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Natural products (NPs) are secondary metabolites, i.e. terpenoids, flavonoids, and alkaloids, 

produced by organisms such as plants, animals, fungi and microorganisms for their interaction 

with the environment, both in terms of survival and adaptation 1. The importance of NPs in 

medicine, agriculture and industry has been extensively documented 2. NPs have been used in both 

traditional and modern medicine for the treatment of different diseases and they often represent 

the starting point for synthetic modifications generating new drug candidates 3. Examples of NPs 

exploited in the pharmaceutical industry include aspirin, derived from the bark of the willow tree, 

and penicillin, produced by certain types of fungi. These bioactive structures represent a challenge 

in drug discovery due to the enormous complexity of structure and the diversity of their 

scaffoldings 4. 

My PhD research project aimed to characterize aromatic species grown in Liguria that are used as 

local crops for both ornamental and food purposes, and to suggest new possible ways of their 

exploitation for territorial development. Specifically, my work was focused to select local ecotypes 

with potential interest as antimicrobials and antivirals both for human health and for agricultural 

purposes.  

The interest in working on this kind of biological activity showed by natural products is strictly 

connected to the constantly increasing antibiotic resistance, due to the excessive and, sometimes, 

inappropriate use of these drugs. Antibiotic resistance is today a serious challenge to human lives 

and new alternatives to face this problem are lacking. Unfortunately, few new classes of antibiotics 

have been described over the past 40 years and the problem of finding new effective antimicrobials 

is compelling. The use of combinations of bioactive compounds is considered a promising solution 

as these combinations can interfere with several targets, intensifying their efficiency, increasing 

the pharmacological action, reducing adverse side effects, and probably avoiding the emergence 

of resistant bacteria. The development of antibiotic coadjuvants that include not only antibiotics, 

but also other bioactive molecules is at present an interesting research focus. In this context 

phytochemicals are playing an increasing role; they are structurally distinct from microbially 

derived antibiotic natural products and have different modes of action. 

On the other hand, from an agrochemical point of view, various secondary metabolites such as 

flavonoids and isoprenoids have been shown to mediate generally defensive ecological 

interactions with other organisms, e.g., anti-insect (antifeedant), anti-bacterial, anti-fungal and 

antioxidant activity that can be considered powerful ecochemicals for plant defence 5. The use of 

local crops to produce total extracts or phyto-constituents to be used in organic farming or in 

integrated pest management systems is at present a challenge in terms of sustainable territorial 

development in the vision of the European Green Deal. To promote more sustainable agricultural 

systems in the European Union, the Directive 2009/128/EC 6 established several key principles to 

reduce pesticide use, fostering the adoption of prevention measures, non-chemical control methods 

and compounds with lower environmental impacts. In the new framework of the Farm to Fork 
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Strategy of the European Green Deal 7, the European Commission will take additional action to 

reduce the overall use of chemical pesticides by 50% by 2030. This specific goal of the Farm to 

Fork Strategy represents a major challenge for the European agriculture. The pesticide industries 

look with interest to the substances and compounds of natural origin that can be used both in 

integrated and in organic agriculture. In this scenario the research of plant products active as 

antimicrobial and antivirals to be used in agriculture is of relevance since few extracts revealed 

this type of bioactivity till now. This context also includes the need to find new possibilities for 

the use of production waste and residues from the sales of agricultural products 8. 

My project was specifically focused on aromatic species belonging to Lamiaceae and Alliaceae. 

The Lamiaceae include a wide range of herbs, shrubs, and trees, distributed around the world. The 

Lamiaceae family includes over 7,000 species in nearly 200 genera, making it one of the largest 

families of flowering plants. Some well-known members of the Lamiaceae family include basil, 

rosemary, thyme, sage, lavender, and peppermint. These plants are used in a variety of ways, 

including culinary herbs, medicinal plants, and ornamental plants. Many Lamiaceae have been 

used in traditional medicine for centuries, and some are still used today to treat a variety of health 

conditions. The family is found in a wide range of habitats, including temperate and tropical 

regions. Many members of the family are native to the Mediterranean region, where they are well-

adapted to the hot, dry climate. These plants are characterized by square stems, opposite leaves, 

and two-lipped flowers, which are typically arranged in clusters or whorls. From the 

phytochemical point of view, the Lamiaceae are rich of triterpenoids, diterpenoids, 

sesquiterpenoids, monoterpenoids, iridoids, flavonoids, and sterols, responsible of antispasmodic, 

antiviral, antioxidant, and antimicrobial activities 9. Many species of Salvia have also shown a 

wide range of therapeutic uses, thanks to their recognized medicinal properties 10,11. The 

antimicrobial activity is demonstrated not only by the essential oil volatile constituents, but also 

by non-volatile metabolites, such as diterpenoids and flavonoids. The presence of abietane 

diterpenoids (carnosic acid, rosmadial, carnosol, rosmanol and their derivatives), of phenolic acid 

rosmarinic acid, as well as of glycosylated and non-glycosylated flavones is the basis of the high 

antioxidant activity demonstrated by various plant extracts. Various species of sage, such as Salvia 

officinalis and Salvia rosmarinus, are commonly used as antioxidants in foods, food additives and 

cosmetics.  

Besides the Lamiaceae, other aromatics belonging to other botanical families are currently of 

particular interest for the Ligurian territorial development. The ecotype of Allium sativum L. 

