
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2.2.8 Efficacy of exudate against postharvest diseases in tomato fruit

To evaluate the potential of the crude extract against gray mold disease caused
by B. cinerea in postharvest tomato fruits, concentrations of 100, 500, and 1000 pg/mL
of exudate were selected. These concentrations were selected based on an in vitro
antifungal assay. Experiments were performed following the method described by Liu
et al. (2007) (99) with some modifications.
Healthy tomatoes var. Maraskino (Seminis, Bayer) were obtained from organic local
farms in Albenga (SV) and surface dust was removed by washing with water.
Disinfection was carried out by soaking the tomatoes in a 1% solution of sodium
hypochlorite for 20 minutes, followed by two rinses with distilled water and air drying
at 25 £ 2°C. A sterile scalpel was used to make 3mm deep and 3mm wide cuts in the
equatorial part of the tomatoes. Application of exudate and subsequent inoculation with
B. cinerea was carried out on these wounds. During the trials, preventive and curative
treatments were used.
Preventive treatments: Tomato fruits were sprayed with exudate dissolved in 1% v/v
DMSO at concentrations of 100, 500 and 1000 pg/mL using a nebuliser. Tomato
sprayed with 1% v/v DMSO, and distilled water were used as control. Teldor® and 1%
v/v peracetic acid were included as reference treatments. Conidial suspension (5.7x10*
spores/mL) of B. cinerea (strain 2) was applied to the fruits after 4 hours of treatments.
Curative treatments: The process of application was reversed, tomato wounds were
first sprayed with the B. cinerea conidial suspension, followed by a 10-minute waiting
period. This was followed by the application of the exudate, control and reference
solutions. Treated fruits were kept at high relative humidity (~95%) in plastic boxes
(200 mm x 130 mm x 50 mm). All treatment groups were maintained in a climate
chamber at 18 + 2 °C with a 14:10 dark: light ratio. For both treatments, the decay
incidence of fruits caused by B. cinerea was assessed 7 days after inoculation. The

experiment was repeated three times with each treatment consisting of three fruits per

group.

2.2.9 Statistical analysis

Analysis of variance (ANOVA) was used to evaluate the impact of treatments,
followed by Tukey HSD test mean separation at p < 0.05 was performed. The
"Statistica" software program, version 8.0, from Statsoft Inc. in Tulsa, Oklahoma, USA,

was used to perform statistics.
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2.3 Results and discussion

2.3.1 Phytochemical analysis

The dichloromethane extract of the plant surface of S. discolor after
chromatographic separations afforded one novel compound and several known
flavonoids and diterpenes identified by NMR analysis. Chromatographic analysis of n-
hexane soluble fraction and methanol soluble fraction followed by isolation with RP-
HPLC afforded an ent-clerodane diterpene dilactone (1) (109,110), undescribed in
Salvia species, and various other known compounds: gardaubryone C (2) (100), 8,3’-
dihydroxy-6,7,4’-trimethoxyflavone (3) (101), 6,7,4’-trimethoxyflavone (4) (102),
salvilymitol (5) (103), 5,7-dihydroxy-3,4’-dimethoxyflavone (6) (104), divinatorin A
(7) (105), patagonic acid (8) (106), which were identified through spectroscopic NMR
analysis, including DEPT, TOCSY, HSQC, and HMBC experiments.
The high-resolution mass data (HRMS) of 1 showed a ion at m/z 357.1344 [M + H]"
(caled for Ca0H2106, 357.1260), consistent with a molecular formula of C20H2107 for
the parent molecule, and nine indices of hydrogen deficiency. The 3C NMR spectrum
showed twenty carbon resonances corresponding to one methyl, three methylene, five
methines (two of them were sp® carbons), one oxygenated methine, two quaternary
carbons and, in addition, two carbonyl and one carboxylic carbon, and resonances for
a furan ring. These resonances were indicative of a clerodane diterpene skeleton (Table
2.1) (8,107,108).
The 'H NMR spectrum (Table 2.1) showed resonances of five olefinic protons (5n 6.20,
H-1; du 6.42, H-14; du 6.59, H-3; 6u 7.43, H-15), and a methylene of a y -lactone ring
(8u 4.08, 4.45, H2-19). The '*C NMR signals at 5c = 196.0 (C-1), 132.8 (C-2), and
139.6.9 (C-3), and the '"H NMR data [5u=6.20 (H2) and 6.76 (H3)], COSY correlations
H-2 / H-3, H-3 / H-4, and HMBC correlation H-3 / C-1, C-4, and C-5, and H-4 / C-3
and C-4 were indicative of a a,B-unsaturated carbonyl group, previously reported for
hydroxylactones in Salvia urolepis (109). An AB spin system at ou 4.45 (d, J=9.5 Hz,
1H) and 4.08 (dd, /= 9.5, 1.9 Hz) indicated the presence of an oxymethylene.
A y -lactone ring was formed between C-4 and C-5, which was confirmed by the 'H—
"H COSY between H-6 (8u 4.08) and H-7 (81 2.01) and the HMBC cross peaks H-19 /
C-4, C-5, C-6, and C-18, H-10 / C-5 and C-19. One methyl singlet at o 1.37 was
assigned to CH3-20. A singlet at 6u 2.70 was assigned to H-10.
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'"H-'H COSY experiment proved that it was W coupled to the CH3-20 protons, thus
showing a trans steroidal decalin ring system.

The 'H-'H COSY spectrum suggested a C-6 / C-8 and C-11 / C-12 spin systems,
corroborated by HMBC correlations H-6 / C-5 and C-10, H-7 / C-5, C-6, C-9, H-8 / C-
6, C-7, C-9, and C-10. HMBC correlations H-7 / C17, H-8 / C-17, and H-20 / C-17
confirmed that the carboxylic acid group was attached to C-8.

The six-carbon side chain (C-11 through C-16) of the clerodane skeleton contained a
terminal B-substituted furan ring as was corroborated by 'H-NMR data [8 6.42 (d, J =
1.9, 1H, H-14), 7.43 (d, J= 1.8, 1H, H-15), 7.49 (s, 1H, H-16)] (Table 2.1) (77).

The relative configurations of the stereocenters were also inferred by ROESY
correlations. ROESY cross peaks CH>-19 / CH3-20 showed that these groups are on the
same o side. ROESY correlations CH-4 / CH3-10 showed that these protons are on the
same P side. On the basis of 'H and '*C NMR signals of ring A and the ROESY

correlations the structure of 1 was established as rhynchosperin A (109,110).
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Table 2.1 'H and *C NMR spectroscopic data of compounds 1 (CDCls, 500 MHz) °.

Position  &c, type oH HMBC

1 196.0, CO ) -

2 132.8, CH 6.20, dd (10.1, 2.8) 4

3 139.6, CH 6.59, dd (10.1, 3.2) 1,4,5

4 52.9,CH 3.23,1(3.0,3.0) 2,3,5,18,19

5 43.6,C - -

6 31.6, CH> 200, m 5,7,10
1.91°

7 18.9, CH; 2.36,d (12.0, 4.8) 5,6,8,9,22
1.92°

8 46.1, CH 2.63° 6,7,9, 10,17

9 34.7,C - -

10 58.3, CH 2.70° 1,4,5,6,8,9, 19,20

11 48.9, CH, 2.69° 8,9, 10,12,13,20
1.85, dd (15.5, 12.2)

12 71.1,CH 5.33,dd (12.2,2.1) 9,13,14,16

13 123.9,C - -

14 109.2, CH 6.42,d (1.9 13, 15, 16

15 144.5, CH 7.43,d (1.8) 13,16

16 140.3, CH 7.49,s 13,14, 15

17 172.9 COOH - -

18 173.8,CO 5.83, brs 16, 17,19, 20

19 72.4, CH; 4.45,d (9.5) 4,5,6,18
4,08, dd (9.5, 1.9)

20 23.9, CHs 1.37,s 8,9,10,11, 17

¢ J values are in parentheses and reported in Hz; chemical shifts are given in ppm; assignments were confirmed by DQF-COSY,
ID-TOCSY and HSQC experiments. * Overlapped signal.
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Figure 2.1 'H NMR (500 MHz, CDCI3) spectrum of compound 1.
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Figure 2.2 °C NMR (500 MHz, CDCls) spectrum of compound 1.
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Figure 2.3 HSQC (500 MHz, CDCI3) spectrum of compound 1.
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Figure 2.4 COSY (500 MHz, CDCl3) spectrum of compound 1.
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exudate from aerial parts of S. discolor.
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2.3.2 Antibacterial activity

The crude extract was tested against two strains of phytopathogenic bacteria (C.
michiganensis subsp. michiganensis, and P. carotovorum subsp. carotovorum).
Bacitracin and streptomycin sulphate were used as standard antibiotics against Gram-
positive bacterium. Ampicillin and streptomycin sulphate were used as reference
antibiotics against Gram-negative bacteria. Growth of each strain was observed in drug-
free wells (growth control) and no growth was observed in wells containing
uninoculated sterile MHB as a blank control. All the MIC values are reported in Table
2.2.

The crude extract showed a MIC value of 500 pg/mL against C. michiganensis subsp.
michiganensis. These findings are consistent with a study which demonstrated the
antibacterial effect of Ginkgo biloba leaf extract with a MIC value of 500 pg/mL against
C. michiganensis subsp. michiganensis (111). In another study, the essential oil of S.
hydrangea showed MIC of 500 pl/mL against the same bacterium (112). The crude
extract showed a MIC value of 1000 pg/mL against P. carotovorum subsp.
carotovorum. A recent study highlighted the potential of methanolic extracts from S.
rosmarinus in preventing and mitigating soft rot disease caused by P. carotovorum
subsp. carotovorum (113). In another study, garlic extract, and its pure compounds
showed potent activity against another similar Gram-negative bacteria, Xanthomonas
campestris pv. campestris (114).

Bacitracin showed a MIC value of 0.0312 pg/mL against C. michiganensis subsp.
michiganensis. Streptomycin sulphate showed a MIC value of 0.25 pg/mL against both
C. michiganensis subsp. michiganensis, and P. carotovorum subsp. carotovorum.
Ampicillin showed a MIC of 0.0625 pg/mL against P. carotovorum subsp.
carotovorum.

Although the MIC values of the extract were higher compared to standard antibiotics,
its effectiveness against these bacteria highlights its potential as a natural antibacterial
agent, especially considering growing antibiotic resistance. In addition, the extensive
use of antibiotics in agriculture including tetracyclines, aminoglycosides, beta-lactams,
lincosamides, macrolides, pleuromutilins and sulfonamides poses a significant risk of
resistance (115). Moreover, the EU has limited bactericides to a few selective agents,
and non-bactericidal antibiotics are no longer permitted (116). In this context, plant-

based antimicrobials are gaining importance as a safer and more sustainable option.

38



Table 2.2 MIC values of crude extract and antibiotics against Clavibacter
michiganensis subsp. michiganensis, Pseudomonas carotovorum subsp. carotovorum.

MIC
Treatment
pug/mL

C. michiganensis subsp. P. carotovorum subsp.

michiganensis carotovorum
Crude extract 500 1000
Ampicillin - 0.0625
Streptomycin sulphate 0.25 0.25
Bacitracin 0.0312 -

2.3.3 Antifungal activity

In vitro antifungal activity of the surface extract of S. discolor was evaluated
against different phytopathogenic fungi (4. solani, B. cinerea, C. lindemuthianum, F.
solani, F. oxysporum f. sp. lactucae race 1, P. betae, P. chlamydospora, P. dissotocum,
Stemphylium sp.). at various concentrations. The activity was expressed as a percentage
inhibition of mycelial growth and was compared with four synthetic fungicides. The
percentage of mycelial growth inhibition was calculated by comparing the growth in
the presence and absence of treatments. The results shown in Table 2.3 demonstrated
that the crude extract was active against all fungi with varying degrees of efficacy across
tested fungi. The crude extract (750 pg/mL) showed 80% inhibition against F. solani
statistically comparable to the synthetic fungicide azoxystrobin 250 pg/mL and at the
highest concentration (1000 pg/mL), the activity was 91.4% significantly higher than
the fungicide (Figure 2.9). In a recent study, an ethanolic extract of ginger rhizome (10
mg/mL) demonstrated 89.27% inhibition of F solani mycelial growth (117). This
indicates that S. discolor exudate is highly potent, achieving similar antifungal activity
at a concentration ten times lower. Remarkably, complete inhibition of P.
chlamydospora (Figure 2.10) was observed at the highest concentration tested (1000
pg/mL), comparable to difenoconazole, 250 pg/mL. With a degree of growth inhibition
of more than 50% starting at a concentration of 100 pg/mL and reaching 100%
inhibition at 1000 pg/mL, crude extract demonstrated a dose-response impact (Table
2.3). Notably, 80.9% inhibition was demonstrated at a concentration of 500 pg/mL,
significantly higher than azoxystrobin 250 pg/mL. Even at a lower concentration of 250
pg/mL, 77.1% inhibition of mycelial growth was recorded. These findings are
consistent with research by Cobos et al. (2015) who tested various natural antifungals

against P. chlamydospora, showing that chitosan oligosaccharide (1000 pg/mL) and
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garlic extract both achieved 100% inhibition of in vifro mycelial growth (118). High
levels of mycelial growth inhibition (91.4%) were observed with the crude extract at
1000 pg/mL against P. dissotocum when treated with the crude extract (1000 pg/mL)
showing superior effectiveness compared to difenoconazole, 250 pg/mL and
comparable to Metalaxyl-M 20ug/mL and copper 141.9 ug/mL (Figure 2.11). Moderate
inhibition was observed at lower concentrations. The findings showed that the
antifungal activity of the crude extracts increased with increasing concentration of the
extract. These results align with the known biocidal activity of essential oils such as
clove bud, thyme, and oregano, which have shown significant antifungal effects at 1000
ppm against various pathogenic fungi, including three species of Pythium, as
documented by McMaster et al. (2013) (119). However, the extract showed moderate
inhibitory effects (50-60%) against 4. solani, and Stemphylium sp. Parallel to this,
earlier studies have found that ethanolic extracts of S. fructicosa showed modest
antifungal activity against two strains of 4. solani (60). The extract exhibited 70.5%
inhibition against P. betae at a concentration of 1000 pug/mL, though this was less
effective compared to synthetic fungicides. The inhibition values at concentrations of
500 and 700 pg/mL were similar, indicating consistent moderate activity at these levels
against P. betae. The efficacy of the extract against C. lindemuthianum and F.
oxysporum f. sp. lactucae race 1 was poor, with less than 40% inhibition of mycelium
growth even at the higher concentrations tested. The variation in efficacy suggests
different susceptibility levels among fungal strains.

In addition, the effect of crude extract was tested against four strains of B. cinerea
sourced from different diseased crops. Throughout the growing season, these crops get
exposed to a range of acceptable Botrytis treatments, including changes in the active
chemicals used and the frequency of application. Results are presented in Table 2.4.
The extract showed the least activity against strains 1 (L. angustifolia) and 4 (V. opulus).
Although the strains were isolated from fields with low Botrytis treatment. Interestingly
more than 70% mycelial growth inhibition (Figure 2.12) was observed against strain 2
(S. lycopersicum) and strain 11 (Fragaria X ananassa). However, the activity was not
statistically comparable to the synthetic formulation cyprodinil 375 pg/mL and
fludioxonil 250 pg/mL, which achieved 100 % inhibition against the tested strains. The
reduced efficacy could be attributed to resistance developed in these crops due to
frequent pesticide applications, as they were collected from fields with a high

antibotrytic defence load
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Table 2.3 Percentage inhibition of mycelial growth of nine phytopathogenic fungi treated with different concentrations of S. discolor crude extract
compared to four standard fungicides.