(Alliaceae) cultivated in the mountain areas of Liguria towards the border with France, “Vessalico 

garlic”, is currently considered a territorial excellence. Garlic is also the second most widely used 

supplement, with its sulfur-containing compounds, high in trace minerals and enzymes 12. Garlic 

is in fact a source of various biologically active phytochemicals, including organosulfur 

compounds, phenolic acids, allyl thiosulfinates, flavonoids, vitamins, and minerals such as 
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germanium, calcium, copper, iron, potassium, magnesium, selenium and zinc, vitamins A, B1 and 

C, fiber and water 13. Organosulfur compounds, such as alliin, allicin, S-allyl cysteine, diallyl 

disulfide, dialylisulfur, γ-glutamyl-S-alk(en)yl-L-cysteine and methylyl trisulfide are also 

responsible for the pungent taste of garlic 14. These compounds are responsible for protecting 

tissues from damage. Garlic has been described as antimicrobial, antiseptic, antiviral, antioxidant, 

anticancer, immunostimulant, cardioprotective and hypoglycemic. 

In my study, the biomass was extracted with appropriate solvents, and subjected to 

chromatographic methods to obtain purified compounds. Identification and structural elucidation 

of pure compounds was carried out by spectroscopic (UV, IR, MS, HR-MS 1H-NMR, 13C-NMR) 

and chromatographic (HPLC-DAD) methods. The isolated secondary metabolites were evaluated 

in vitro and/or in vivo for biological activity. The obtained data were evaluated based on classic 

and advanced statistical methods.  

In-silico studies aimed at investigating the nature of the interactions in the ligand-receptor 

complexes were performed 15. Molecular modelling is a branch of chemistry that uses computer-

based methods to model and simulate the behaviour of molecules. This allows researchers to study 

the properties and interactions of molecules in a virtual environment, without the need for 

expensive and time-consuming experimental techniques. Molecular modelling is a powerful tool 

that can be used to study a wide range of chemical phenomena, including the structure and 

dynamics of molecules, and the binding of drugs to their targets. Molecular modelling is a rapidly 

developing field, and new methods and techniques are constantly being developed. Molecular 

modelling has many applications in the pharmaceutical industry, where it is used to design and 

optimize new drugs, as well as in other fields such as materials science and biotechnology. There 

are many different methods that can be used for molecular modelling, depending on the specific 

problem that is being studied. Molecular modelling methods allow to define orientation, 

conformation, and binding interaction of natural compounds in the selected target active site. Some 

common techniques include molecular mechanics, which uses classical mechanics to model the 

interactions between atoms, and quantum mechanics, which uses the principles of quantum 

mechanics to model the behaviour of electrons. Molecular dynamics simulations are also widely 

used, that model the motion of atoms and molecules over time. Molecular docking is used for 

attempts to reproduce the natural process of ligand-receptor interaction regulated by 

intermolecular forces, such as hydrophobicity, van der Walls force, hydrogen bonds and 

electrostatic interactions. The method is based on the key-lock model, in which conformational 

changes in the active site of the macromolecule. Prediction of the binding energy is performed by 

evaluating the most important physical-chemical phenomena involved in ligand-receptor binding, 

including intermolecular interactions, desolvation and entropic effects 16. When it is not possible 

to obtain x-ray crystallography of the target protein, the homology modelling technique is applied. 

Homology modelling allows to generate 3D structural models from known experimental template 
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protein structures, can provide high precision structural models for drug discovery applications 17. 

Molecular dynamics simulations are widely used to understand macromolecular structure-to-

function relationships, simulating several hundreds of atoms to systems with biological relevance, 

including entire proteins in solution with explicit solvent representations, membrane embedded 

proteins 18.  

Finally, metabolomic approach was used to characterize local species ecotypes. Metabolomic is a 

branch of biochemistry that focuses on the study of small molecules, known as metabolites, in 

biological systems. Metabolomic profiling is a technique that is used to analyse the levels of 

metabolites in a biological sample, such as blood, urine, or tissue. This allows researchers to gain 

a comprehensive understanding of the metabolic state of an organism and to identify changes in 

metabolism that may be associated with diseases or other conditions. Metabolomic profiling 

typically involves the use of advanced analytical techniques, such as mass spectrometry and 

nuclear magnetic resonance (NMR) spectroscopy, to identify and quantify the levels of hundreds 

or even thousands of metabolites in a single sample. Metabolomics profiling is performed by 

targeted or untargeted method. Targeted metabolomics aim to operate the identification and 

quantification of a specified set of metabolites. This study is typically achieved matching 1H NMR 

spectra of different mixture samples with databases and software libraries. Untargeted 

metabolomics purpose is to detect as many signals as possible across a sample set. Thus give the 

possibility to identify unknown metabolites 19. Statistical data analysis tools are then useful to 

understand the correlation between the data obtained. Modern metabolomics approaches have been 

applied to define the quali-quantitative profile of the plant-derived specialized metabolome 20. 

NMR spectroscopy, in particular 1H NMR coupled with multivariate statistical analysis, 

constitutes an advancement in the study of plant identify metabolites, to study the impact of 

environmental factors, such as growth conditions and to characterize plant ecotypes 21. 
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Chapter 2.  

Characterization of sulfur compounds and antiviral 

activity against Tomato brown rugose fruit virus 

(ToBRFV) and Pepino mosaic potexvirus (PepMV) of 

Italian “Vessalico” garlic ecotype 
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2.1 Introduction 

Garlic (Allium sativum L., Amaryllidaceae J.St.-Hil.) is one of the oldest cultivated species and is 

traditionally used as a spice in cooking. It is a vegetable known worldwide as economically 

significant for its aroma and characteristic flavour and for many health benefits 22. Allium sativum 

L. is a species native to Central Asia that has spread in several territories belonging to various 

climatic bands, including Liguria, where the crops are located mainly in the hinterland, then in the 

Apennine area. Garlic is probably one of the first known medicinal plants, used since ancient times 

to treat various pathologies in humans 23. Diseases that can be prevented by garlic include 

Alzheimer’s disease, cardiovascular diseases, dermatological disorders, stress, and infections; 

presents possible benefits in diabetes, drug toxicity and osteoporosis. Garlic is used for therapeutic 

purposes to lower blood pressure and cholesterol levels, block the progress of infections and 

prevent cancer. It has been reported that the alkaloids contained in garlic have an analgesic, 

antispasmodic and bactericidal effect. Garlic and its preparations have been widely recognized as 

agents for the prevention and treatment of cardiovascular diseases and other metabolic diseases, 

atherosclerosis, hyperlipidemia, thrombosis, hypertension, and diabetes 24, 25. Other effective uses 

of garlic include: hepatoprotective function, anthelmintic, anti-inflammatory and antioxidant, 

antifungal 26. Different studies clarified the mechanism of the antioxidant activity of garlic, such 

as the trapping of harmful free radicals. When allicin decomposes, 2-propensulfenic acid is formed 

(when garlic is cut or crushed) and has a persistence of less than one second 27. It has been found 

that allicin has numerous antimicrobial properties and has been studied both in relation to its effect 

and its biochemical interaction. Allicin also has antiviral activity both in vitro and in vivo. Viruses 

susceptible to allicin include Herpes simplex type 1 and 2, Parainfluenza type 3 virus, 

Cytomegalovirus, Influenza B virus, Vesicular stomatitis virus and Human rhinovirus type 2 28. 

The desired beneficial results of garlic are obtained when the bulb is chewed, swallowed, or mixed 

with food and eaten. All over the world are grown and consumed different types of garlic, hard 

neck, soft neck, Asian, Mediterranean, or Russian types. The preferences of growers and 

consumers vary according to geographical region, cultural context and end-use. Although intact 

fresh bulbs are the usual form of marketed garlic, fresh garlic preparations (e.g., chopped or sliced) 

as well as dehydrated forms of seasoning are common in several countries. Garlic leaves are 

marketed in parts of Asia and North Africa. In addition, preparations of garlic are used in the 

nutraceutical industry 29. In Italy several cultivars and varieties of garlic are listed in the “National 

List of Traditional Agri-Food Products” of the Ministry of Agricultural, Food and Forestry Policies 
30, and are considered of particular interest among Italian food excellences. The geographical area 

of production, processing and packaging of the ecotype commonly known as “Vessalico garlic”, 

one of the best-known Italian garlics, consists exclusively of the territories of the "Alta Valle 

Arroscia" (Imperia, Italy), i.e. Vessalico, Aquila d'Arroscia, Armo, Borghetto d'Arroscia, Cosio 

d'Arroscia, Mendatica, Montegrosso Pian Latte, Pornassio, Pieve di Teco, Ranzo, Rezzo. The area 

is characterized by mild winters, due to the proximity of the sea. These peculiar pedoclimatic 
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conditions give appreciated organoleptic properties to this ecotype. It is one of the best-known 

varieties of Italian garlic. In this work a chemical characterization of Vessalico garlic was carried 

out, with the aim of identifying the main organosulfur compounds constituents of the aroma. 

The chemistry of garlic has been intensely studied, and apolar compounds, such as thiosulfinates 

and sulfur compounds, as well as polar compounds, such as (poly)phenols, anthocyanins, 

flavonoids, carotenoids, phytosterols, and saponins, many of which glycosylated, have been 

reported 27. Garlic shows a high biodiversity, environmental-adaptation capacity, and phenotypic 

plasticity with variation for several morphological and chemical aspects 31. Many varieties or 

cultivars of garlic are available, that can be selected and identified based on morphological, 

enzymatic and DNA data 32. Moreover, from the chemical point of view, the content of 

organosulfur compounds is significantly affected by the geographical location 33,34. Due to its 

obligate apomictic nature, garlic reproduces almost exclusively by means of cloves or vegetative 

topsets in the inflorescence. Vessalico garlic is reproduced every year by cloves belonging to the 

French cultivars Messidrôme 35,36, and Messidor 35,36. Both Messidrôme and Messidor are included 

into garlic variety group III, “Blancs de la Drôme” type 36. Variety group III comprises cultivars 

from southern Europe, with large bulbs without flowering stems, large cloves with little dormancy. 

Messidor is distinguished from Messidrôme by a darker and higher foliage. The bulb of Vessalico 

garlic is white, with pink to purple streaked tunics. The bulb consists of several white bulblets or 

cloves (6 to 14), and is roundish, regular, compact, and slightly flattened at the point of insertion 

of the root system. The area of cultivation of Vessalico garlic is quite close to the area of the 

landrace “Aglio di Caraglio” (Cuneo, Italy) 30, characterized by a small bulb with tapered segments 

showing deep red streaks. Both “Aglio di Vessalico” and “Aglio di Caraglio” are marketed in the 

two neighbouring territories. Soil and climate conditions, as well as cultivation and storage 

practices are equally important, since they could beneficially affect the quality, the bioactive 

properties and the chemical composition of the final product 37. Aim of this study was to compare 

Vessalico garlic to the French cultivars whose cloves are used for its reproduction and to the 

Caraglio ecotype, by means of a liquid chromatography-mass spectrometry (LC-MS)-based 

targeted approach. Moreover, a correlation analysis based on their metabolite profiling obtained 

by LC/MS was performed, highlighting the relationships between samples and variables. Besides 

principal component analysis (PCA) and hierarchical clustering (HC), self-organizing maps 

(SOM) were also used. PCA was used as an unsupervised pattern recognition method, allowing to 

extract and visualize the information contained in the data set (i.e., grouping of samples, presence 

of outliers, correlated variables, relationships between samples and variables). SOMs belong to 

the category of unsupervised models and are a type of network organisation of information 

processes. Through their use, it is possible to move from a data set with a high dimensionality to 

a low-dimensional representation of it (normally in two dimensions). In the machine learning field, 

an artificial neural network is a computational model composed of artificial neurons', inspired by 
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the simplification of a biological neural network. The most widely used application of the 

topographic map is the clustering. In unsupervised learning, the training algorithms modify the 

network's weights by referring only to the input data. The input data are grouped together, 

identifying proper clusters representative of the same data, thus makes them useful tools for the 

high-dimensional data analysis and visualisation 38. Furthermore, based on the fact that sulfur 

compounds are involved in plant defence responses to pathogens 39 and garlic extracts showed 

antiviral activity against plant infections (Potato virus Y, Tomato spotted wilt virus, Grapevine 

leafroll associated virus (GLRaV) 40, the antiviral activity of the studied garlic extracts was 

evaluated against Tomato brown rugose fruit virus (ToBRFV) and Pepino mosaic virus (PepMV).  