Treatment Concentration F. solani P. betae P. C. F. P. A. solani Stemphylium  B. cinerea
chlamydospora lindemuthianum oxysporum dissotocum sp. (strain 4)
Crude extract 5 pg/mL 6.7+1.6° 11.4+0.0° 31.4+0.0° 5.7+0.0° 0.9+1.6% 16.2+1.6° 2.8+0.0° 4.7+1.6° 4.8+1.6"
Crude extract 100 pg/mL 43.8£1.6° 28.6+0.0° 59.0+1.6¢ 15.2+1.6° 8.6+0.0° 27.6+1.6° 19.0+1.6° 28.6+0.0° 14.3+0.0°
Crude extract 250 pg/mL 54.3+0.09  48.6+0.0¢ 77.1£0.0¢ 18.1+1.6¢ 8.60.0° 27.6£1.6° 29.5+1.6¢ 28.6£0.0° 18.1+1.6¢
Crude extract 500 pg/mL 71.4+0.0° 57.1+0.0° 80.9+1.6° 22.8+£0.08 11.4+0.0° 51.4+0.0¢ 37.1+0.08 40.0+0.0¢ 34.3£0.0°
Crude extract 750 pg/mL 80.0+0.0f  57.1+0.0° 88.6+0.0f 28.5+0.0f 23.8+0.0¢ 64.7+1.6° 40.00.0f 51.4+0.0¢ 37.1+0.0f
Crude extract 1000 pg/mL 91.4+0.0¢  70.5+0.0 100.0+0.09 31.4+0.09 28.6+0.0° 91.4+0.0f 55.2+1.69 57.1+0.0f 42.5+0.09
Cyprodinil + 375+ 250 pg/mL  100.0£0.0'  100.0+0.0'  100.0+0.09 100.0+0.0i 91.4+0.0" 100.0+0.0¢ 100.0£0.0"  100.0+0.09 100.0+0.0i
Fludioxonil
Metalaxyl-M +  20+141.9 uyg/mL  97.1+0.0"  94.3+0.0" 100.0+0.09 100.0+0.0/ 88.6+0.09 100.0+0.0¢ 100.0+0.0"  100.0+0.09 97.1+0.01
copper
Difenoconazole 250 pg/mL 97.1+0.0"  100.0+0.01 100.0+0.09 82.8+0.0' 88.6+0.09 84.7+1.6f 100.0£0.0"  98.1+0.09 93.3+0.0'
Azoxystrobin 250 pg/mL 80.0+0.0F  88.6+0.09 80.0+0.0¢ 42.8+0.0" 55.2+0.0 100.0+0.09 28.6+0.0¢ 100.0+0.09 65.7+0.0"
DMSO 10 pL/mL 0.0+0.0? 0.0+0.0? 0.0+0.0? 0.0+0.0? 0.0+0.0? 0.0+0.0? 0.0+0.0? 0.0+0.0? 0.0+0.02
Control - 0.0+0.0? 0.0+0.0? 0.0+0.0? 0.0+0.0? 0.0+0.0? 0.0+0.0? 0.0+0.0? 0.0+0.0? 0.0+0.02

Data expressed as mean inhibition percentages = standard deviation. Superscript letters denote significant differences at P<0.05, as determined by Tukey's test. Control: untreated
plates.
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Table 2.4 Percentage inhibition of mycelial growth of four strains of Botrytis cinerea
treated with different concentrations of S. discolor crude extract compared to four standard
fungicides.

Treatment Concentration B. cinerea B. cinerea B. cinerea B. cinerea
(strain 1) (strain 4) (strain 2) (strain 11)
Crude extract 5 pg/mL 0.0£0.02 4.8+1.6° 0.0£0.02 0.0£0.02
Crude extract 100 pg/mL 0.0£0.02 14.3+0.0° 0.0£0.02 5.7+0.0°
Crude extract 250 pg/mL 2.8+0.0° 18.1+1.6¢ 2.8+0.0° 5.7+0.0°
Crude extract 500 pg/mL 8.6£0.02 34.3+0.0° 48.5+0.0° 37.1+0.0°
Crude extract 750 pg/mL 8.6+0.0° 37.1+0.0 65.7+0.0° 71.4+0.0
Crude extract 1000 pg/mL 20.0+0.0° 42.5+0.09 74.9+0.0 77.1+0.09
Cyprodinil + 375 +250 ug/mL  100.0+0.0¢ 100.0+0.0/ 100.0+0.09 100.0+0.0"
Fludioxonil
Metalaxyl-M + 20+141.9 pg/mL  68.6+0.0¢ 97.1+0.01 58.1+0.0¢ 59.0+1.6°
copper
Difenoconazole 250 pg/mL 100.0+0.0¢ 93.3+0.0' 100.0+0.09 100.0+0.0"
Azoxystrobin 250 pg/mL 45.740.0° 65.7+0.0" 48.5+0.0° 51.4+0.0¢
DMSO 10 uL/mL 0.0£0.0° 0.0£0.0% 0.0£0.02 0.0£0.0%
Control - 0.0£0.0° 0.0£0.0% 0.0£0.02 0.0£0.0%

Data expressed as mean inhibition percentages + standard deviation. Superscript letters denote significant
differences at P<0.05, as determined by Tukey's test. Control: untreated plates.

Figure 2.9 Inhibition of growth of Fusarium solani mycelium 5 days after inoculation on
poisoned media. A. Control B. Crude extract at 1000 pg/mL C. Azoxystrobin at 250 pg/mL.
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Figure 2.10 Inhibition of growth of Phaeomoniella chlamydospora mycelium 5 days after
inoculation on poisoned media. A. Control B. Crude extract at 1000 pg/mL C.
Difenoconazole at 250 pg/mL.

Figure 2.11 Inhibition of growth of Pythium dissotocum mycelium 4 days after inoculation
on poisoned media. A. Control B. Crude extract at 1000 pg/mL C. Metalaxyl-M + copper
20+141.9 pg/mL.

Figure 2.12 Inhibition of growth of Botrytis cinerea (strainll) mycelium 5 days after
inoculation on poisoned media. A. Control B. Crude extract at 1000 ug/mL C. Cyprodinil
+ Fludioxonil at 375 + 250 pg/mL.
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2.3.4 Impact of exudate on mitigating postharvest diseases in tomato fruits

The effects of exudate and reference controls against decay incidence caused by B.
cinerea varied between curative and preventive treatments as depicted in Figures 2.13 and
2.14. Teldor® was 100 % effective when used in preventive treatment but showed no
activity as a curative treatment. In contrast, peracetic acid showed potent efficacy in the
curative treatment, while its ability to control decay incidence in the preventive treatment
was low. In both preventive and curative applications, the exudate at a concentration of
1000 pg/mL significantly protected tomatoes from gray mold disease. Interestingly, the
efficacy of the exudate was statistically comparable to Teldor® at 500 and 1000 pg/mL
when used as a preventive treatment. In addition, similar to the effect of peracetic acid, low
activity of exudate at 100 ug/mL was observed in preventive treatment. These findings
have important implications because treating crops with chemicals after harvest may leave

harmful residues that make them unsafe to be consumed (120).
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Figure 2.13 A. Effect of S. discolor exudate on postharvest disease caused by B cinerea
(strain 2) compared to Teldor® and peracetic acid (PA). in curative treatment where E1
(100 pg/mL), E2 (500 pg/mL) and E3 (1000 pg/mL) are different concentrations of
exudate. Values followed by different letters are significantly different from each other
according to Tuckey's multiple range test at P<0.05. B. Representative images of the effect
on gray mold infection.
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Figure 2.14 A. Effect of S. discolor exudate on postharvest disease caused by B cinerea
(strain 2) compared to Teldor® and peracetic acid (PA). in preventive treatment where E1
(100 pg/mL), E2 (500 pg/mL) and E3 (1000 pg/mL) are different concentrations of
exudate. Values followed by different letters are significantly different from each other
according to Tuckey's multiple range test at P<0.05. B. Representative images of the effect
on gray mold infection.

2.4 Conclusion

The phytochemical analysis of the surface extract from S. discolor has identified an
ent-clerodane diterpene dilactone previously undescribed in Salvia species, and seven other
known compounds, thereby demonstrating its potential as a valuable source of new
bioactive agents. The extract displayed broad-spectrum activity against a wide range of
phytopathogens. In particular, the extract exhibited pronounced antifungal effects against
P. dissotocum, P. chlamydospora, F. solani and two distinct strains of B. cinerea. Notably,
the strains of B. cinerea subjected to examination were isolated from agricultural fields
with a high frequency of treatments for gray mold, indicating that the extract is effective
against strains that are typically exposed to extensive chemical treatments. Moreover, the
extract demonstrated efficacy in the management of gray mold disease on postharvest
tomato fruits. Optimising the formulation of the extract and exploring its synergistic
potential with other natural or synthetic agents should be the focus of future studies. Such
efforts could improve the overall efficacy of the extract and facilitate its integration into

sustainable agricultural practices. Further research into the in vivo performance of the
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extract and how it interacts with other pesticides could pave the way for developing more

effective and environmentally friendly approaches to crop protection.
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Chapter 3
Exploring the phytochemical profile and biological
activities of Salvia karwinskii Benth. exudate against

phytopathogens
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3.1 Introduction

Salvia karwinskii Benth. is a tall and evergreen perennial shrub belonging to the
subgenus. Calosphace of Salvia, native to Mexico and Central America. It has high
ornamental value and blooms for a long time every year from May to December (76,121).
Due to its large size and ornamental nature, S. karwinskii generates significant waste
biomass. To explore the potential applications of this biomass, the study aimed to conduct
a phytochemical analysis of surface extracts. As part of our efforts to integrate sustainable
agricultural practices, the crude extract was also evaluated for its activity against
phytopathogens that negatively impact crop yields. Two strains of phytopathogenic
bacteria (Clavibacter michiganesis subsp. michiganesis, Pectobacterium carotovorum
subsp. carotovorum) and nine strains of phytopathogenic fungi (4/ternaria solani, Botrytis
cinerea, Colletotrichum lindemuthianum, Fusarium solani, Fusarium oxysporum f. sp.
lactucae race 1, Phoma betae, Phaeomoniella chlamydospora, Pythium dissotocum,

Stemphylium sp.) were used.

3.2 Material and methods

3.2.1 Plant material

Fresh aerial parts of S. karwinskii were collected from CREA-OF Sanremo. The
plant material was identified by Dr. Andrea Copetta and a voucher specimen
(HMGBH.e/7290.2024.003) is deposited at Herbarium of Giardini Botanici Hanbury (La
Mortola, Ventimiglia, Italy).

3.2.2 Chromatographic and spectroscopic techniques

Column chromatography (CC) was performed on silica gel (Merck, Art. 9385) with
gradient elution using different solvent mixtures. Preparative HPLC-UV was carried out
on a system consisting of a Marathon III HPLC pump, coupled to an SSI 500 UV-vis
detector. The separation was carried out on a Nucleosil C18 Semi-prep (250 x 10 mm, 5
um) column at room temperature. The flow rate was set to 1.5 mL/min, with a sample loop
volume of 100 pL. The eluent system consisted of A: H>O and B: CH30H, with a gradient
starting at 50% B and reaching 100% B over 61 minutes, maintained at 100% B until 90
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minutes. Preparative HPLC-RI analysis was carried out on a Shimadzu LC-40D HPLC
system with a Shimadzu SIL-40C autosampler interfaced with an RI detector (RID-20A)
with the isocratic solvent system (CH30OH: H>O 75:25) and equipped with Lab solutions
software. MPLC, TLC and NMR analysis were carried out as described in Chapter 2.

3.2.3 Extraction and isolation

The freshly harvested aerial parts of S. karwinskii (2.1 kg) were briefly immersed
in dichloromethane (CH:Cl.) for 20 seconds. Following filtration, the solvent was
evaporated under reduced pressure using the rotavapor, yielding 25 g of dry residue. This
residue was then partitioned with n-hexane, resulting in an n-hexane-soluble portion (1.58
g) and an n-hexane-insoluble portion (22 g). The n-hexane insoluble fraction was extracted
with 80% aqueous methanol for the separation of triterpenes by precipitation in the
methanol-insoluble part, yielding a methanol-soluble fraction (10.3 g).
Methanol soluble fraction was chromatographed on a silica gel column (50 % 4 cm;
analytical TLC control) eluted with mixtures of n-hexane—CHCIl3—CH3OH (from 50:50:0
to 0:0:100, 1.74 L) to afford 22 fractions (I1-122). Fraction Is (125 mg) (eluted with CHCl;3
from 0.66 to 0.69 L) was purified by semi-preparative RP-HPLC and afforded 1 (1.1 mg;
tr = 78 min). Fraction I (786 mg) (eluted with CHCI3 from 0.87 to 0.99 L) was subjected
to CC over silica gel with mixtures of CH2Cl.:C3HsO isopropanol: CH3OH of increasing
polarity and afforded 14 fractions (II; to Ili4). Fraction IIs (57 mg) (eluted with
CH:Cl2:C3H30 isopropanol 97:3) was purified by preparative RP-HPLC afforded 2 (3 mg;
tr =25.5 min).
Fraction 117 (1.3 g) (eluted with CHCI3:CH30H 95:5 from 1.20 to 1.26 L) was subjected to
CC over silica gel with combinations of CH2Cl.:CH30H of increasing polarity and afforded
6 fractions (III; to Ills). Fraction IIIs (200 mg) (eluted with CH2Cl.:CH30H 35:65 from
0.75 to 0.95 L) was purified by preparative RP-HPLC afforded 3 (10.8 mg; tr = 68.5 min).

Purification and isolation of compounds from fraction I will be processed in future studies.

3.2.4 Antimicrobial assay
The methods used for assessing antibacterial and antifungal activities have been

already described in Chapter 2.
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3.3 Results and discussion

3.3.1 Preliminary phytochemical analysis

The phytochemical analysis of the surface extract of S. karwinskii afforded three known
clerodane-type diterpenoids, hardwickic acid (1) (122), involucratin C (2) (123), and 6-
hydroxyannonene (3) (124).

(;H5“3 OH

1 2 3

Figure 3.1 Chemical structure of compounds (1-3) isolated from surface extract of aerial
parts of S. karwinskii.

3.3.2 Antibacterial activity

The minimum inhibitory concentrations (MICs) of exudate were determined
against two phytopathogenic bacteria using the broth dilution technique. MIC values
shown by S. karwinskii crude exudate are presented in Table 3.1. The exudate showed a
MIC of 500 pg/mL against C. michiganensis subsp. michiganensis. Bacitracin used as a
standard antibiotic against Gram-positive bacteria, showed a MIC value of 0.0312 pg/mL
against C. michiganensis subsp. michiganensis. However, the extract showed minimal
activity against P. carotovorum subsp. carotovorum with a MIC value greater than 1000
pug/mL. Streptomycin sulphate showed a MIC value of 0.25 pg/mL against both C.
michiganensis subsp. michiganensis, and P. carotovorum subsp. carotovorum. Ampicillin
showed a MIC of 0.0625 pg/mL against P. carotovorum subsp. carotovorum. Streptomycin
sulphate and ampicillin were used as reference antibiotics against the Gram-negative

bacterium P. carotovorum subsp. carotovorum. In related research, hydroalcoholic extract
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of Larrea tridentata showed bactericidal efficacy against Pseudomonas syringae,
Xanthomonas campestris, and C. michiganensis subsp. michiganensis. Production of
tomato is impacted by these strains (125). Similarly, Baptista et al. (2020) evaluated the
effect of dichloromethane (DCM) and methanolic extracts of plants from Northwest
Argentina against P. corrugata, Erwinia carotovora var. carotovora, and X. campestris pv.
vesicatoria. The findings supported that Schinus fasciculatus leaf and stem extracts
demonstrated the most extensive antibacterial activity (126). Additionally, it was
discovered that the ethyl acetate extracts of Curcuma aromatica, Garcinia indica, and
DCM extract of Glyccyrrhiza glabra were effective against X. campestris and X
axonopodis pv. punicae and Erwinia spp. (127). The growing interest in plant-based
antimicrobials underscores their potential as safer, sustainable alternatives to synthetic
chemicals, especially given that no other antibacterial agents apart from copper are

available for controlling bacterial diseases in plants (40).

Table 3.1 MIC values of crude exudate and antibiotics against Clavibacter michiganensis
subsp. michiganensis, Pseudomonas carotovorum subsp. carotovorum.