In this study extracts of “Vessalico garlic” were assayed to control Tomato brown rugose fruit 

virus (ToBRFV) and Pepino mosaic potexvirus (PepMV), viruses that affect tomato cultures. 

Tomato (Solanum lycopersicum L.) is one of the most widely grown and economically important 

vegetable crops in the world. Italy is among the top ten tomato producers worldwide and is the 

most important EU producer, with an annual production in 2020 of about six million tons 41. 

However, tomato is particularly subjected to viral disease infections. The damage can result from 

feeding on roots, foliage, and fruit or by spreading of viruses. Hundreds of viruses in 40 recognized 

genera infecting solanaceous plants and drastically reducing the yield and quality of tomato crops 
42. Tobamovirus is the largest genus of the Virgaviridae family that affects tomato crops and poses 

a serious threat to the profitable production of this vegetable. Tobamovirus is a significant threat 

to agriculture because it can cause significant yield losses in infected crops. Tobacco mosaic virus 

(TMV) is one of the most important species of Tobamovirus infecting tomatoes, and it is widely 

used as a model to study host-pathogen interaction and virus evolution 43. ToBRFV is a new 

member of the RNAss Tobamovirus that infects tomato and pepper. This virus was first reported 

from greenhouse tomato plants in Jordan in 2015 and subsequently in other countries in Europe, 

North America, and China, thus rising dissemination of Tobamovirus outbreaks at global level. In 

January 2019 ToBRFV was added to the EPPO Alert List, and subsequently in 2020 to the EPPO 

A2 List of pests recommended for regulation as quarantine pests 44. The virus is transmitted mainly 

via contaminated seeds and mechanical contact. Moreover, it has the possibility to survive outside 

of the host on inert and biological surfaces, and long-distance dispersal through offshore seed 

production such as other tobamoviruses 45. ToBRFV is considered more virulent than other 

tomato-infecting Tobamovirus because it breaks the Tm-2/Tm-2 (and Tm-1) resistance genes, 

which are present in many commercial tomato cultivars 42. Right now, tomato cultivars resistant 

to ToBRFV have not been reported. This virus infects up to 100% of the plants in a crop and can 

cause a loss 30-70% of the tomato yield 46 mainly due to the reduction of plant vigour and therefore 

the length of the harvesting period. Moreover, the symptomatic fruits of infected plants lose market 

value or are unmarketable 44. Currently measures on pest management such as rotation, eradication 

of infected plants, disinfection of seeds and chemical treatment of contaminated greenhouses have 
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achieved very limited success. PepMV was first described infecting pepino (S. muricatum) in Peru 
47, and then in 1999 was detected infecting tomato crops in the main tomato growing areas in the 

Netherlands and Great Britain 48, becoming economically relevant. Recently, mixed infection of 

ToBRFV and PepMV with enhanced symptom severity, have been reported. These two viruses 

are considered as the major disease-causing agents in tomatoes worldwide 49. The problem is due 

to the ability of the two viruses to persist for months to years on contaminated tools and surfaces, 

equipment and in the soil 50. Control measures applied to eradicate, contain, or limit the impact of 

ToBRFV in host crops are classical measures against Tobamoviruses. These measures are limited 

to the disposal of infected plants, the use of ToBRFV free planting material and sanitation methods. 

Currently, used disinfection systems are not very effective and often dangerous for operators 44. 

Different studies reported treatments able to achieve a total elimination of ToBRFV infectivity. 

Disinfectants are well known for decontaminating disease-causing agents and sterilizing work 

surfaces. Unfortunately, NaOCl has been reported as corrosive, dangerous for managing and 

potentially phytotoxic to plants. Quaternary ammonium-based compounds (QABC) are well 

known virucides commonly used in the agricultural, although plant toxicity has been observed. 

Identification of lactoferrin, low-cost, non-phytotoxic, environmentally friendly, as effective 

against Tobamovirus was an important finding, as it can be safely handled by producers during 

harvest 50. Lactoferrin 0.1% inactivated 81% of TMV infection in tobacco when a TMV inoculum, 

while lactoferrin 0.5% treatments showed to achieve a complete protection on test plants against 

ToBRFV. Furthermore, SP2700, the active ingredient ningnanmycin (NNM), is a commercially 

used plant antibacterial agent which inhibits the assembly of the TMV coat protein (CP) by directly 

binding several residues 51,52. On the other hand, SP2700 reduced the ToBRFV infectivity to 30% 

only with high concentration. Alcohol based disinfectants are not effective against ToBRFV 

because their RNA is protected by coat proteins.  

Keeping in mind the phytotoxic nature of commercial disinfectants, garlic extracts were tested for 

their potential to prevent transmission of ToBRFV and PepMV infections. In this study, the viral 

infectivity deactivation potential of the garlic extracts was evaluated through an in vitro 

experiment followed by a mechanical inoculation on test plants. CPs show interesting biological 

functions, playing a key role in the encapsulation and protection of single strand RNA virus 

genome 53, 54, 55, and being involved in the symptom modulation. CPs are involved in the CP 

mediated resistance (CP-MR), a phenomenon in which mutant also reduced the formation of virus 

replication complexes 56. Mutational studies of TMV CP demonstrated the importance of the inter-

subunit interactions to stabilize the virion and prevent virus disassembly 57. These interactions are 

mainly due to Ala74, Val75, Arg134, Ser146 and Ser147 residues 58. In addition, Tyr139 is 

involved in various hydrophobic interactions around the rings of disk assembly 59. The Arg113-

Arg90 interaction has also been observed. These residues have been reported to play a significant 

role in the formation of TMV particles responsible for the disease promotion and to be involved 
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in the disassembly of viral particles 51,59. Therefore, it has been suggested that alterations affecting 

the stability of CP structures influence recognition by the host 60. In addition to other biological 

functions, Tobamovirus CPs are essential in maintaining and protecting the single RNA genome 

in an ordered dimer structure of a bilayered cylindrical disk 58. The interactions between CP chains 

are mediated by amino acids residues which are located between the two subunits, and they are 

considered essential in maintaining the three-dimensional structure to stabilize the virion and to 

prevent virus particle disassembly 57.  

The genome organization of ToBRFV has been described as typical of Tobamovirus, and therefore 

related to TMV 42. Phylogenetic analysis demonstrated that ToBRFV could be originated from a 

common ancestor of Tomato mosaic virus (ToMV) and TMV 61. Unfortunately, the three-

dimensional structure of ToBRFV CP has not yet been resolved. Due to the high percentage of 

sequence identity between TMV CP and ToBRFV CP, we built a ToBRFV CP homology model 

using the TMV CP 3D structure as a template 58.  

PepMV CPs three-dimensional structure has been reported on Protein Data Bank 62. PepMV is 

part of the “flexible filamentous” viruses’ group can cause serious diseases in a wide variety of 

crops and other plants. The structure PepMV CPs is very similar to the structure of 

“nucleoproteins” from a group of viruses called the Phleboviruses, which infect animals. CPs are 

also indispensable for cell-to-cell and long-distance movement, mediate viral polymerization and 

explain the flexuous nature of the virions in contrast to the highly compact architecture of TMV 
63. Previous studies reported that the interaction between the CP and the ssRNA occurs at residues 

Arg124, Asp163, and Lys196 establishing H-bonding contacts with this RNA base and suggesting 

that the disruption of the CP-RNA interaction needed in virus intercellular transport 64. The helical 

assembly of PepMV is mediated by the CP N-terminal arm and C-terminal extension. The flexible 

links between PepMV CPs via N-terminal arm and C-terminal region allow for relative movements 

between CPs and explain the flexuous nature of the virions 65.  

Our docking simulation focused on the N-terminal arm region, involved in both the cell-to-cell 

movement and virus assembly 64. Docking studies were performed to confirm the interaction of 

the identified sulfur compounds in the active site of the virus CPs, using a homology model of 

ToBRFV CP and the three-dimensional structure of PepMV CP (PDB:5FN1). Ribavirin is an 

antiviral used to treat a variety of viral infections, including respiratory syncytial virus (RSV), 

hepatitis C virus (HCV), and some types of encephalitis. In this study, the interactions of sulfur 

compounds with ToBRFV CP were compared with ribavirin, previously reported as Tobamovirus 

inhibitor 66, 60 . Ribavirin works by inhibiting the replication of viruses, which prevents the viruses 

from reproducing and spreading in the body. Ribavirin is not a specific inhibitor of Tobamovirus, 

but it is effective against the virus in some cases. When applied to plants infected with 

Tobamovirus, ribavirin can reduce the severity of the infection and improve the overall health of 

the plant. This makes it a useful tool for controlling Tobamovirus infections in agricultural settings. 
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It is noteworthy, however, that the use of ribavirin as a Tobamovirus inhibitor is not well-studied 

and its effectiveness may vary, depending on the specific strain of the virus and the conditions of 

the infection. As with any antiviral drug, ribavirin should be used with caution and only under the 

guidance of a qualified healthcare provider. The identification of natural products, extracts or pure 

compounds, could therefore help in solving problems related to the safety of use and the 

permanence in the environment of other disinfectants.  

Aims of this study were: 

• the characterization of organosulfur compounds of garlic extracts; 

• the multivariate analysis to highlight differences among the four garlic ecotypes; 

• antiviral activity assay against ToBRFV and PepMV; 

• molecular docking simulation between organosulfur compounds and viruses coat proteins. 
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2.2 Materials and methods 

 

2.2.1 Phytochemical analysis 

The 52 garlic accessions have been cultivated using identical farming practices to avoid 

interferences with other variables. To reproduce the same condition as commercial garlic, they 

were collected in the full ripening phase and kept at the temperature of the cellar. The study was 

then carried out in autumn. 22 accessions of Vessalico garlic, 12 of Messidrôme and 6 of Messidor 

French cultivars, and 12 of the landrace “Aglio di Caraglio” were collected and authenticated based 

on clove morphology (Table 1).  

 

Table 1. List of garlic accessions. 

Garlic ecotype Number of accessions Sample codea 

Vessalicob 22 A1, A4, A6, A9, A12, A13, A18, A20, A21, A22, 

A23, A27, A30, A32, A35, A38, A39, A44, A46, 

A47, A48, A49 

Caragliob, d 12 A2, A3, A8, A14, A15, A19, A28, A29, A34, 

A40, A41, A45 

Messidor 6 A10, A11, A17, A36, A37, A43 

Messidrôme 12 A5, A7, A16, A24, A25, A26, A31, A33, A42, 

A50, A51, A52 
 

a Each accession was coded with an abbreviation (A) and a numbering. The numbering was randomly attributed, regardless of belonging of the 

accession to a specific ecotype. 
b The average annual rainfall of Vessalico (44°2'46"32 N 07°57'38"52 E, elevation of 170-1082 m above sea level) area is 1061 mm and the average 
annual temperature 13.2 °C. 
c The average annual rainfall of Caraglio (44°25'13"44 N, 07°26'2"40 E, elevation of 515-1120 m above sea level) area is 1635 mm and the average 

annual temperature 9.7 °C. Caraglio garlic is characterized by a small bulb with tapered segments showing deep red streaks. 