MIC
Treatment ne/mL
C. michiganensis subsp. P. carotovorum subsp.
michiganensis carotovorum
Crude extract 500 >1000
Ampicillin - 0.0625
Streptomycin sulphate 0.25 0.25
Bacitracin 0.0312 -

3.3.3 Antifungal activity

In vitro experiments were conducted to evaluate the antifungal potential of S.
karwinskii exudate against nine phytopathogens at different concentrations. The results
were represented as a percentage inhibition of mycelial growth and lined up with four
synthetic fungicides (Table 3.2). The percentage of growth inhibition was calculated by
evaluating mycelial growth in the treated and untreated control conditions. The extract
showed moderate to strong inhibition against all tested fungi at the highest tested
concentration. Notably, complete inhibition of mycelial growth was observed against P.
chlamydospora (Figure 3.2) at 1000 upg/mL comparable to synthetic fungicide
difenoconazole, 250 pg/mL. Even at 100 pg/mL, the extract already inhibited 83.8%
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growth of mycelium. The extract inhibited more than 90% growth at 250 pg/mL with
inhibition of 97.2% at 750 pg/mL demonstrating a strong concentration-dependent
antifungal effect. These findings align with those for S. discolor, whose crude extract also
fully inhibited P. chlamydospora mycelial growth at 1000 ng/mL. The extract exhibited an
inhibition of 70.5% against P. betae at a concentration of 100 pg/mL. Interestingly, 97.1%
inhibition of mycelial growth (Figure 3.3) was observed at 1000 pg/mL, which was
statistically comparable to difenoconazole, 250 pg/mL and Metalaxyl-M 20 pg/mL and
copper 141.9 pg/mL.

The extract results in 86.7% inhibition of P dissotocum at 750 pg/mL significantly
comparable to cyprodinil 375 pg/mL and fludioxonil 250 pg/mL. Moreover, 94.3%
mycelial growth was controlled (Figure 3.4) by extract at a concentration of 1000 pg/mL
statistically comparable to selective synthetic fungicide Metalaxyl-M 20 pg/mL and copper
141.9 pg/mL. In another study thymol and carvacrol were found to be significantly
effective against P. dissotocum at 100 pg/mL (119).

The extract’s impact on Stemphylium sp., known for its resistance to conventional
fungicides, was particularly noteworthy. The extract showed strong activity against
Stemphylium sp. by inhibiting 76.2% of mycelial growth at 100 pg/mL, significantly higher
than azoxystrobin 250 pg/mL. At 250 and 500 pg/mL, more than 80% growth inhibition
was noticed. However, at the highest tested concentration, the extract showed an inhibition
0f 94.3% comparable to fungicide Metalaxyl-M 20 pg/mL and copper 141.9 pg/mL (Figure
3.5). Our results align with the antifungal activity shown by Propolis extract against
Stemphylium vesicarium According to in vitro tests, ethanolic extract of Propolis at a
concentration of 1 mg/mL could inhibit up to 90% of S. vesicarium mycelial growth (128).
The extract also showed potential activity against F. solani (Figure 3.6) with an inhibition
of 85.7% significantly higher than the selective synthetic fungicide azoxystrobin 250
png/mL), although only moderate inhibition was noted against F. oxysporum f. sp. lactucae
race 1. These findings are comparable to the antifungal effects of the dichloromethane
extract of S. somalensis, which inhibited more than 80% of F. oxysporum mycelial growth
at a concentration of 1000 ug/mL (53).

The extract demonstrated potent inhibition against C. lindemuthianum, achieving 83.8%

growth inhibition (Figure 3.7), significantly higher than difenoconazole 250 pg/mL. Our
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result aligns with works reported in the literature (129). For instance, the phenolic extracts
from Origanum vulgare and S. rosmarinus displayed significant in vitro and in vivo
inhibition of C. lindemuthianum, showcasing a promising natural alternative for
anthracnose management in common beans (130).

The exudate inhibited A. solani growth by 85.7% at 1000 pg/mL, comparable to Metalaxyl-
M 20 pg/mL and copper 141.9 pg/mL (Figure 3.8). In a relevant study, S. fructicosa and S.
chamaecyparissus were found to have relatively moderate antifungal activity against two
strains of activity against two different strains of 4. solani (60).

The extract showed an inhibition of 88.5% against B. cinerea strain 4 isolated from
Viburnum opulus statistically not comparable to cyprodinil 375 pg/mL and fludioxonil 250
ug/mL. The study also evaluated the efficacy of the exudate against three more strains of
B. cinerea isolated from different diseased plants. Remarkably, the exudate exhibited
strong antifungal activity against all tested strains. Intriguingly, the extract almost
completely inhibited mycelial growth (97.2%) at a concentration of 1000 pg/mL against
strain 2 of B. cinerea isolated from S. lycopersicum (Figure 3.9). From a statistical point of
view, this inhibition was as effective as the synthetic fungicide 375 pg/mL cyprodinil and
250 pg/mL fludioxonil which achieved 100% inhibition. Similarly, the exudate inhibited
85.5% of mycelial growth against strain 11 isolated from Fragaria x ananassa
(strawberries), statistically comparable to cyprodinil 375 pg/mL and fludioxonil 250
pug/mL under the same conditions.

Given the economic importance of tomatoes and strawberries, which require frequent
treatment to manage Botrytis infections, there is a considerable risk of resistance
development with repeated fungicide use. However, the exudate demonstrated potent
antifungal activity, underlining its potential as an effective agent against gray mold disease
caused by B. cinerea. A possible synergy between the constituents may explain the
antifungal efficacy of the leaf surface exudate of S. karwinskii.

The application of plant-based remedies against fungal diseases has the potential to prevent
resistance development since it involves the various antibacterial chemicals present and
their synergistic effects (131,132). Since various pesticides have been linked to negative
health and environmental effects, their use in agriculture has been discontinued (133). The

process of discovery is still challenging, even though scientists are constantly discovering
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and creating new active chemicals for crop protection (39) because active ingredients must
meet ever-increasing regulatory and consumer requirements (134) (https://www.frac.info/).
Crop protection measures have been made more difficult by the widespread use of synthetic
pesticides, which has caused numerous phytopathogens to develop resistance (37). Natural
products have therefore gained popularity as a substitute for artificial pesticides. There are
not many products available from plants that can be used to protect crops on the market.
Natural products produced from botanicals and certified for use in crop protection include
Vertigo (made from Cassia obtusifolia seeds), Milsana (from Reynoutria sachlinesis), and
Owel (from an extract of Macleaya cordata) (135,136). The success of such products
supports the shift towards environmentally friendly crop protection, aligning with
sustainable agriculture goals and organic farming practices that avoid synthetic chemical
inputs. In addition to being more environmentally friendly and less harmful to human
health, these natural substances present a promising method of controlling phytopathogens
without causing resistance or damage to the environment. Moreover, the increasing
inclination of consumers towards pesticide-free products emphasizes the significance of

shifting away from products that have been chemically treated (137).
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Table 3.2 Percentage inhibition of mycelial growth of nine phytopathogenic fungi treated with different concentrations of S. karwinskii
crude extract compared to four standard fungicides.

Treatment Concentration F solani P. betae P C. E P A. solani  Stemphylium  B. cinerea
chlamydospora lindemuthianum oxysporum  dissotocum sp. (strain 4)
Crude extract 5 pg/mL 0.0+0.0° 6.740.6° 14.3+0.0° 6.60.6" 0.0+0.0° 0.0+0.0? 5.7+0.0° 2.840.0° 0.0+0.0°
Crude extract 100 pg/mL 53.4+0.6°  70.5£0.6°  83.8+0.69 32.4+0.6° 24.7+1.2° 5.7+0.0? 58.1+0.6¢  76.2+0.6¢ 61.9+0.6°
Crude extract 250 pg/mL 65.7+0.0°  80.9+0.6¢  91.4+0.0° 54.3+0.0¢ 40.9+0.6¢ 43.840.6° 66.7+0.6°  83.8+0.6° 73.3+0.69
Crude extract 500 pg/mL 71.4£0.09  85.7£1.0°  94.3+0.0f 60.9+0.6° 60.9+0.6° 56.2+0.6° 72.4+0.6°  84.7+0.6° 81.9+0.6°
Crude extract 750 pg/mL 80.0£0.0°  90.5+0.6°  97.2+0.0¢ 78.1+0.6¢ 65.7+1.0f 86.7+0.6%  81.0+0.6%¢  91.4+0.0f 82.8+0.0°
Crude extract 1000 pg/mL 85.7£0.0¢  97.1+0.08"  100.0+0.0" 83.8+0.0" 71.4+0.0¢8 94.3+0.6f  85.7£1.0"  94.3+0.02 88.5+0.0f
Cyprodinil + 375 +250 100.0£0.0'  100.0+0.0"  100.0+0.0" 100+0.01 85.7+0.0h 88.6+0.0% 100.0£0.0'  100.0+0.0" 100+0.0¢8
Fludioxonil pg/mL
Metalaxyl-M+ 20+141.9 88.6+0.0"  94.3+0.0¢  100.0+0.0" 82.8+0.08" 71.4+0.0¢ 100.0£0.0°  88.6+0.0"  94.3+0.0¢ 80+0.0°
copper pug/mL
Difenoconazole 250 pg/mL 100.0£0.0°  100.0£0.0"  100.0=0.0" 80.0+0.01¢ 88.6+0.0" 71.420.04 100.0+0.0'  100.0+0.0" 100+0.08
Azoxystrobin 250 pg/mL 82.8+0.0f  82.8+0.0¢  80.0+0.0° 31.4+0.0° 60.0+0.04 5.7+0.02 28.6+£0.0°  62.8+0.0° 5.7+0.0°
DMSO 10 pL/mL 0.0+0.0? 0.0+0.0? 0.0+0.0? 0.0+0.0? 0.0£0.0% 0.0+0.0? 0.0+0.0? 0.0+0.0? 0.0+0.0?
Control - 0.0+0.0* 0.0+0.0? 0.0+0.0? 0.0+0.0? 0.0+0.0? 0.0+0.0? 0.0+0.0? 0.0+0.0? 0.0+0.0?

Data expressed as mean inhibition percentages + standard deviation. Superscript letters denote significant differences at P < 0.05, as determined by Tukey's test.
Control: untreated plates.
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Table 3.3 Percentage inhibition of mycelial growth of four strains of Botrytis cinerea
treated with different concentrations of S. karwinskii crude extract compared to four
standard fungicides.

Treatment Concentration  B. cinerea B. cinerea B. cinerea B. cinerea
(strain 1) (strain 4) (strain 2) (strain 11)
Crude extract 5 pg/mL 0.0+0.0* 0.0+0.0* 0.0+0.0* 0.0+0.0*
Crude extract 100 pg/mL 54.3+0.0¢ 61.940.6¢ 52.4+0.6° 33.4+0.0¢
Crude extract 250 pg/mL 67.6+0.6¢ 73.3+0.6¢ 58.14£0.6¢ 47.6+0.0¢
Crude extract 500 pg/mL 76.2+0.6° 81.9+0.6° 70.5+0.6¢ 57.240.0¢
Crude extract 750 pg/mL 85.7+0.0° 82.8+0.0° 80.9+0.6° 65.7+0.0"
Crude extract 1000 pg/mL 91.4+0.0¢ 88.5+0.0° 97.1£0.08 85.7+0.0¢
Cyprodinil + 375+ 250 100.0+0.0 100.0+0.0¢  100.0+0.0¢ 100.0+0.0¢8
Fludioxonil pg/mL
Metalaxyl-M+ 20+141.9 68.6+0.0¢ 80+0.0° 85.7+0.0f 88.6+0.0¢8
copper ug/mL
Difenoconazole 250 ug/mL 100.0+0.0" 100.0+£0.0¢  100.0+0.08 100.0+0.0"
Azoxystrobin 250 ug/mL 45.7+0.0P 5.7+0.0° 57.1+0.0¢ 14.3+0.0°
DMSO 10 uL/mL 0.0+0.0? 0.0+0.0? 0.0+0.0? 0.0+0.0?
Control - 0.0£0.0* 0.0£0.0? 0.0£0.0? 0.0£0.0?

Data expressed as mean inhibition percentages + standard deviation. Superscript letters denote significant
differences at P < 0.05, as determined by Tukey's test. Control: untreated plates.

Figure 3.2 Inhibition of Phaeomoniella chlamydospora mycelium growth 5 days after
inoculation on poisoned media. A. Control B. Crude extract at 1000 pg/mL C.
Difenoconazole at 250 pg/mL.
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Figure 3.3 Inhibition of Phoma betae mycelium growth 5 days after inoculation on
poisoned media. A. Control B. Crude extract at 1000 ug/mL C. Difenoconazole at 250
pg/mL.

Figure 3.4 Inhibition of Pythium dissotocum mycelium growth 5 days after inoculation on
poisoned media. A. Control B. Crude extract at 1000 pg/mL C. Metalaxyl-M + copper
20+141.9 pg/mL.

Figure 3.5 Inhibition of Stemphylium sp. mycelium growth 5 days after inoculation on
poisoned media. A. Control B. Crude extract at 1000 pg/mL C. Metalaxyl-M + copper
20+141.9 pg/mL.
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Figure 3.6 Inhibition of Fusarium solani mycelium growth 5 days after inoculation on
poisoned media. A. Control B. Crude extract at 1000 pg/mL C. Azoxystrobin at 250 pg/mL.

Figure 3.7 Inhibition of Colletotrichum lindemuthianum. mycelium growth 5 days after
inoculation on poisoned media. A. Control B. Crude extract at 1000 pg/mL C.
Difenoconazole at 250 pg/mL.

Figure 3.8 Inhibition of Alternaria solani mycelium growth 5 days after inoculation on
poisoned media. A. Control B. Crude extract at 1000 pg/mL C. Metalaxyl-M + copper
20+141.9 pg/mL.
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Figure 3.9 Inhibition of Botrytis cinerea (strain 2 isolated from S. [ycopersicum) mycelium
growth 5 days after inoculation on poisoned media. A. Control B. Crude extract at 1000
pg/mL C. Cyprodinil + Fludioxonil at 375 + 250 pg/mL.

3.3.4 Impact of exudate on mitigating postharvest diseases in tomato fruits

The study evaluated the effect of exudate of S. karwinskii at varying concentrations
against gray mold disease caused by B. cinerea, comparing its efficacy to Teldor® and
peracetic acid as reference controls in both preventive and curative treatments (Figures
3.10 & 3.11). After a 7-day observation period on tomato fruits, results showed that
Teldor® achieved complete control of decay incidence in preventive applications but had
no curative effect. In contrast, peracetic acid displayed strong curative efficacy but was less
effective as a preventive measure. Previous research has demonstrated that the use of
aqueous peracetic acid reduced the gray mold disease rates of orange and strawberry fruits,
which is consistent with our findings (138).
Interestingly, the exudate’s performance at all tested concentrations in the curative
treatment was statistically similar to peracetic acid, demonstrating complete decay control
at its lowest tested concentration of 100 pg/mL. However, when applied preventively, the
exudate showed no activity against gray mold disease. These findings illustrated in Figures
3.10 and 3.11, represent the potential of exudate as an effective curative agent but with
limited preventive efficacy. Gray mold, primarily caused by B. cinerea, remains a major
issue during storage, despite the reliance on postharvest horticultural protection on
preharvest chemical treatments aimed at controlling early inoculum levels (139). While
synthetic fungicides dominate pathogen management due to their cost-efficiency and
effectiveness, integrated disease management strategies are crucial for sustainable control
of B. cinerea infections (140). Furthermore, synthetic fungicides can leave harmful

residues on tomato fruits, posing health risks to consumers. In contrast, the exudate of S.
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karwinskii offers a safer, eco-friendly alternative for postharvest treatment, minimizing

residue concerns while still effectively controlling B. cinerea.
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Figure 3.10 Effect of S. karwinskii exudate on postharvest disease caused by Botrytis
cinerea (strain 2) compared to Teldor® and peracetic acid (PA) in curative treatment where
E1 (100 pg/mL), E2 (500 pg/mL) and E3 (1000 pg/mL) are different concentrations of
exudate. Values followed by different letters are significantly different from each other
according to Tuckey's multiple range test at P<0.05. B. Representative images of the
exudate effect on gray mold infection.
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Figure 3.11 Effect of S. karwinskii exudate on postharvest disease caused by Botrytis
cinerea (strain 2) compared to Teldor® and peracetic acid (PA) in preventive treatment
where E1 (100 pg/mL), E2 (500 pg/mL) and E3 (1000 pg/mL) are different concentrations
of exudate. Values followed by different letters are significantly different from each other
according to Tuckey's multiple range test at P<0.05. B. Representative images of the
exudate effect on gray mold infection.