 

Garlic extracts were prepared following the method previously reported 67 with little modifications. 

36 g of peeled and crushed cloves from each ecotype were mixed with 150 mL ethanol/H2O 1:1. 

Mixtures were sonicated (VWR USC200TH, VWR International, Leuven, Belgium) at fixed 

frequency of 37 KHz for 5 min, placed in orbital shaker (300 rpm, 40°C) for two hours and then 

shaked up to 6 hr. Filtered extracts were evaporated and freeze dried.  

LC-MS profiles of the 52 garlic accessions were recorded at University of Salerno, by the group 

of Prof. De Tommasi. 

A full scan method was set up on a high-resolution mass spectrometry (Q Exactive™ Plus 

Hybrid Quadrupole-Orbitrap™ Mass Spectrometer, Thermo Fisher Scientific Inc., Waltham, 

MA, U.S.A.) to characterize the specialized metabolites of garlic. LC-MS data were acquired in 

positive ion mode, the mass parameters were setup up as follows: capillary temperature sets at 

320°C, flow rate of sheath gas and auxiliary gas set at 35.0 and 15 arbitrary units with a spray 

voltage of 3KV. The identification was performed with two reference compounds (S-allyl-

cysteine sulfoxide (alliin) and S-methyl-cysteine (SMC). For the others, identification criteria 
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was according to high resolution mass value, mass fragmentation spectra and literature data 68. 

Comparative analysis of organosulfur were performed in multiple reaction monitoring (MRM) 

mode to obtain more accurate data using a triple quadrupole instrumentation. A NexeraX2 UPLC 

(Shimadzu, Kyoto, Japan) coupled with an AB Sciex API6500 Q-Trap (AB Sciex, Framingham, 

MA, U.S.A.) spectrometer was adopted. The analyses were performed in positive ion mode 

(Figure 1). The HPLC analyses were performed on a reverse phase C18 column (100 x 2.1 mm, 

1.6 μm particle size, Luna Omega, Phenomenex, Torrance, CA, U.S.A.), using H2O formic acid 

0.1% as eluent A and MeOH as eluent B. The elution condition was a linear gradient from 3 to 

8% of B in 5 min followed by a second gradient step until 27% of B in 12 min. The flow rate 

was 0.25 mL min-1, and the injection volume was 10 μL. The MS parameters were setup for all 

analytes. For each experimental point, three technical replicates were performed. The results 

(Table 2) were expressed as average ± standard deviation, where for each metabolite the average 

represents the compound area over the internal standard (IS) of three independent replicates. The 

IS was angiotensin II (MRM transitions: 516-769, 516-263).  

 

2.2.2 Multivariate statistical analysis 
 

Data analysis was performed in collaboration with Prof. Drava (UNIGE-DIFAR), Prof. 

Giacomini and Dr. Maggi (UNIGE-DIBRIS). 

Systat software for Windows Version 13 (Systat Software Inc., U.S.A.) was used for classical 

statistical analysis. The correlations between the chemical variables, computed using the Pearson 

correlation coefficient, were visualized by HC (single linkage as agglomeration algorithm). Cluster 

analysis was also applied for detecting similarities among the samples (single linkage based on 

Euclidean distance). PCA was applied on the autoscaled data. ANOVA analysis was run on the 

scores of PCA. Statistical significance was set at p < 0.05. Matrix Laboratory (MATLAB) 

(MathWorks, Inc., MA, U.S.A.) software jointly with SOM toolbox 2.1 were also used. 

 

2.2.3 Antiviral activity assay 

The effectiveness of the garlic extracts in degrading the RNA of the viral agent ToBRFV on a 

contaminated surface was evaluated by in vitro test (repeated three times) in collaboration with 

Dr. Lanteri (CERSAA, Albenga, Italy). The inoculum was collected in Sicily (Italy) in April 2020. 

A cotton swab dipped in 10.0 mL of COPAN SRK® (Copan Diagnostics, Inc. Murrieta, CA, 

U.S.A.) modified universal neutralizing solution (UNS) was used for the sample uptake. The swab 

solution and the cotton swab were analysed immediately upon arrival in the laboratory (2 days 

after sampling), to confirm the presence of ToBRFV. A volume of 0.1 mL modified UNS infected 

with ToBRFV was used for the inoculation of the well’s flat bottom surface in a multiwell plate 
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(Greiner Bio-One GmbH, Frickenhausen, Germany). Based on the usual application rate of 

commercial active ingredients for disinfection in agricultural facilities 69, three different 

concentrations of the extracts, namely 64 ppm, 32 ppm and 6.4 ppm, were tested in a preliminary 

assay. 64 ppm was the minimum concentration to RNA degradation and was selected for the 

antiviral activity assay for all other accessions. After each in vitro test, the swabs used in the treated 

wells and controls (not treated wells) were used to verify the viability of the pathogen. Three 

different healthy tomato plants at BBCH (Biologische Bundesanstalt Bundessortenamt Chemische 

Industrie) 70, scale growth stage 22, per swab were mechanically inoculated. The abrasive 

carborundum (Merck KGaA, Darmstadt, Germany) was added to the tubes (1 g for tubes 

containing 10 mL solution and 0.1 g for tubes containing 0.9 mL solution). The inoculation was 

performed by dipping the cotton swab in the tube and rubbing the upper surface of the leaves. 

Plants were maintained in a containment greenhouse for 5 weeks. A symptom observation was 

conducted to evaluate the symptoms expression at 10, 21, and 35 days after the inoculation. The 

swabs used for the inoculations as well as the swabs used for the sampling of treated and untreated 

wells were checked by molecular analysis to verify the presence of ToBRFV. In addition, after the 

last observation made at 35 days after the plant inoculation, samples consisting of 6 leaves obtained 

from each group of 3 replicated plants (plants inoculated with the same swab) were analysed for 

the presence of ToBRFV. Total RNA was extracted with RNeasy Plant Mini Kit (Qiagen GmbH, 

Hilden, Germany) from each swab solution, cotton swab and plant material following the 

manufacturer's instructions. RT-PCR (Retro Transcriptase-Polymerase Chain Reaction) was 

performed according to EPPO protocols 71. 

 

2.2.4 Molecular docking 

The chemical structures of the organosulfur compounds were built with Maestro Build Panel 72. 

Each ligand was then energetically minimized with Ligprep module 72 using OPLS3e force 

considering all possible tautomers and protonation states at pH 6.0 ± 1.0. The homology model of 

ToBRFV CP was built on the TMV CP backbone (PDB code: 1ei7) 58 using Maestro Version 

12.6.144 Prime Homology Modeling. The structure didn't have any bound ligands. A 35 Å grid 

box was set up at the active site of ToBRFV CP, between the two CP subunits, using Receptor 

Grid Generation tool in the Glide module. This grid involved Asn73, Ala74, Val75, Lys134, 

Thr136, Gly137, Tyr139, Ser143, Lys253, Val255, Val260, and Lys268 residues according to the 

literature 73. Sitemap tool embedded in Schrödinger Suite was used for mapping binding sites in 

PepMV CP. PepMV CP 30 Å grid box was placed on residues 21-44 on the N-terminal arm, which 

allows cell-to-cell movement 64. Molecular docking was performed using both Glide-SP and 

Glide-XP flexible docking protocols in Glide module resulting in a similar energy matching and 

binding poses. To analyse the ligand interactions the Protein-ligand Interaction Profiler tool 74 and 

Ligand interaction diagram Maestro’s tool were used.  
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2.3. Results and discussion  
 

2.3.1 Quali-quantitative profiles of organosulfur compounds 

The agricultural practice of purchasing not-local garlic bulbs for planting has become very 

common. The great adaptability of the species implies high variability of the morphological and 

organoleptic characteristics of the bulbs. As organosulfur compounds have been reported as a tool 

to distinguish garlic ecotypes 33, LC-MS profile of 52 garlic accessions comprising the Italian 

“Aglio di Vessalico”, the landrace “Aglio di Caraglio”, and the two French cultivars (Messidrôme 

and Messidor) was performed, and 19 sulfur compounds were detected (Figure 1).  

 

 

Figure 1. Multiple reaction monitoring chromatogram of sulfur compounds in one garlic accession. (This 

figure refers to sample A27). Peak data are shown in Table 2. Different colors are related to different MRM 

transitions for individual analytes. The dried hydroalcoholic extracts were injected for LC-MS analysis. 37 

m/z value were extracted to obtain the chromatogram. 

 

The chromatographic data and ESI-MS data of compounds detected in the extracts are reported in 

Table 2. 

Table 3 reports the relative content of the 19 sulfur compounds detected for each of the four garlic 

ecotypes, comprising the major flavor precursor in intact garlic S‑alk(en)ylcysteine sulfoxides 

(SACOs) [S-allyl-cysteine sulfoxide (ACSO or alliin), S-methyl-cysteine sulfoxide (methiin)] 12, 

and γ-glutamyl peptides such as γ-glutamyl-S-methyl-cysteine (GSMC), γ-glutamyl-

phenylalanine (GPA), and γ-glutamyl-S-alk(en)ylcysteines (GSAkCs) [γ-L-glutamyl-S-allyl-L-

cysteine (GSAC), γ-glutamyl-S-(trans-1-propenyl)-cysteine (GS1PC)], the major polar sulfur 

compounds found in the homogenate of fresh-picked garlic, intermediates in the metabolic 
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pathway of alliin’s biosynthesis, and considered also as the storage pools of nitrogen and sulfur 

within the cell 75. S-Allyl-glutathione (SAG) is thought to exist in raw garlic as an intermediate on 

alliin synthesis pathway 76. Additionally, characteristic compounds of aged garlic were 

identified.S‑Alk(en)ylcysteines [S-allyl-cysteine (SAC), S-methyl-cysteine (SMC)] are odourless 

and stable hydrophilic sulfur compounds produced by the catalytic activity of endogenous γ-

glutamyl transpeptidase (GGT) that cleaves the γ-glutamyl group from γ-glutamyl-S-

alk(en)ylcysteine sulfoxides during aging process 76. S-1-Propenyl-L-cysteine (S1PC) is a 

stereoisomer of SAC. The amount of S1PC is less than the limit of detection in fresh garlic cloves. 

It has been identified in aged garlic extract, where it is formed by the same mechanism as SAC 77. 

γ-Glutamyl-S-allyl-mercapto-cysteine (GSAMC) is obtained from γ-glutamyl-S-allylcysteine 

(GSAC) / γ-glutamyl-S-1-propenylcysteine (GS1PC) during the early stage of the aging process 
78. S-Allyl-mercapto-cysteine (SAMC) is not detected in fresh whole garlic, and only a trace 

amount is found when garlic is crushed 76. SAMC is produced from GSAMC by GGT 78 and S-

allyl-mercapto-glutathione (SAMG) is produced by reaction of allicin with glutathione 79. 
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Table 2. Chromatographic data (retention time, tR), and ESI-MS data of compounds 1-19,a detected b in the 

extracts from the four garlic ecotypes.  