3.4 Conclusion

The phytochemical analysis of the S. karwinskii surface extract revealed the
presence of three known clerodane-type diterpenoids, as previously identified in the
scientific literature. The crude extract exhibited varying levels of inhibitory activity against
the tested phytopathogens. Notably, the exudate demonstrated significant efficacy against
P. chlamydospora, P. betae, P. dissotocum, and Semphylium sp. It also showed promising
antifungal activity against B. cinerea (strain 2), isolated from tomato plants affected by this
pathogen. Furthermore, the extract achieved complete efficacy in curative treatment
against postharvest grey mould disease across all tested concentrations. These findings
suggest the potential application of the extract as a complementary treatment in gray mold
disease management, allowing for reduced chemical fungicide use. Future research will
focus on the purification, isolation and identification of active compounds from semi-

purified fractions and in vivo activities against phytopathogens.
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Chapter 4
The bio-insecticidal potential of Salvia extracts against

Tuta absoluta
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4.1 Introduction

Tuta absoluta (Meyrick) (Lepidoptera: Gelechiidae) is a major invasive pest that is
spreading worldwide and is a serious threat to tomato production (141). It is commonly
known as the South American tomato moth or South American tomato pinworm and has

various names globally (142).

4.1.1 Taxonomy 7. absoluta
Kingdom: Animal

Phylum: Arthropod
Subphylum: Hexapod

Class: Insects

Order: Lepidoptera

Family: Gelechiidae

Genus: Tuta

Species: absoluta

T absoluta (Lepidoptera: Gelechiidae) is an important micro-lepidopteran pest in tomato
production. The insect was first taxonomically identified by Meyrick in 1917 as
Phthorimaea absoluta, based on specimens collected in the city of Huancayo, Peru. Later
it was also described as Gnorimoschema absoluta (143) and Scrobipalpula absoluta
(Povolny). It was finally redescribed as 7. absoluta by Povolny in 1994 (144).

The pest, T. absoluta, is morphologically similar to two other devastating gelechiid pests,
Phthorimaea operculella on potatoes and Keiferia lycopersicella on tomatoes (145). Their
identity was confirmed using male genital structure and appropriate barcoding techniques
based on cytochrome oxidase I (COI) genes (146). A high degree of genetic homogeneity

between the populations of the Mediterranean basin and South America was observed.

4.1.2 Origin and geographical distribution of pest
T’ absoluta was formerly thought to be endemic to Central America, but more recent
theories indicate that it may have started in the central highlands of Peru and spread to

other Latin American nations in the 1960s. There have been suggestions that 7. absoluta
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originated in the South American hills of Peru, the same region that gave rise to the tomato
plant (147). In 2006, Spain became the first country outside of South America to detect it.
After that, in just ten years, it has spread to 98 nations across three continents: Asia, Africa,
and Europe(148). During the period 2008 to 2010, it spread to northern and central
European countries, and from 2010 to 2013 to Eurasia and parts of South African countries
(148-150). It has invaded several Middle Eastern countries, including Afghanistan and
some sub-Saharan regions, from the Gambia to South Africa, India (151), Bangladesh
(152), and Nepal posing a threat to the tomato crop more recently. Although the pest has

also migrated to other nations, systematic reports have not been able to verify this (148).

Tuta absoluta (GNORAB)

O Present @ Transient

2024-09-16
(c) EPPO https://gd.eppo.int

Figure 4.1 Global distribution of Tuta absoluta (as of Sep. 2024) source (EPPO global
database)
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Figure 4.2 Progression of Tuta absoluta invasion: a decade's impact on tomato crops (From
3% to 60% over 2.8 million hectares (153).

Since its first appearance outside South America, the pest is estimated to have moved at an
average rate of 800 km per year, infesting and causing significant damage to approximately
60% of the world's tomato-growing area (153,154). According to the ecological model,
regions in northern Europe, China and Russia that have not yet experienced pest invasions
are expected to become vulnerable in the future (144). Similarly, high-latitude regions near
the poles and due to rising temperatures are predicted to be severely affected by the current
rate of global climate change (155). Pest-free countries such as Australia, the United States
and New Zealand could be invaded by anthropogenic activities such as interstate trade with
pest-prone countries (150).

Several reasons have been attributed to the rapid spread of the pest over large geographical
areas of Eurasian and Middle Eastern countries in a very short period. The main biological
characteristics that make it a serious pest are its high reproductive and dispersal potential,
coupled with its ability to adapt to newly invaded areas. It can produce several generations
in one year, which, together with higher thermal tolerances, makes it one of the tropical
pests of greatest invasiveness (156). As per the CLIMEX model, the prediction was that
most of the African countries would be naturally favourable for survival. However, some
Asian countries were unfavourable during cold weather conditions. In such cases, tomatoes
and other solanaceous crops grown in greenhouses act as shelters for 7. absoluta in the

absence of crops in open fields (155,157).
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4.1.3 Life cycle of 7. absoluta

Pinworms are well adapted to thrive over a wide temperature range. It completes
its life cycle within 25 days under optimal temperature conditions ~ 27°C.(143). Barrientos
et al. (1998) calculated an average development time of 76.3 days at 14°C, 39.8 days at
19.7°C and 23.8 days at 27.1°C. The researchers also determined the temperature limits for
egg (6.9+0.5°C), larva (7.6+0.1°C) and pupa (9.2£1.0°C) of 7. absoluta. For each life stage,
the average thermal threshold was determined to be 8.1 £ 0.2 °C. These data showed that
the relevant temperature constants for the next stages of development were 103.8 + 1.4 -
degree days (DD) for eggs, 238.5 = 0.5 DD for larvae, and 117 £ 5.3 DD for pupae.
Consequently, 453.6+ 3.9 DD are needed for the pest to finish its life cycle (143). The ideal
temperature range for 7. absoluta development was 19-23°C. The developmental period
from egg to adult was found to be 58 days at 13°C, 37 days at 19°C, and 23 days at 25°C.
According to Cuthbertson et al. (2016) (158), adults had the longest lifespan (40 days) at
10°C and the shortest (16 days) at 19°C.
The duration of incubation, larval development, and pupal development is 4.10, 10.97, and
9.53 days, respectively. T. absoluta had a fecundity of 141.16/female (159). Additionally,
the durations of oviposition and postoviposition were 5.52 and 7.88 days, respectively.
T’ absoluta is a pest that may finish multiple generations both within a cropping season and
annually (160,161). It has been reported that South America experiences more than ten
generations per year, although Argentina experiences no more than five generations
annually (EPPO, 2005). Sannino and Espinosa (162) reported that the pest in Italy might
complete up to nine generations annually, whereas Desneux et al. (2010) (144) estimated
that the pest could complete up to thirteen generations annually in Spain. In tomatoes,
females deposit their eggs on various plant sections, usually the leaves (163). Typically,
larvae hatch in the morning and spend the next five to forty minutes looking for suitable
mining locations. Immature larvae begin to feed as they mine, ideally into the leaves, and
continue until the resource is exhausted. If resources were available, it was discovered that
larval migration inside a plant or a leaflet was extremely restricted (164). Older larvae (3—
4th instar) emerge from the mines and look for fresh resource patches to feed on if the
resources are depleted (164). Congenial temperature and humidity were discovered to be

significant factors in affecting larval eating in addition to the meal. Larval movement
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within the plant was supported by the production of the silken threads from its mouth;
larvae hang by silken thread and with the wind blowing, move between and/or within the

plants. Most larvae pupate on leaves or in the soil, but some have also been discovered to

pupate inside fruit or on stems (165).

egg larva pupa adult
Figure 4.3 Developmental stages of Tuta absoluta (IRAC 2017)

4.1.4 Host and nature of damage

Tomato, potato, and European black nightshade (Solanum nigrum) are the most
suited solanaceous species that 7. absoluta primarily hosts (144). However, it can oviposit
and grow on several plants in the Fabaceae, Malvaceae, Convolvulaceae, and
Amaranthaceae families (166). According to the EPPO global database list of host plants
is reported in Table 4.1.
Symptoms of pest damage were observed at all the phenological stages of the tomato crop,
from the seedling stage to the final maturity stage. However, severe damage at the seedling
stage led to plant death. All larval stages were reported to be infective and fed on almost
all parts of the plant including leaves, younger shoots, stems, flowers and fruits. Leaving
the epidermis intact, the larvae feed on the mesophyll of the leaves. The irregular pits
caused by feeding later become necrotic patches, which prevent the plant from producing
optimum yields through photosynthesis. The irregular pits caused by feeding later become
necrotic patches, which prevent the plant from producing optimum yields through
photosynthesis. The larvae bore into the fruit, creating pin-sized holes (hence the name
South American pinworm) (153). Usually, the larvae bore beneath the sepals, making it
extremely difficult to identify contaminated fruits in the field. Sometimes the larvae feed
on the epidermal layer of the fruit, causing larger damaged areas. Usually, the larvae bore
beneath the sepals, making it extremely difficult to identify contaminated fruits in the field.

Furthermore, the contaminated fruits were vulnerable to microbial infections, rendering
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them unfit for marketing (167) (Tomato yield loss, both in terms of quantity and quality, is
substantial and can potentially be as high as 100% if the pest is not controlled.

Table 4.1 Plant species susceptible to Tuta absoluta (EPPO global database)

Plant name Category
Solanum lycopersicum Major host
Beta vulgaris Host
Citrullus lanatus Host
Jatropha curcas Host
Medicago sativa Host
Phaseolus vulgaris Host
Solanum aethiopicum Host
Solanum melongena Host
Solanum muricatum Host
Solanum tuberosum Host
Spinacia oleracea Host
Amaranthus spinosus Wild/weed
Blitum bonus-henricus Wild/weed
Datura ferox Wild/weed
Datura stramonium Wild/weed
Lycium chilense Wild/weed
Nicotiana glauca Wild/weed
Oxybasis rubra Wild/weed
Solanum coagulans Wild/weed
Solanum elaeagnifolium Wild/weed
Solanum habrochaites Wild/weed
Solanum lyratum Wild/weed
Solanum nigrum Wild/weed
Solanum sarrachoides Wild/weed
Xanthium strumarium Wild/weed
Solanum arcanum Experimental
Solanum peruvianum Experimental
Solanum pimpinellifolium Experimental

4.1.5 Economic importance

Pinworm is considered to be one of the most important pests of tomatoes in both
protected and open field conditions. However, due to the favourable temperature and
humidity created under protected conditions, it was observed that pest incidence was higher
in greenhouse conditions than in open fields (EPPO, 2005). Pest feeding and secondary
pathogen infection significantly reduced fruit yield and quality. In addition, the
inconspicuous symptoms of damage on the fruit make it difficult to detect the pest at an

early stage, and postharvest losses also occur during transport to the market (157).
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Depending on the season and geography, yield losses vary widely. In low rainfall areas,
there are reports that approximately 50-100% of losses are due to pest infestation. In a
survey conducted in Kenya and Zambia, 93-99% of farmers identified 7. absoluta as a
serious problem. It has been estimated that in 12 sub-Saharan African countries, 7. absoluta
accounts for up to one-third of all reported yield losses, resulting in at least US$ 791.5
million lost annually (168). Shiberu and Getu (169) found the economic threshold of T.
absoluta larvae on tomato plants to be 2.25 and 2.87 larvae per plant, respectively, under
greenhouse and field conditions. The yield loss was also found to be 87 to 100 %, and 60.08
to 82% under greenhouse and field conditions, respectively (144). The occurrence of this
pest in tomato fields at different growth stages, recorded at different infestation levels,

indicates that this pest is a major threat to tomato crops from nursery to harvest.

4.1.6 Management of 7. absoluta

Currently, chemical control is considered the primary management strategy,
although there are several non-chemical strategies, which are often considered more
complex in their application. To combat 7. absoluta, organophosphates were first
employed, however, throughout the 1970s, pyrethroids rapidly took their place. Cartap
proved to be quite effective in containing pest outbreaks in the early 1980s when it was
used in conjunction with pyrethroids and thiocyclam (170). Later, an avermectin called
abamectin and an analogue of nereistoxin called cartap were made available and used in
conjunction with pyrethroids (171). Compounds with novel modes of action have also been
used. These include abamectin, Spinosad, fipronil, diamides and chlorfenapyr (144,172).
For example, imidacloprid, and indoxacarb were used against 7. absoluta larvae in Spain.
In Italy, chlorpyrifos and pyrethrins were utilized (173). In Malta, the recommended
pesticides for controlling outbreaks included abamectin, imidacloprid, indoxacarb,
lufenuron, and thiacloprid (USDA—APHIS, 2011). The use of indoxacarb was advised in
France. In Brazil's northeastern tomato-growing region, chlorfenapyr and phenthoate were
recommended, while in the southern, southeastern, and savannah regions, the use of cartap,
chlorfenapyr, phenthoate, methamidophos, and indoxacarb was advised (USDA—-APHIS,
2011) (173).
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Despite these developments, the effectiveness of chemical control is diminished because
larval leaf-mining frequently shields them from direct insecticide exposure. This demanded
the heavy use of pesticides, which elevated production costs and increased resistance
(171,174). Siqueira et al. (2000) reported the first case of resistance to abamectin, cartap,
methamidofos and permethrin in field populations of 7. absoluta in Brazil (175). Following
that, control failures were linked to high levels of resistance in certain Brazilian states to
the insect growth regulators indoxacarb, bifenthrin, and permethrin (176). Furthermore, the
pest has developed resistance to diamide, even though we rely heavily on diamide for
control (177). Similarly, pyrethroid resistance has become widespread. It is likely to have
arrived in Europe with the onset of the tomato pinworm invasion from South America
(178).

In Europe, particularly in the light of evolving resistance patterns observed in pests such
as T absoluta, the phasing out of certain insecticides has become a critical issue. The
continued reduction, and in some cases elimination, of pesticide use aims to limit
environmental impact and preserve pest control effectiveness through integrated pest
management (IPM) strategies. The development of more environmentally friendly and
cost-effective methods to control this pest is therefore urgently needed.

Considering these challenges, the objective of our research is to assess the insecticidal
properties of surface extracts obtained from different Salvia species. The surface exudates
of Salvia, which are rich in secondary metabolites, are promising natural insecticidal
agents. These chemicals can be either volatile or non-volatile, functioning as efficient pest
control agents in agriculture or as natural insect repellents (10). For example, the
insecticidal effectiveness of several essential oils (EOs) isolated from sage against pest
larvae has been assessed (179). However, little work has been done to isolate the specific
secondary compounds that are responsible for this activity. In particular, significant
antifeeding and insecticidal properties have been demonstrated for several clerodane
diterpenoids (20).

In this context, surface extracts of Salvia buchanani Hedge (180,181), S. corrugata Vahl
(79,182,183), Salvia discolor Kunth (75,184), Salvia karwinskii Benth. (76) and Salvia

namaensis Schinz (80) were evaluated for their insecticidal activity. The focus of this study
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is to explore the potential of the aforementioned Salvia extracts to provide sustainable and

ecologically friendly methods of managing 7. absoluta infestations.

4.2 Material and methods

4.2.1 Plant material

Salvia species for the present work were collected from the collection of CREA -
Research Centre for Vegetable and Ornamental Crops, Corso Inglesi 508, 18038 Sanremo,
Italy, they were identified by Dr. Andrea Copetta (S. discolor, S. karwinskii) and by Dr.
Gemma Bramley (Dept. Identification and Naming, Royal Botanic Gardens Kew,
Richmond, Surrey TW9 3AB, UK) (S. buchanani, S. corrugata and S. namaensis). Voucher
specimens were deposited at the Herbarium of Giardini Botanici Hanbury (La Mortola,
Ventimiglia, Italy) and the Kew Herbarium (K) (INTERREG III ALCOTRA Progetto N°
074 “Sviluppo a Scopi Commerciali delle Potenzialita del Genere Salvia L.” Lamiaceae,

N°3), respectively.

4.2.2 Preparation of extracts
Surface extraction was done by immersing aerial parts in dichloromethane for 20

seconds followed by drying with rota vapour (185). All extracts were stored at 4°C.

4.2.3 LC-MS analysis

An Ultimate300 UHPLC (Thermo Fisher Scientific, Milan, Italy) was used for the
separation process. It was interfaced to a high-resolution mass analyzer [(Orbitrap Q-
Exactive classic mass spectrometer (Thermo Fisher Scientific Inc., Darmstadt, Germany)]
through an ESI source operating in negative, and positive polarity ion modes. To identify
the specialized metabolites MS data were acquired in full-mass and data-dependent-scan
mode, followed by tandem MS experiments. The chromatographic separation was
performed using a C18 column (Luna C18, Phenomenex, 150 x 2.0 mm, 3 pum particle
size) and a binary mobile phase consisting of eluent A (ultrapure water with 0.1% formic
acid, v/v) and eluent B (ultrapure acetonitrile with 0.1% formic acid, v/v). The separation

started with an isocratic hold at 5% B for 2 minutes, followed by a rapid gradient to 50%
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B over 8 minutes and finally a linear gradient to 100% B over 30 minutes. The flow rate

was maintained at 0.200 mL/min with an injection volume of 10.0 uL.

4.2.4 Insect material

T. absoluta larvae (L2), with lengths around 4-5 mm long, were used to evaluate
the insecticidal effectiveness of Salvia exudates (IRAC-2017). Insect-infested tomato
plants grown under a protected crop (CeRSAA, Albenga (SV), Italy) provided the larvae,
while healthy tomato leaves required for the experiments came from a separate protected
crop where tomato plants were raised in insect-proof cages (CeRSAA, Albenga (SV),
Italy). Neither crop was treated with pesticides to ensure that the extracts' insecticidal

properties remained intact.

4.2.5 Treatment

Extracts from various Salvia species (S. buchanani, S. corrugata, S. discolor, S.
karwinskii, and S. namaensis) were tested at a concentration of 2.5 mg/mL dissolved in 1%
v/v DMSO. Stock solutions of S. discolor and S. karwinskii extracts were prepared by
dissolving the extracts in 1% v/v DMSO to achieve a concentration of 10 mg/mL. From
these stock solutions, a series of dilutions were prepared using distilled water to obtain the
following concentrations: 5.0, 2.5, 1.25, 0.62, 0.31, and 0.16 mg/mL. Both 1% v/v DMSO
and distilled water were used as control solutions. Additionally, Spinosad, a commercial

insecticide, was included as a reference at a concentration of 24 pg/mL.

4.2.6 Leaf-dip bioassay protocol
The bioassay was carried out using, the IRAC susceptibility test method

(http://www.irac-online.org/) with few changes. F1 L2 larvae (4-5 mm in size) were used

for the leaf dip bioassay. After dipping ten tomato leaflets of the same size into each
treatment solution for ten seconds, they were placed on blotting paper and allowed to air
dry for five minutes. To keep the leaflets in good condition throughout the bioassay, each
treated leaflet was then placed in a box containing moist blotting paper. A fine brush was
used to carefully place one 7. absoluta larva on each leaflet. The boxes were then kept in a

laboratory environment with a temperature of 25 + 2 °C, a relative humidity of 60 to 70 %
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and a photoperiod of 16:8 light: dark. The bioassay, together with controls and commercial
insecticide, was repeated three times for each treatment group under identical conditions.
After 72 hours, mortality and percentage of feeding inhibition were assessed. Larvae that
were unable to show a coordinated movement in response to a mild stimulus applied to the
posterior segment of the body with fine-pointed forceps were considered to be not alive.
The percentage mortality for each treatment compared to the untreated control was
corrected using the Abbott formula:

% corrected mortality = [(P-Py)/(100-Py)] X 100
where P is the percentage mortality of treated and Py is the percentage mortality of larvae
in the untreated control.
Feeding inhibition (FI) was calculated using the formula:

% FI=[(I-(T/C)] X 100]

where T and C represent the consumption of treated and control leaf discs, respectively

(186).

4.2.7 Statistical analysis

Analysis of variance (ANOVA) was used to assess the effect of treatments,
followed by the Tukey HSD test for mean separation at p < 0.05. The requisite statistics
were performed using the "Statistica" software package, version 8.0, produced by Statsoft
Inc., Tulsa, OK, USA. Probit analysis was performed to calculate LCso and LCqo values
using Microsoft Excel for 365 MSO (Version 2410 Build 16.0.18129.20158).
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4.3 Results and discussion

4.3.1 LC-MS analysis

The extracts of S. discolor, S. namaensis, S. buchanani, S. karwinskii, and S.
corrugata were compared using LC-HRMS analysis. Both positive and negative polarities
were used for the analyses, although the negative mode produced the best findings. The
comparison revealed that all extracts were rich in diterpenoid compounds, particularly
derivatives of rosmadial (12), carnosol (16), and carnosic acid (17). For instance, all
extracts contain rosmanol, which exhibits typical fragments at m/z 301 and 283. Other
chemicals were identified in all extracts, including methyl rosmanol (high-resolution mass
at 359.1853, with characteristic fragments at m/z 344, 315, and 301) and carnosol (high-
resolution mass at 329.1747, with characteristic fragments at 285). S. karwinskii showed a
pronounced presence of these diterpenes while no compounds belonging to other chemical
groups were identified in this plant. The presence of clerodane diterpenoids, 2 and 10, in
the S. buchanani extract, along with caffeic acid with a high-resolution mass of 179.0338,
illustrated the most significant changes. The LC-MS analysis of the novel compound,
which was isolated for the first time in this work, revealed a high-resolution mass of
373.1281 and its fragmentation, with a peak base of 355 indicating the loss of a water
molecule [M-H:O]. In addition to having an abundance of diterpenes, these extracts also
contain a variety of hydroxylated triterpenes, including compounds 13, 14, 20, 22, 23, 29,
and 30.
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Table 4.2 Chromatographic and MS data of compounds in S. discolor, S. namaensis, S. buchanani, S. karwinskii and S. corrugata.

Compounds Rt [M+H]- MS2 S. S. S. S. MSI Peak
discolor  namaensis  buchanani  corrugata level®
Caffeic acid 10.83 179.0338 135 + 1
Ent- (5R,9R)-15,16-epoxy- 1421 357.1332 313 + 2
10S-hydroxycleroda-3,13(16)
14-trienel7,12S;18,19-diolide
Diosmetin 14.75 299.0558 284 + + + 3
Rosmanol 1495 345.1696 301;283 + + 4
Hydroxyseconeoclerodapentae 1591  355.1179  311;267 + + 5
nediolide
Hydroxyseconeoclerodapentae 1591  355.1179  311;267 + 2 6
nediolide
New Compound 1595 373.1281 355 + + + 2
Rosmanol 16.22  345.1696 301;283 + + 2
Nepetoidin B 16.30 313.0706 269 + + + 2
Ent-(4R,5R,9S,10R)-15,16- 16.47 341.1383 297 + 2 10
epoxycleroda-1,13(16) 14-
triene-17,12S;18,19-diolide
Cirsilineol 16.69 343.0819 328;313;298 + + + 2 11
Rosmadial 16.9 343.1540 299 + + + + 2 12
Triterpene C30H460s 18.63 485.3261 441,423 + + + 3 13
Triterpene C30H430s 19.76  487.3418 469 + + + + 3 14
Rosmanol 19.89  345.1696 301; 283 + + + 2 15
Carnosol 20.56  329.1747 285 + + + + 2 16
Divinatorin A/Carnosic 20.89  331.1903 287 + + + 2 17
acid/Patagonic acid
Methoxyrosmanol 21.82  359.1853 344;315; 301 + + 2 18
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Methoxyrosmanol 22.62 359.1853 344;315;301 + 2 19
Triterpene C3oHasO4 23.15 471.3468 453;427 3 20
Hardwickic acid 2422  315.1954 271 2 21
Triterpene C3oHss04 2492 4693312 425 + 3 22
Triterpene C3oHasO4 2531 471.3468 453; 427 3 23
Fruticulin A 25.45  323.1277 308 2 24
Triterpene C30Hs604 25.69 469.3312 425 3 25
Divinatorin A/Carnosic 2597 331.1903 287 2 26
acid/Patagonic acid

6-Hydroxyannonene 27.02 303.2318 285 2 27
Royleanone 27.76  315.1954 300 2 28
Triterpene C3oHasOs3 33.88 4553519 411 + 3 29
Triterpene C30Ha303 33.88 4553519 411 3 30
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4.3.2 Insecticidal and antifeedant effects

The study evaluated the effects of five Salvia species: S. buchanani, S. corrugata, S.
discolor, S. karwinskii, and S. namaensis against T. absoluta larvae using surface extracts at
a concentration of 2.5 mg/mL using leaf-dip bioassay. The feeding inhibition ranged from
82.35% to 89.41%, statistically comparable to the commercial insecticide Spinosad, which
achieved complete feeding inhibition. All examined Salvia species showed a substantial
variation in mortality rates (Figure 4.4A). 55.56 % of the larvae treated with S. buchanani
died after 72 hours of exposure. The mortality rates following treatment with S. corrugata
and S. namaensis were 33.33% and 11.11%, respectively. The test findings for all extracts
at 2.5 mg/mL revealed varying levels of effectiveness against 7. absoluta feeding.
Additionally, the LC-MS analysis verified that abietane diterpenoids were present in every
Salvia species that was studied. This suggests that diterpenoids of the abietane class might
be useful in the management of 7. absoluta. These findings are consistent with earlier
research on plant-based pesticides, including the significant insecticidal action of essential
oil from S. officinalis L., which includes comparable chemicals (179).
Test concentrations were modified from essential oil studies against 7. absoluta due to a
lack of research on the efficacy of crude plant extracts. For example, Zerkani ef al. (2022)
found that larvae treated with 3.125 uL/mL (3125 ppm) of Mentha suaveolens essential oil
had a 100% mortality rate (179). Interestingly, statistical analysis revealed that the mortality
rate for the S. discolor and S. karwinskii treatments was 77.78%, which was much higher
than the Spinosad treatment rate of 66.67%. To develop more thorough findings, these
results inspire research into the exudates of S. discolor and S. karwinskii at different
concentrations (5.0, 2.5, 1.25, 0.62, 0.31, and 0.16 mg/mL).
Following exposure to S. discolor exudate at all tested concentrations, the feeding inhibition
was shown to be statistically equivalent in effectiveness to the Spinosad therapy (Figure
4.4B). The exudate produced a considerable inhibition rate of 64.3% at the lowest dose (0.16
mg/mL), while at the maximum tested concentration (5 mg/mL), the feeding inhibition rate
was 89.37%. At the lowest dose of 0.16 mg/mL, the mortality rate was 62.5%, which is
statistically equivalent to the Spinosad effect. However, at other concentrations tested (0.31
to 2.5 mg/mL), the mortality rates were significantly higher (75 to 87.5 %) than those

observed with the commercial insecticide (Figure 4.4B).
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The percentage of feeding inhibition observed with S. karwinskii treatment at a
concentration of 5 mg/mL was 95.45 %, statistically comparable to the percentage observed
with the Spinosad treatment (100%). The lowest concentrations tested (0.16 and 0.31
mg/mL) demonstrated the lowest degree of feeding inhibition, with an inhibition rate of
66.70%. At concentrations of 0.62 and 1.25 mg/mL, a slight increase in feeding inhibition
was observed, reaching 83.03% and 86.36%, respectively. Notably, the mortality rates were
comparable at a concentration of 5 mg/mL and Spinosad (Figure 4.4C). The mortality rate
at concentrations of 0.62 and 1.25 mg/mL was 55.56%, whereas the lowest mortality rate,
at 44.44%, was observed at concentrations of 0.16 and 0.31 mg/mL. Nevertheless, the
extracts did not show any phytotoxic effects on tomato leaves at any of the concentrations
tested.

These results are consistent with earlier studies on plant-based pesticides, including research
reported by Zerkani ef al. (2022) about a notable mortality rate with S. officinalis essential
oil. This is the only study on the effect of Salvia species against 7. absoluta that has been
published to date (179). According to the findings, exposing 7. absoluta larvae to a dose of
25 uL/mL (25000 ppm) of S. officinalis essential oil led to mortality rates of 96.36% after
24 hours and 100% after 48 hours. After 48 hours of exposure, the LDso value of S.
officinalis essential oil was found to be 8.38 pL/mL (8380 ppm), indicating a considerable
level of toxicity (179). The ability of Salvia species to offer a dependable and consistent
means of lowering larval feeding is demonstrated by its effectiveness over a range of
concentrations, which may greatly lower crop damage.

Numerous plant extracts possess insecticidal qualities. Nonetheless, there are significant
differences in the level of toxicity that various chemicals have to a given species. Previous
research on S. rosmarinus by Sun et al. (2024) demonstrated that natural compounds can
have significant insecticidal effects on 7. absoluta larvae (187) revealing significant
repellent activity against both adult and larval forms of the pest. Tech and Persian (188)
studied the effect of ethanolic seed extract of Azadirachta indica and Jatropha curcus
against larvae of 7. absoluta. 100% mortality was exhibited by both extracts at 8000 pg/mL
(188). Nilahyane ef al. (2012) reported that when extracts from seven different plants were
tested against 7 absoluta larvae, the toxicity levels varied. Ricinus communis had a 58%

mortality rate, whereas Thymus vulgaris had a 95% mortality rate with an LDoo value of
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89383 ppm (89.383 mg/mL), making it the most effective extract (189). These results imply
that the bioactive substances in Salvia extracts could act via comparable or complimentary
pathways. Since lower doses could be employed without sacrificing efficacy, this raises the
possibility of cost savings and a less negative environmental impact. Additionally, utilizing
plant-based extracts reduces the likelihood of resistance development, which is the main
drawback associated with synthetic pesticides (190,191).

Moreover, Salvia extracts are natural compounds, they provide less of a toxicity risk to
organisms that are not the intended target, such as pollinators and natural enemies, which is
crucial for sustainable farming methods. This aspect aligns with the broader goals of
integrated pest management (IPM), where the use of selective, low-toxicity treatments is
preferred (144,192). As the agricultural sector is shifting towards more sustainable practices,
the integration of plant-based insecticides such as could play a pivotal role in comprehensive
pest management strategies. The promising results of this study highlight the potential of
Salvia extracts could become integral components of IPM programs, offering a feasible

alternative to conventional pesticides while supporting the health of ecosystems.
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Figure 4.4 % Feeding inhibition and larval mortality rates of Tuta absoluta after treatment
with (A) exudate of different Salvia species at a concentration of 2.5 mg/mL (B) different
concentrations of S. discolor exudate (C) various concentrations of S. karwinskii exudate.
Different letters indicate a statistically significant difference between the treatments (p<
0.05, Tukey HSD test).

4.3.3 Determination of LCso and LD 90 of selected surface extracts

Probit analysis determined the lethal concentration values (LCso and LCop) for the
most promising Salvia extracts. Among the extracts tested, S. discolor exhibited the highest
level of toxicity. It had the lowest LCso value at 0.013 mg/mL, representing the
concentration required to kill 50% of the T. absoluta larvae. Similarly, S. discolor had an
LCoo value of 31.69 mg/mL, indicating the concentration needed to achieve 90% mortality.
Salvia karwinskii also showed significant insecticidal activity, although it was less potent
than S. discolor. The LCs value for S. karwinskii was determined to be 0.410 mg/mL, while
its LCoo value was 53.69 mg/mL. These findings emphasize the superior efficacy of S.
discolor and the considerable potential of S. karwinskii in integrated pest management

strategies.
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Control S.buchanani S. corrugata
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S. discolor S. karwinskii S. namaensis Spinosad

Figure 4.5 Representative feeding inhibition of Tuta absoluta after treatment with different
Salvia exudate at a 2.5 mg/mL concentration.

Control DMSO 0.16 mg/mL 0.31 mg/mL 0.62 mg/mL

1.25 mg/mL 2.5 mg/mL 5.0 mg/mL Spinosad

Figure 4.6 Representative feeding inhibition of Tuta absoluta after treatment with different
concentrations of S. discolor exudate.
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Control DMSO 0.16 mg/mL 0.31 mg/mL 0.62 mg/mL

1.25 mg/mL 2.5 mg/mL 5.0 mg/mL Spinosad

s

Figure 4.7 Representative feeding inhibition of Tuta absoluta after treatment with different
concentrations of S. karwinskii exudate.

4.4 Conclusion

LC-MS analysis showed that exudates of examined Salvia were rich in abietane type
of diterpenes with S. discolor and S. karwinskii particularly abundant in clerodane-type
diterpenes. Notably, the insecticidal activity of S. discolor and S. karwinskii against Tuta
absoluta larvae was significantly more potent than the commercial insecticide spinosad,
with S. discolor demonstrating exceptional toxicity at lower concentrations (LCso = 0.013
mg/mL). Furthermore, both species exhibited high feeding inhibition rates across all tested
concentrations. These findings suggest that Salvia extracts hold promise as sustainable pest
management solutions, offering effective crop protection while minimizing environmental
impact. Future studies could be carried out to isolate and characterise the specific
compounds responsible for these effects to fully exploit their potential. In addition, field
trials will be necessary for the validation of their efficacy and safety under real-world

agricultural conditions.
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Chapter S
Salvia oxyphora Brigq.: First studies for
micropropagation, hairy roots and isolation of

extracellular vesicles
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5.1 Introduction

Due to cultivation and environmental constraints, it is not always possible to create
the appropriate quality and quantity of secondary metabolites in aromatic and medicinal
plants grown conventionally. However, without being constrained by environmental factors,
micropropagation methods enable the adequate production of basic materials needed to
produce secondary metabolites. Additionally, by optimising these methods, the
standardisation of extracts might be accomplished (193). For the in vitro synthesis of
secondary metabolites, efficient and optimal micropropagation systems must be established.
To increase the yield of clary sage extracts propagated in vitro, it is important to further
investigate the effects of genotype, growth regulator, and type of explant on proliferation
and regeneration. This can be done by optimizing these systems (193,194). The work aimed
to develop an in vitro micropropagation protocol for S. oxyphora, followed by the
transformation 4. rhizogenes to induce hairy roots from micro-propagated plants. To study
the secondary metabolite profile of hairy roots and in vivo roots through LC-MS analysis
and to isolate and characterise extracellular vesicles from liquid hairy root cultures. S.
oxyphora (Fuzzy Bolivian sage) is a flowering herbaceous perennial that is endemic to the

foothills of Bolivia and the lower eastern slopes of the Andes (195).

5.1.1 Micropropagation or in vitro shoot production

The physiological and phenological stage of the plant, whether in field cultivation
or a wild collection, determines the yield of beneficial secondary metabolites, which is
usually less than 1% dry weight. Furthermore, overharvesting is making many plants that
contain high-value chemicals difficult to grow or even endangered (196,197). The
biotechnological approach is an alternative that involves the controlled culture of cells or
tissues. These systems can serve as an additional means of producing raw materials, or they
can replace traditional agriculture in certain situations where bioactive plant metabolites are
needed for industrial purposes (198,199). For the generation of secondary metabolites of
commercial value for use in pharmaceuticals, food additives, flavours, and other industrial
materials, plant cell and organ culture systems are viable possibilities (200,201). It has been
reported that in vitro production of secondary metabolites is significantly higher from

differentiated plant organs (hairy roots, shoots) than from non-differentiated or less
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differentiated tissues like calli or cell culture alone. However, the production of some
secondary metabolites is related to the type of differentiation obtained in vitro. It is feasible
to use techniques like elicitation, precursor feeding, and metabolic engineering to boost in
vitro yield (202).

Micropropagation is a technique used for clonal propagation, the process of producing
genetically identical copies of plants in closed vessels under aseptic conditions. A plant
created through asexual reproduction, known as a clone, can also be produced through
traditional vegetative methods like cutting, budding, and grafting (203). These methods are
collectively referred to as in vivo clonal propagation, as they occur in natural soil
environments. However, in vivo techniques can often be expensive, complex, and
ineffective. To overcome these limitations, tissue culture has emerged as a more effective
alternative. This in vitro approach involves cultivating plants in controlled vessels on culture
media enriched with growth regulators and nutrients, creating an optimal environment for
plant growth (204).

Micropropagation, or in vitro clonal propagation, is a multi-step process that Murashige first
categorized into four distinct stages in 1978 (205). Stages I through III take place under in
vitro conditions, while Stage IV occurs in a greenhouse. Later, in 1981, Debergh and Maene
introduced an additional initial step, known as Stage 0, to refine the micropropagation
system (206). Stage 0 is the initial stage of micropropagation which involves choosing elite
or stock plants with suitable traits for large-scale multiplication. The mother plant should be
produced ex vivo in a greenhouse with sanitary conditions to diminish additional
contamination. The selection of explants, surface cleaning, and aseptic culturing are steps
of stage I. Multiplication of explants to regenerate shoots is considered stage II. Sometimes
the apical shoots only produce a single shoot, and this shoot is utilized to induce several
nodal explants. Nodal explants are further inoculated with a cytokinin-rich medium to
promote multiple shoot proliferation. During this phase, several shoots can also be directly
formed on explants by organogenesis or somatic embryogenesis. In a span of four to five
weeks, every explant yields five to six shoots. Stage I1I is the in vitro final stage before the
produced plantlets are sent to an ex-vitro environment. This phase may take place
concurrently with the transplant multiplication process in the same culture medium.

Individually separated shoots are inoculated into the rooting medium containing auxins. The
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plantlets from stage III are being prepared in stage IV from their in vitro environments for

exterior soil conditions (207,208).

5.1.2 Hairy roots

It has been discovered that secondary metabolite accumulation is typically higher in
differentiated tissues than in callus and non-differentiated cells (209). As a result, organized
cultures, and root cultures can contribute significantly to the synthesis of secondary
metabolites. To generate secondary metabolites produced in plant roots, the hairy root
system, which is based on infection and transformation with rol genes of Agrobacterium
rhizogenes, has gained popularity throughout the past 20 years (210). A. rhizogenes is a
Gram-negative soil bacterium, responsible for hairy root diseases by infecting wounded
sites of numerous dicotyledonous plants and several gymnosperms. According to certain
study publications, the integration of A. rhizogenes DNA can change the secondary
metabolite profile and cause hairy roots (HRs) to develop novel substances that are not often
found in whole plants (211). On the other hand, regular cell culture can also result in novel
chemicals that have not been extracted from entire plants (212). It has been shown that HR
cultures can accumulate secondary metabolites even in situations when they are only stored
in the plant foliage (213). The HRs are cultivated in vitro aseptically without additional
phytohormones (214). They possess the biosynthetic potential similar to that of the parent
plant, but unsatisfactory upscaling outcomes (requiring large-volume bioreactors) and an
unfavourable cost-to-profit ratio are the main downsides. In addition to studies on plant
metabolism, researchers have discovered that HRs have also been applied to study gene
functions, phytoremediation, and biotransformation. Among these, recombinant protein and
the production of selected metabolites appear to be the most promising field of their
industrial application (215). The recent advancements in genetic engineering and molecular
biology have created opportunities to produce a range of plant-based products of medicinal
importance transforming directly the plant tissue for a precise metabolite. The main outcome
of molecular pharming is the creation of transgenic cells to be used for industrial purposes
(216). Furthermore, Zheng et al. (2023) (217) recently, proposed a review of the new
molecular approach of transcriptional regulatory network to mediate the biosynthesis of

active ingredients. Nevertheless, the HR culture permitted, in the absence of information on
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specific metabolite molecular pathways, an appealing alternative for the synthesis of

numerous valuable natural secondary metabolites.

5.1.2.1 Transformation mediated by Agrobacterium rhizogenes

The virulent area of bacteria has a group of genes known as vir genes (virulence
genes) that encode proteins that are necessary for the processing mechanism required to
produce T-DNA and transfer it into the plant host cell. These genes are called Ti (tumour-
inducing) or Ri (root-inducing) plasmid genes (218). Furthermore, it has been documented
that a variety of host proteins are involved in the genetic transformation process mediated
by Agrobacterium, mainly in its latter phases (such as T-DNA intracellular transit, nuclear
import, and integration) (219). The 30 kb vir region has been organized into six
complementation groups, which either improve the effectiveness of (virC and virE) or are
necessary for (vird, virB, virD, and virG) plant cell transformation (220). The vir genes that
are directly responsible for the processing and transfer of T-DNA are strictly regulated,
meaning that their expression occurs in the presence of wounded cells that are the target of
infection (221). Only the vird and virG genes are strongly expressed in the vegetative
bacterium; however, when the Agrobacterium is co-cultivated with plant cells, the
expression of other viral genes is stimulated to high levels.
The following mechanism can explain the transfer of T-DNA: When plant tissue is injured,
a variety of defence chemicals are produced, some of which are phenolics and which, when
combined with acidic and neutral sugars, can set off a sensory reaction mechanism.
However, the induction of hairy roots can be accelerated by acetosyringone, an activator of
the vir genes of Agrobacterium (220,222). According to a study, phenolic chemicals released
from injured sides attract A. rhizogenes, which chemotactically move toward the injured
areas to infect plant cells. When plants are injured, they emit tiny phenolic molecules that
VirA recognizes and auto-phosphorylates. The transcription of the vir gene is thus activated
because of Vird phosphorylating VirG (221).
The VirD1 (helicase) and VirD2 (strand-specific endonuclease), cut the T-DNA border
repeats and remain covalently attached to one end. This process starts the packaging of one
strand into a linear complex (with the 5' end of the T-strand) forming virD2-T-strain

(immature T-complex) (223).
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T4SS, which is expressed by the virB operon and the virD4 gene, exports the virD2-T-strain
as well as other vir proteins (VirE2, Virk3, VirF, and VirDJ5) across membranes and cell
walls to the host cell cytoplasm (218). It was demonstrated that virB was essential for
tumorigenesis but not to produce T-strands or T-complexes (220).

VirE2 protein, which is expressed by the virE locus, securely coats the virD2-T-strain once
it enters the host cell, resulting in the mature T-complex (T-strand combined with VirD2 and
VirE2). After being helped by several bacterial and host proteins to enter the host nucleus,
the mature T-complex is then randomly incorporated into the plant genome by an unknown

method and uncoated by targeted proteolysis (218).

5.1.3 Plant extracellular vesicles

Plant extracellular vesicles, or P-EVs, convey a diverse range of chemicals,
including plant flavonoids, proteins, lipids, and nucleic acids. Recent research has revealed
that plant extracellular vesicles take role in communication between individual organisms
as well as intracellular communication. The controlled and secure transfer of information
molecules across cells is made possible by their unique structure. Plant extracellular vesicles
have received little research and attention, in contrast to the extracellular vesicles of
mammals, mostly humans which have garnered a lot of attention recently and are so well-
defined. Numerous research studies have examined the possible health consequences of P-
EVs as well as the prospective applications for medicine administration. Studies that
concentrate on P-EV isolation techniques and fundamental characterizations are less
prevalent (224). Early research using electron microscopy revealed the existence of tiny
vesicles released by multivesicular bodies (MVBs) during the embryogenesis of broad
carrot cells in suspension culture. These vesicles resembled exosomes in both location and
form. Halperin and Jansen were among the first to describe these findings (213). Subsequent
research established that plant cells can release EVs into the extracellular space by fusing
MVBs with the plasma membrane. This led to investigations into the functions of EVs in
RNA transport, cell wall remodelling, defence against pathogens, and plant-microbe
symbiosis (225,226). Plant-derived nanovesicles (PDNVs) have been shown to exhibit anti-
inflammatory, antitumoral, and antioxidant properties both in vitro and in vivo, coinciding

with studies on mammalian EVs (227-231). Direct extraction of PDNVs from plant juice,
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plant organs such as fruits, roots, and leaves, or even entire plants can be done with a high
yield after homogenization. Owing to their environmentally friendly origins, PDNVs are
presently the subject of intensive research for their prospective uses as pristine
nanomaterials and delivery vectors in the cosmeceutical, pharmaceutical, and nutraceutical
industries. However, there are situations when the repeatability, quality, and safety of PDNV
isolates are not up to standard. For instance, it has been demonstrated that allergens are
present in tomato nanovesicles (NVs) (232), and tomato NVs are frequently not always,
linked to different viruses (233). Furthermore, PDNV isolates are extremely complicated
combinations. From the following plant sources, true extracellular vesicles (EV) have been
isolated: (I) apoplastic fluid (226,229,234,235) (II) exudates (236), and (III) conditioned
culture media (CCM) (224,237-239). Several recent reviews, however, concentrate on the
characteristics and separation of edible plant-derived nanovesicles, describing their

intriguing biological attributes.

5.1.3.1 In vitro plant cultures as a source of EVs

For the synthesis of EVs, in vitro plant cell and tissue cultures offer a viable,
environmentally friendly substitute for mammalian CCM. The pharmaceutical and cosmetic
industries primarily use hairy root cultures (HRCs) and plant cell suspension cultures
(CSCs) as bio-factories producing economically attractive active compounds. They provide
contaminant-free, bio-sustainable, scalable, and standard methods that enable the synthesis
of the targeted chemicals to be scaled up to an industrial level (240).
There are currently only a few species from which EVs have been isolated: tobacco
(Nicotiana tabacum L.) (224,238), Korean ginseng (Panax ginseng C.A. Meyer) (241), and
two flowering plants, blue carpet (Craterostigma plantagineum Hochst.) (238) and
kalimeris (Aster yomena) (242), even after finding the early existence of plant EVs in carrot
cell suspension (213). For the first time, EVs from tobacco and blue carpet were isolated by
Woith and colleagues (238). The authors cultivated the cells in 2 L flasks using CCM as the
EV source material for two weeks.
To isolate EVs from Nicotiana tabacum BY-2, a well-used model system in the field of plant
tissue culture, Kocholata et al. (2022) investigated the effectiveness of differential

ultracentrifugation (dUC) and polyethylene glycol (PEG) precipitation (224). Cho et al.
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(2021) used the dUC approach to separate EVs from the supernatant of Panax ginseng cells
that were cultivated in a 2 L bioreactor for two weeks (241). Small EVs with a mean
diameter of 72 + 25.95 nm were detected using tuneable resistive pulse sensing (TRPS)
analysis, and the concentration was 6.94 x 1010 particles per mL of CCM. Based on the
findings, the authors concluded that suspension cultures are an important sustainable source
of EV production and purification. Specifically, they found that ginseng cells grown in
suspension culture released vesicles that possessed anti-senescence and anti-pigmentation
activities against UVB-induced senescent melanocytes. Crucially, when ginseng EVs were
compared to nanovesicles derived from ginseng roots, their lipid profiles differed and it was
demonstrated that the EVs were richer in diacylglycerols, phospholipids
(phosphatidylcholine, phosphatidylethanolamine, and lysophosphatidylcholine), and
sphingomyelin, which indicated their special vesicular characteristics (241).

Using a combination of cushion ultracentrifugation, tangential flow filtration, and
differential centrifugation, Kim et al. (2022) extracted EVs from the supernatant of a two-
week-old Aster yomena tissue culture. In addition to characterizing the physiochemical,
morphological, and biocargo, this work sought to determine the in vivo impact of A. yomena
EVs on human health. It has been discovered that injecting EVs into mice models of asthma
lowers the concentrations of key risk variables for asthma development. Significantly, this
work underlines some potential benefits of plant EVs synthesized in vitro for the creation
of innovative medicines intended to address various inflammatory illnesses (242).
Moreover, attempts have been made to purify vesicles from tobacco (224) and Arabidopsis
thaliana (243) plant callus cultures. In these investigations, vesicles were separated from
the homogenization buffer after the collected calli were homogenized. The callus-derived
vesicles displayed a relatively broad size distribution according to scanning electron

microscopy (SEM) and nanoparticle tracking analysis (NTA).

5.1.3.2 EVs derived from hairy root cultures

Only two works have documented the effective extraction of EVs from HRC's
conditioned medium. By employing dUC and size exclusion chromatography, EVs were
separated from the HR cultures of Salvia dominica and S. sclarea (239,244). When NTA

and TEM were used in conjunction with the dynamic light scattering (DLS) method, it was
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discovered that S. dominica's hairy roots secreted spherical, lipid-membrane-enclosed
extracellular particles (EVs) that ranged in size from 100 to 200 nm. In the HR-derived EVs,
TET-7, a tetraspanin that exhibits strong similarity to the plant exosomal marker TET-8, was
also discovered. The authors also looked at how the isolated EVs were taken up by human
cells, human keratinocytes (HaCaT cells), and pancreatic carcinoma cells (MIA PaCa-2).
They found that the S. dominica EVs derived from HR primarily entered and accumulated
in the cytoplasm, preferentially in cancer cells, where they showed potent and specific pro-
apoptotic and antiproliferative activity (239). Metabolomic analysis revealed that EVs were
rich in triterpenoids. Furthermore, they showed that EVs preserved metabolic homeostasis
and reduced oxidative stress when co-administered with 6-hydroxydopamine, significantly

reducing its accumulation and alleviating neurotoxicity (244).

5.1.3.3 Structure and composition of plant EVs

Extracellular vesicles are a heterogeneous group of particles with varying sizes and
shapes that are encased in a membrane (245). Their membrane, which shields the molecular
content from enzymatic destruction and environmental factors including severe
temperatures, pH, and salinity, is made up of a phospholipid bilayer with integrated proteins
(246). The type of plant and the physiological condition of the cells that produce the P-EV's
affect the lipid content of the product. However, phospholipids, glycolipids, and
phytosterols are usually found in combination in the P-EVs membrane (238). According to
lipidomic investigations, the majority of the phospholipid content is made up of
phosphatidic acid, phosphatidylcholine, and phosphatidylethanolamine (246). Specifically,
phosphatidic acid has been shown to have a role in the mechanism of membrane fusion and
is a prominent component of vesicles formed from ginger and grapes (247). Furthermore,
phosphatidic acid can be regarded as the primary mediator of mammalian cell growth and
proliferation upon treatment with P-EVs because it is a cell-signalling lipid involved in the
activation of the mammalian target of rapamycin (mTOR) and mitogen-activated protein
kinase (MAPK) pathways (224). Lipids may also play a role in the intrinsic therapeutic
properties of P-EVs, as evidenced by the antioxidant, anti-inflammatory, and
phosphatidylcholine- and phosphatidylethanolamine-enriched grapefruit-derived vesicles

that have demonstrated these properties (229). Variations in the lipid bilayer's composition
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might influence the uptake of vesicles by gut bacteria, indicating that particular lipids may
signal for cells to absorb vesicles preferentially, which could be crucial for the vesicles'
purported therapeutic effects (248). Table 5.1 lists the primary lipid families present in P-
EVs.

Table 5.1 Main lipid families identified by lipidomic analysis in plant EVs (249).

Lipid families Type Role Source
Phosphatic acid Membrane Activation of cellular Grape and ginger EVs
phospholipid signalling pathways extracellular fluid of
sunflower seed
Phosphatidylcholine Membrane Anti-inflammatory Ginger and grapefruit EVs
phospholipid
phosphatidylethanolamin ~ Membrane Membrane fusion Ginger and grapefruit EVs
e phospholipid
Galactolipids Edible plant Anti-inflammatory and Ginger EVs rich in mono
glycolipid anti-tumor effects galactosyl monoacylglycerol
and di galactosyl
diacylglycerol

Like lipids, the protein profile of P-EVs is determined by the physiological circumstances
of the plant and the source of the vesicles. The primary function of the proteins is to facilitate
the uptake of plant vesicles by animal cells (247). When compared to mammalian vesicles,
P-EVs have a significantly lower protein content. The majority of the proteins found in P-
EVs are from the following families: aquaporins, which control cell turgor; heat-shock
proteins (HSPs), which are linked to biotic and abiotic stress responses and plant growth;
metabolic enzymes; and annexins, which are involved in intracellular vesicle transport and

exosome secretion (250).

Table 5.2 Principal protein families were identified by proteome profiling in plant
extracellular vesicles (249).

Protein families  Type Role Source
Heat-shock Membrane Produced under cells Citrus species EVs have high
proteins proteins undergoing stress expression levels of HSP70 and
(HSPs) Plant growth and HSP90.
Nutrient internalization HSP60, HSP70, and HSP90 present
in grapefruit and sunflower extracts

Aquaporins Trans- Transport of water across the  Citrus species and leaf apoplast

membrane membrane

proteins Regulation of cellular turgor
Annexins Membrane EV biogenesis Grapefruit and grape EVs

proteins Vesicle trafficking
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Numerous small RNAs (sRNAs) are found in plant vesicles, including microRNAs
(miRNAs), which are short non-coding RNAs with 15-27 nucleotides that can control gene
expression by binding to and cleaving target mRNA molecules (251). When a pathogen
invades a plant, EVs are used by the plant to inject miRNA into the host, which silences
genes linked to virulence. Recent findings show that EVs derived from edible plants can
also regulate target gene expression in the mammalian genome by transferring sRNAs
through cross-kingdom interactions (252). Plant miRNAs are naturally methylated at their
3’ ends to increase their stability and resistance to degradation, which is consistent with
these findings (227). Small non-coding RNAs, or miRNAs, control the amounts of proteins
in both plants and animals following transcription. In a recent study, bioinformatics analysis
was used to predict functional relationships between plant-derived miRNA and potential
target genes in mammalian genomes using 418 conserved miRNAs (ranging from 32 in
ginger EV to 127 in soybean) extracted from 11 edible fruits and vegetables. These
mammalian genes were found to be involved in immune response and cancer (253). The
glucocorticoid-induced leucine zipper protein (TSC22D3), which is essential for the anti-
inflammatory and immunosuppressive properties of glucocorticoids, is regulated by miR-
168c, according to in-vitro functional validation (234). Ath-mir167a, which is derived from
ginger EV, may directly bind to Lactobacillus rhamnosus protein SpaC mRNA and regulate
SpaC expression, according to a recent study on the regulatory effects of PDEVs on human
microbiota (254). This can significantly reduce the translocation of Lactobacillus
rhamnosus in peripheral blood and allow it to remain on the mucosal surface. The same
study's author showed that ginger EV-RNA may control the lactic acid bacteria's synthesis
of indole-3-acetaldehyde and influence the host cells' synthesis of IL-22, both of which
improve colitis. These results point to the extensive regulatory potential of PDEVs across
species. PDEVs offer potential for use in the management of infectious diseases and the
regulation of flora (255). The majority of research on EV-mediated intercellular
communication to date has been on RNA types that are more widely known, like mRNA
and miRNA (256,257). Since naked miRNAs are unstable and quickly degraded by common
RNA enzymes, their encapsulation within EVs prevents this from happening. PDEVs
produced from Arabidopsis comprise miRNA, sRNA (18-24 nt), and small RNA (tRNA)
(10-17 nt). These RNA coexist in apoptotic bodies, which implies that RNA has a particular
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sorting mechanism (258). Furthermore, odd non-coding RNA is frequently found in PDEVs;
nevertheless, the precise mechanisms by which PDEVs process this RNA, how recipient
cells absorb it, and how it affects cell-to-cell communication remain unclear (255).

Apart from proteins, lipids, and RNA, the secondary metabolites of plant vesicles may
provide additional insights into their functions within plant physiology. Another important
component of plants' defence against harmful microbes may also be the packing of
secondary compounds in EVs. There is currently little information available on the
metabolites carried by plant EVs, despite metabolomics studies on PDNVs revealing the
presence of primary and secondary metabolites of great biological importance
(234,235,252). Using high-performance thin-layer chromatography, a study team (238)
examined the metabolite profiles of plant EVs recovered from diverse sources (such as the
apoplastic fluid, cell culture media, and homogenized plant materials) of different plant
species. The results of the investigation showed that while alkaloids, phenols, and
phenylpropanoids were not found, however, lipophilic compounds were detected in
vesicles. These findings lead the authors to hypothesize that metabolite loading in plant EVs
may be a passive mechanism as opposed to an active packaging process. despite this, more
research is necessary to rule out the possibility of active transport pathways given the

discovery of ATP-binding cassette (ABC) transporters in plants.

5.1.3.4 Method of isolation for plant EVs

Even though interest in PEVs has increased recently, there is still no established
isolation protocol in existence. Choosing the appropriate output material and fitting isolation
method are essential to maximizing the potential of EVs (224). These techniques include
ultrafiltration membrane separation, size exclusion chromatography (SEC), PEG
precipitation, differential ultracentrifugation (UC) in conjunction with sucrose gradient
density centrifugation, and more (247,259). All these techniques are not flawless, though,
in terms of their applicability, purity, extraction rate, and time. Each of these approaches has

pros and cons of its own (Table 5.3).
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Table 5.3 Extraction of plant-derived EVs and their pros and cons.

Method Pros Cons
SEC Excellent yield, high purity, and preservation Long duration, intense work
of healthy biological function
PEG Easy to use, economical, and speedy rate Low yield and low purity
UC Excellent purity, Easy to use Long time, High cost
Electrophoresis Low cost, high yield, and convenient Low purity and low temperatures

5.1.3.5 Biological functions of plant-derived EVs in plants

The primary function of PDEVs in plants is intercellular communication.
Intercellular and interspecies communication falls under this category. Similar to
mammalian EVs, PDEVs that include proteins, bioactive lipids, and miRNA function as
extracellular messengers that facilitate intercellular communication (260). A proteomic
investigation of the EVs from sunflower seeds showed that PDEVs are linked to the
production of enzymes that modify cell walls. Moreover, PDEVs participate in a wide range
of cellular processes. These include cell division, proliferation, and the coordination of
responses to a variety of signals or triggers, which could be biological signals like the
presence of pathogens or environmental cues like changes in light or temperature. Through
RNA sequencing, Zhao et al. (2018) discovered that EVs extracted from mature and
immature coconut water are involved in the maturation process of coconuts (261).
Additionally, several studies have demonstrated the critical role that PDEVs play in self-
defence responses, notably in inducible defence mechanisms such as cell-level removal of
toxic chemicals and involvement in immune surveillance systems. According to reports,
Arabidopsis plays a role in the control of cross-species defence by secreting PDEVs at the
site of Staphylococcus aureus infection and delivering sSRNA into the fungus to silence
important pathogenic genes (262). To further this understanding, Rutter et al's (2017)
research showed that infection with Pseudomonas syringae in Arabidopsis increased PDEV
secretion (263). Following salicylic acid treatment, a comparable rise was seen, indicating
PDEVs' active participation in plant immune responses. Vesicles have been shown by
Hansen et al. (2017) to be able to halt fungal growth in plants when it invade them (264).
These findings imply that plants' production of EVs plays a role in the development of early

defence mechanisms against infections. In conclusion, during pathogen invasion, plant cells
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release extracellular vehicles (EVs), which aid in preventing the pathogen's entry into the

cell.

5.1.3.6 Application of plant-derived EVs in human diseases

People are particularly curious about whether EVs derived from plants might
directly benefit human ailments and facilitate interspecies communication (265,266). When
taken orally, proteins, RNA, lipids, and related active substances found in the origin of lant-
derived EVs can be absorbed in the intestinal tract and then transferred to various locations
as well. Since plant-derived EVs also include homologous plant components, they may
perform biological tasks similar to those of homologous plants. EVs generated from plants
are resistant to both the highly active proteolytic enzymes in the gut and the excessively
acidic environment of the stomach (267). According to related research, ingestible plant-
derived EVs can enter the digestive system through oral administration, control intestinal
flora, trigger inflammation, influence intestinal stem cells, or use SRNA to control the
expression of downstream genes (268,269). EVs from diverse sources can function in a
variety of ways, including oral, intravenous, nasal, and transdermal administration,
according to the researchers' application of plant-derived EVs in animal models. Oral
administration is a reasonably safe method of administration in terms of safety. The
administration route of plant-derived EVs is often selected according to the specific
requirements of the disease. Numerous research on EVs produced from plants has
demonstrated great safety and efficacy in the treatment of colitis to date (270). EVs
generated from edible plants have the potential to be novel treatments and preventative
measures for inflammatory diseases of the digestive tract.
The extract from ginger-derived EVs can shield mice's livers from alcohol-induced damage.
they also facilitate the activation of NRF2 in the liver, which results in the expression of
several genes related to liver detoxification and antioxidant defence. Additionally, they
prevent the generation of reactive oxygen species, which partially protects the liver.
Lentinus edodes-derived EVs can mitigate liver injury caused by lipopolysaccharide and D-

galactosamine in mice by preventing the activation of NLRP3 inflammatory bodies (271).
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5.2 Material and methods
5.2.1 Plant material

Explants of S. oxyphora were obtained from CREA-OF Sanremo, Italy. The species
was identified by Dr. Andrea Copetta and a voucher specimen (HMGBH.e/7290.2024.002)
is deposited at Herbarium of Giardini Botanici Hanbury (La Mortola, Ventimiglia, Italy).

5.2.2 In vitro micropropagation

To develop an efficient in vitro micropropagation protocol, around 15-20 stem
cuttings of mature plants per treatment were used for sterilization tests. The pre-treatment
involves rinsing explants with tap water for 15 minutes, followed by immersion in detergent
solution for 15 minutes, and concluding with a 30-second dip in 70% v/v ethanol. Surface
sterilization was performed with various concentrations of commercial sodium hypochlorite
(NaCl10) (1.0, 1.5, 2.0, and 2.5% active chlorine) supplemented with 1% Tween for 10 to 15
minutes. In all tests (Table 5.4), after the treatments, the cuttings were rinsed three times
with sterilized water for 10 minutes each time. Subsequently, surface-sterilized explants
with at least one node were carefully inoculated under aseptic conditions by inserting 4-5
explants into a glass vessel with 60 mL of Murashige and Skoog (MS) medium (272),
supplemented with 3% w/v sucrose, different concentrations of 6-benzyl amino purine
(BAP, 0.3, 0.5 or 1 mg/L) and 0.8% w/v plant agar maintained at pH 5.7. After autoclaving
the media at 121°C for 20’ and cooling it to 40 °C cefotaxime (50 pug/mL) sterilized by
filtration was incorporated to prevent contamination. All culture vessels were incubated in
the culture room under controlled temperature (23 = 2°C) and light (2500-3000 lux
irradiance) with a 16/8 h photoperiod. The explants with new shoots were sub-cultured to

fresh media every 15 days for better multiplication.
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Table 5.4 Methods of sterilisation for in vitro shoot induction.

Method NaClO (%) Ethanol (70%v/v) Cefotaxime
1 2.5 - -
2 2.0 - -
3 1.5 + +
4 1.0 + +

5.2.3 Hairy root induction

Two strains of bacterium A. rhizogenes hypervirulent strain LBA 9402 (a gift from
Prof. Laura Pistelli, University of Pisa, Italy) and wild-type ATCC 15835 (glycerol stock
from CREA-OF Sanremo) were used for the transformation of hairy roots. The bacteria
were cultured in the dark on semi-solid (1.5% agar) nutrient broth and yeast mannitol broth
(273). One bacterial colony per strain was selected and placed in a 50 mL sterile
polypropylene conical tube, together with 10 mL of the same media (without agar), for an
overnight growth period at 28 °C and 120 rpm agitation. A spectrophotometer was used to
determine the optical density (O.D. 600 nm =0.31 for ATCC 15834 and 0.23 for LBA 9402).
Leaves grown in MS hormone-free medium for 4 weeks were isolated, gently wounded on
both sides of the leaf tissue and central rib, immersed in 5 mL of the bacterial suspension,
and incubated at 24°C for 20 minutes. For experimental control, explants were treated with
sterile distilled water at the same time. All submerged explants were dried and placed
horizontally on sterile Petri plates containing antibiotic-free and hormone-free MS medium
and incubated for 3 days at 24°C in the dark. The explants were then moved to new MS
media containing cefotaxime (CX, 100 mg/L) and stored at 24 °C in the dark to completely
eradicate 4. rhizogenes. Following three weeks of multiple subcultures of infected leaves in
media with progressively lower CX concentrations (from 100 mg/L to 50 mg/L), hairy roots
developed from the infected sites were excised individually at a time and then sub cultured
weekly in solid MS medium for two more weeks. Afterwards, the individual roots were
moved to a hormone-free MS 30 liquid medium in 250 mL sterile glass jars together with
50 mg/L of cefotaxime. The HR cultures were kept in an incubator with agitation (120 rpm)
and at 28 °C in the dark. To verify that the differentiated roots were indeed HRs rather than
adventitious roots, and to ensure the effective elimination of 4. rhizogenes, a PCR analysis
was performed. This analysis aimed to confirm the presence or absence of the ro/C and

virC1l genes.
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Polymerase chain reaction (PCR) was performed using a BIO-RAD T100™ thermal cycler
to detect the integration of Ri T-DNA into the plant genome. The analysis specifically
targeted two A. rhizogenes genes, rolC and virC1. Amplification of the virCI gene fragment,
which produces a 326-bp product using specific primers (PVIRC2775 5'-
CTCGCTCAGCAGCAGTTCAATG-3') and PVIRC3101 5'-
GACGGCAAACGATTGGCTCTC-3") (274) , indicates possible contamination or residual
presence of 4. rhizogenes in plant tissues. The rolC gene was detected by amplification of
a 514-bp fragment, using forward (5'-CGACCTGTGTTCTCTCTTTTTCAAGC-3’") and
reverse (5'-GCACTCGCCATGCCTCACCAACTCACC-3") primers. For both rolC and
virC1, PCR reactions were performed using plant DNA diluted 1:2 with distilled water
together with specific primers. The final volume of the PCR mixture was 25 pL, containing
1 uL DNA, 3 puL PCR reaction buffer (without MgCl,), 0.9 uLL. MgCl,, 0.6 uL. dNTPs, 0.5
pL of each primer, 0.3 pL Platinum® Taq DNA polymerase, and 18.2 pL distilled water.
The cycling conditions for rolC amplification followed a modified version of (275) with an
initial denaturation at 94°C for 1 minute, 35 cycles of denaturation at 94°C for 30 seconds,
annealing at 65°C for 30 seconds, and a final elongation step at 72°C for 5 minutes. The
absence of bacterial contamination in the plant tissue was confirmed by the absence of
amplification of the 326-bp virCI fragment, using the same PCR conditions. Afterwards, a

2% agarose gel was used to examine the PCR-amplified products.

5.2.4 LC-MS analysis

The separation system used was an Accela HPLC (Thermo Fisher Scientific, Milan,
Italy) connected via an ESI source to a linear ion trap coupled to a high-resolution mass
analyser (LTQ-Orbitrap XL, Thermo Fisher Scientific, Milan, Italy) operating in both
negative and positive ion modes. MS data were collected in full mass and data-dependent
scan modes, followed by tandem MS experiments to identify specific metabolites. A C18
column (Luna C18, 150 x 2.0 mm, 3 um; Phenomenex®, Castel Maggiore, Bologna, Italy)
was used together with a binary mobile phase consisting of eluent A (ultrapure water with
0.1% v/v formic acid) and eluent B (ultrapure acetonitrile with 0.1% v/v formic acid). The
separation gradient ranged from 5% to 60% B over 35 minutes, reaching 100% B in 15

minutes. The flow rate was set at 0.200 mL/min with an injection volume of 10.0 L.
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5.2.5 Isolation of extracellular vesicles

EVs were purified by differential ultracentrifugation from the conditioned medium
(around 50 mL) of 10-day fresh inoculation HR cultures, which produced an average of 2
grams (fresh weight) of HRs. The medium was centrifuged for 10 minutes at 300 x g and
then for 20 minutes at 2000 x g to eradicate any living or dead cells as well as cell debris.
After that, contaminated apoptotic bodies, tiny cell debris, and organelles were removed
from the supernatants by filtering them through membrane filters (Merck Millipore) with
pore sizes of 0.45 pum. Additional low-velocity centrifugation was carried out at room
temperature for 20 minutes using 50 mL Beckman polypropylene tubes and a Beckman
Type 55.2 Ti fixed angle rotor (k-factor: 64) operating at 15,000 x g. The conditioned
material that had been clarified was next centrifuged using thick wall polycarbonate tubes
(Beckman Coulter, No. 355631) at 100,000 x g avg at 4 °C for three hours using a Type
55.2 Ti rotor in a Beckman Coulter Optima™ L-90K ultracentrifuge to extract extracellular
vesicles pellets. The pellet was placed in 1.5 mL tubes after being dissolved in 30 pl of
MilliQ water. Following isolation, EVs were either kept at -80 °C to prevent freeze-thaw

cycles or used fresh for the consequent analysis (276).

5.2.6 Protein profiling of EVs by SDS-PAGE

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) was used
to regulate the vesicle quality and the reproducibility of EV isolation. Ten microliters of
each sample (about equivalent to 0.47 + 07 EVs) were first separated electrophoretically
under reducing conditions on a polyacrylamide gel, and after that, with minor changes, they
were silver stained following the method described by Shevchenko ef al. (1996) (277). The

use of silver staining has been carried out in each EV preparation.

5.2.7 Nanoparticle tracking analysis

A NanoSight model NS300, fitted with a Blue405 laser and a sCMOS camera (Malvern
Instruments, Malvern, UK), was used by NTA to analyse the size distribution and
concentration of HR-derived EVs. After thoroughly mixing and diluting the samples (15 pl)
in 0.5 mL PBS, the diluted samples were introduced into the laser chamber. The data

acquisition parameters that were employed were camera level 9, acquisition time of 30
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seconds, and detection threshold of 2. Three videos under the following circumstances were
recorded for every measurement: Syringe speed: 50 ul/s; cell temperature: 24 °C. Following
the acquisition, NanoSight Software NTA 3.4 with a detection threshold of 2 was used to

analyze the videos. Three different assessments were performed.

5.3 Results and discussion

5.3.1 In vitro micropropagation

The third method of sterilizing procedure permitted promising results for S.
oxyphora at a percentage of sterile and proliferating shoots of 71.43%. Pretreatment with
70% v/v ethanol was necessary. The optimum concentration of NaClO was found to be 1.5
%. However, necrosis of explants was observed with the first two methods because the
concentration of NaClO (= 2%) was relatively high. In addition, surface sterilization with
1% NaClO was not effective. Cefotaxime was only required during the first stage of
micropropagation. This result was in line with what is reported in the literature. Mascarello
et al. (2006) demonstrated that to obtain in vitro cultures from the majority of Salvia species
(17 species of the 19 considered) it was necessary to pre-treat the explants with ethanol
(278). The same authors find that generally in vitro multiplication in this genus is better at
low concentrations of BAP (between 0.3 and 0.6 mg/L). The multiplication rate (the average
number of shoots produced per explant), and the length of the shoots were used to calculate
the effectiveness of each phytohormonal medium. This observation also confirmed that
concentrations of 0.5 mg/L of BAP increase the number of new micro-cutting obtainable

(Table 5.5 and 5.6).

Table 5.5 No. of average shoots and length with variation in concentrations of BAP after 4
weeks.

BAP (mg/L) Length (cm) No. of shoots
(mean £ SD) (average £ SD)

0.3 3.440.6 2+1

0.5 6.0+0.7 4+1

0.7 3.5+1.2 2+1

1.0 2.9+0.8 1+0
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Table 5.6 Assessment of shoot multiplication at a concentration of BAP 0.5 mg/L.

No. of shoots Initial 15" Day 30" Day

S. oxyphora 15 30 61

Figure 5.1 Micropropagation of S. oxyphora A. shoot induction on MS medium B. in vitro
shoots C. in vitro multiplication.

5.3.2 Hairy root induction and characterisation

The formation of hairy roots was observed 3-4 weeks following inoculation in both
nodal and leaf explants under dark conditions. When compared to the ATCC 15834 strain,
the LBA 9402 strain grown on YMB medium supplemented with acetosyringone developed
noticeably more roots on each explant. These roots showed strong development and an
abundance of lateral branching in (MS) media (272) free of phytohormones as depicted in
Figure 5.1. Examining the virC/ and rolC genes using the polymerase chain reaction
allowed us to confirm the transformation. The HRs were analysed for the stable genomic
integration of the T-DNA region from the Ri plasmid of 4. rhizogenes through rolC gene
amplification via polymerase chain reaction. The verification of Agrobacterium elimination
in HR cells following antibiotic treatment was achieved through amplification of the virD1
virulence gene, which is carried by the T-helper plasmid of A. rhizogenes and is not
incorporated into the plant genome. However stable and Agrobacterium-free HR cultures
were maintained on solid media followed by transfer in liquid medium (Figure 5.2 D). The

liquid culture was further used to isolate EVs by ultracentrifugation method.
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Table 5.7 Induction of hairy roots in S. oxyphora explants 14 days post-infection with
Agrobacterium rhizogenes strains (A) ATCC 15834 and (B) LBA 9402.

A. rhizogenes strain Number of explants % explants producing roots
ATCC 15834 30 6.6+1.0

LBA 9402 30 56.6+1.6

Control 30 6.6£1.5

Figure 5.2 Induction of HRs A. HR lines B. subculture of HRs on solid medium C. PCR
detection of rol C* lines D. HR liquid culture.
5.3.3 LC-MS Qualitative analysis of S. oxyphora roots and hairy roots

LC-HRMS analysis of the acetonic extract from Salvia oxyphora roots identified
several salviolanic acid derivatives (Table 5.8). Notably, compounds 1, 2, and 4 exhibited a
characteristic loss of 198 m/z, corresponding to Salvianic acid. Compounds 6 and 8 were
distinguished by the loss of a carboxylic group (44 m/z) and the presence of a fragment at
269 m/z, which is typical of Salvianolic acid F. Additionally, the analysis revealed the
presence of other polyphenolic compounds, including rosmarinic acid (3) and methyl
rosmarinate (5), both identified by their distinctive 161 m/z fragment, corresponding to
deprotonated and dehydroxylated caffeic acid. Lastly, a triterpenoid compound was also
detected in the extract.
The extract of S. oxyphora hair roots showed a metabolic profile comparable to that of S.
oxyphora roots, particularly concerning polyphenols such as Salvianolic acid (Table 5.9)
derivatives. Characteristic fragment losses at 198 m/z, consistent with Salvianolic acid
derivatives, were observed for compounds 1, 3-5, and 7-13. The extract also showed a
notable presence of C30 triterpenes. In particular, compounds 14-23 showed characteristic
fragmentation patterns, including the loss of water molecules (18 m/z) and a carboxylic acid

group (44 m/z), highlighting their structural features.
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Table 5.8 Specialized metabolites from S. oxyphora roots characterised by LC-MS (Rt=
retention time; MSI = Metabolomics Standards Initiative).

Peaks Rt [M+H] MS2 Compound MSI level®
1 18.17 537.1027 493; 295 Lithospermic acid 2
2 19.92 717.1450 519;339; 321; 295,277 Salvianolic acid E 2
3 20.88 359.0761 197; 161 Rosmarinic acid 1
4 21.47 731.1618 533;353 Methoxyl-Salvianolic acid B 2
5 23.17 373.0917 355;197; 161 Methyl rosmarinate 1
6 2547 313.0721 269 Salvianolic acid F 2
7 26.14 329.2331 311;293;171 Trihydroxy-ocatadecenoic 2
acid
8 26.52  313.0721 269 Salvianolic acid F isomer 2
9 34.60 487.3418 470; 469; 467, 423 Triterpenoid 2

Table 5.9 Specialized metabolites from S. oxyphora hairy roots characterized by LC-MS.

Peaks Rt [M+H]*  [M-H] MS2 Compound MSI level?
1 17.54 717.1450 339;321; 295 Salvianolic acid E 2
2 19.00 359.077 339;295;197  Rosmarinic acid 1
;161
3 19.39 537.1039 339;295 Salvianolic acid H 2
4 19.96 493.1129 295 Salvianolic acid A 2
5 21.37 491.0972 293 Salvianolic acid C 2
6 21.91 373.0917 175;135 Methyl rosmarinate 1
7 22.49 717.1450 339;321; 295 Lithospermic acid B isomer 2
8 23.31 493.1129 295 Salvianolic acid A isomer 2
9 23.97 715.1293 535;  339; DidehydroSalvianolicacidB 2
293
10 24.93 313.0706 296;161 Salvianolic acid F 2
11 25.14 731.1606 717;533;313  Methoxyl-Salvianolicacid B 2
;309
12 26.29 491.0972 293 Salvianolic acid C isomer 2
13 26.96 313.0706 296;162 Salvianolic acid F isomer 2
14 32.13 503.3380 485 Triterpenoid CsoHas06 3
15 34.55 487.3418 469 Triterpenoid C3oHas0s 3
16 36.19 487.3418 469 Triterpenoid CsoH4s0s 3
17 37.08 487.3418 469 Triterpenoid C3oHas0s 3
18 39.37 487.3418 469 Triterpenoid CsoHas0s 3
19 39.53 487.3418 469 Triterpenoid C3oHas0s 3
20 43.47 473.3625 437;409 Triterpenoid CsoHs04 3
21 43.83 473.3625 437;409 Triterpenoid C3oHas04 3
22 4424  473.3625 437;409 Triterpenoid CsoHs04 3
23 50.44 457.3676 439 Triterpenoid C3oHas03 3
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5.3.4 HR-derived EVs.

Silver staining and SDS-PAGE of the dUC EVs demonstrated the presence of intact
protein bands and distinct movement patterns (Figure 5.3). NTA showed a prominent peak
at approximately 142 = 15 nm and revealed that 83.8% of detectable particles were within
the size range of 100-200 nm with a mean diameter of around 153.4 nm + 4.1 nm. NTA
found particles with hydrodynamic diameters greater than 250 nm (about 8%) that were
likely produced by the development of EVs aggregates. According to NTA estimation, EV

mean concentration was 4.74e+08 + 5.48e+07 particles/mL.

Concentration (particles / ml)

Size (nm)

Figure 5.3 Biophysical characterization of HR-derived EVs A. Nanoparticle tracking
analysis (NTA) measurements show the distribution of the EV's size with the major peak at

142 nm. B. Protein pattern of HR-derived EVs visualized by SDS-PAGE and silver staining.

5.3.5 LC-MS analysis of EVs

The analysis of the vesicle extract derived from the hair roots of S. oxyphora was
conducted. As Table 5.10 illustrates, the only compounds identified and characterised are
the polyhydroxylated triterpenoid compounds, which exhibit distinctive losses of one or two
water molecules at 18 m/z. No polyphenolic compounds were identified, highlighting a

metabolic shift in S. oxyphora undergoing hair root formation and subsequent vesiculation.

106



Table 5.10 Specialized metabolites from S. oxyphora EVs characterised by LC-MS.

Peaks Rt Chemical formula [M-H] MS2 Compounds
1 22.98 CaoH1g06 503.3380 485; 467 Triterpenoid
2 25.46 C3oH4506 503.3380 485; 467 Triterpenoid
3 27.92 C3oH4s06 503.3380 485; 467 Triterpenoid
4 29.20 C3oH4s06 503.3380 485; 467 Triterpenoid
5 30.95 C30H1806 503.3380 485; 467 Triterpenoid
6 38.66 C30H1805 487.3418 469 Triterpenoid
7 38.80 C30H1805 487.3418 469 Triterpenoid
8 38.92 C30H4805 487.3418 469 Triterpenoid
9 43.16 C3oHa504 471.3468 453 Triterpenoid
10 43,51 C3oH4504 471.3468 453 Triterpenoid
11 43.57 C30H4s04 471.3468 453 Triterpenoid
12 49.90 CaoH1g03 455.3519 437 Triterpenoid
13 50.10 C3zoH4803 455.3519 437 Triterpenoid

100

95

90

85

80

75

70

° 65

é 60

g 55

2 s0

245

ﬁ 40

35

30

25

20

15

10

5

L L s e e B B s e LA e e B
22
Time (min)

Figure 5.4 LC-MS chromatogram of EVs.
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5.4 Conclusion

This study successfully developed a micropropagation method and achieved the induction
of hairy roots (HRs) in S. oxyphora for the first time, representing a significant advance in
plant biotechnology. Importantly, metabolic profiling revealed a comparable composition
between HRs and natural roots, confirming the potential of HRs as a sustainable alternative
for metabolite production. Furthermore, extracellular vesicles (EVs) were isolated from the
conditioned culture medium of HRs, highlighting their potential as biofactories for EVs with
promising biological properties. Future research will focus on the comprehensive surface
characterisation of EVs to define their structural and functional features. In addition, in-
depth studies of their biological activities could open new ways for applications in

pharmaceutical, agricultural and biotechnological fields.
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