 
Peak Compound tR (min) [M+H]+ c ESI-MS/MS ions  

(m/z) 

Extract 

1 S-methyl-cysteine 

sulfoxide (methiin) 

1 152 88 all the accessions 

2 S-allyl-cysteine sulfoxide 

(alliin) 

1.3 178 120, 88 not in A3, A10, 

A19, A29, A36, 

A45  

3 S-methyl-cysteine (SMC) 2.3 136 119, 91 all the accessions 

4 S-allylcysteine (SAC) 2.4 162 145, 73 all the accessions 

5 γ-glutamyl-S-methyl-

cysteine GSMC) 

2.5 265 136, 119 all the accessions 

6 fructosyl-S-allyl-cysteine 

(Fru-SAC) 

3.6 324 145, 73 all the accessions 

7 fructosyl-S-(trans-1-

propenyl)-cysteine (Fru-

S1PC) 

4.9 324 145, 73 all the accessions 

8 S-allyl-mercapto-

cysteine (SAMC) 

6.0 194 120, 73 all the accessions 

9 γ-glutamyl-γ-glutamyl-S-

methyl-cysteine 

(GGSMC) 

6.2 394 230, 162 all the accessions 

10 S-allyl-glutathione 

(SAG) 

7.5 348 219, 202 all the accessions 

11 γ-glutamyl-S-allyl-

cysteine (GSAC) 

7.7 291 162, 145 all the accessions 

12 fructosyl-γ-glutamyl-S-

allyl-cysteine (Fru-

GSAC) 

9.0 453 208, 145 all the accessions 

13 γ-glutamyl-S-(trans-1-

propenyl)-cysteine 

(GS1PC) 

9.7 291 162, 145 all the accessions 

14 γ-glutamyl-γ-glutamyl-S-

allyl-cysteine (GGSAC) 

10.7 420 162, 145 all the accessions 

15 fructosyl-γ-glutamyl-S-

(trans-1-propenyl) 

cysteine (Fru-GS1PC) 

11.0 453 208, 145 all the accessions 

16 γ-glutamyl-

phenylalanine (GPA) 

11.6 295 166, 120 all the accessions 

17 γ-glutamyl-γ-glutamyl-S-

(trans-1-propenyl)-

cysteine (GGS1PC) 

12.8 420 162, 145 all the accessions 

18  S-allyl-mercapto-

glutathione (SAMG) 

13.7 380 177, 130 all the accessions 

19 γ-glutamyl-S-allyl-

mercapto-cysteine 

(GSAMC) 

14.5 323 194, 152 all the accessions 

 
a Compound numbers correspond to the peak numbers in Figure 1 and are listed in order of appearance in chromatograms obtained by extract 

analyses. b Identification criteria: MS2.80 c Ion products were generated by fragmentation of protonated molecules [M + H]+. Only two reference 

compounds (Alliin and SMC) were used, while for the others the identification criteria were according to high resolution mass value, mass 
fragmentation spectra and literature data. The two m/z value m/z=453 and m/z=420 refers to two isomers for each one (m/z 453: Fru-GSAC and 

Fru-G1PC and m/z 420: GGSAC and GG1PC). 
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Table 3. Average contents in % of compounds of the four garlic ecotypes.  

 

Name of the analyte (ID) Vessalico Caraglio Messidor Messidrôme 

S-methyl-cysteine sulfoxide 

(methiin) 

15.02±17.82;  0.74±0.43;  8.63±6.25;  20.80±9.59;  

8.96; 0.91; 12.51; 22.06; 

0.47‒64.15 0.05‒1.22 0.51‒12.95 8.52‒36.01 

S-allyl-L-cysteine sulfoxide 
(alliin) 

139.20±103.96;  6.16±4.57;  75.47±58.61;  100.23±49.60;  

80.16; 8.93; 109.59; 105.50; 

21.10‒382.78 n.d.‒9.76 n.d.‒118.26 38.18‒185.88 

S-methyl-cysteine (SMC) 

12.88±7.96;  12.49±4.47; 8.08±1.91; 14.22±4.17; 

12.65; 11.28; 7.59; 13.95; 

2.14‒28.07 5.78‒20.20 6.11‒10.50 8.33‒20.33 

S-allyl-cysteine (SAC) 

112.11±48.55; 53.50±20.76; 96.22±22.77; 350.89±108.31; 

104.29; 50.61; 90.61; 357.17; 

29.34‒205.58 24.27‒88.50 64.76‒124.60 194.53‒561.85 

γ-glutamyl-S-methyl-cysteine 

(GSMC) 

42.75±32.60 32.44±8.26 19.57±7.55 84.81±27.54 

29.58 30.33 18.11 77.20 

11.63‒129.28 19.58‒46.24 12.12‒32.57 56.18‒150.29 

fructosyl-S-allyl-cysteine (Fru-

SAC) 

5.49±2.85 3.20±2.09 6.08±1.90 19.75±6.30 

4.78 2.21 5.65 21.10 

1.47‒11.12 1.11‒7.38 3.85‒8.99 8.78‒30.37 

fructosyl-S-(trans-1-propenyl)-

cysteine (Fru-S1PC) 

5.55±3.58 3.85±2.16 9.59±1.70 21.01±7.12 

5.45 3.02 9.76 19.57 

0.40‒14.33 1.63‒8.22 7.57‒12.34 9.45‒36.07 

S-allyl-mercapto-cysteine 
(SAMC) 

19.59±9.63 3.08±1.99 9.89±6.94 31.27±13.61 

19.46 3.46 11.93 35.15 

2.15‒37.70 0.27‒6.17 1.23‒18.12 12.37‒53.10 

γ-glutamyl-γ-glutamyl-S-

methyl-cysteine (GGSMC) 

12.14±10.33 3.18±0.74 6.04±1.78 24.73±7.11 

9.48 3.17 6.10 22.27 

2.28‒39.40 1.90‒4.30 3.66‒8.31 18.43‒39.71 

S-allyl-glutathione (SAG) 

2.35±2.57 1.93±0.85 1.26±1.15 0.90±0.31 

0.94 2.26 0.73 0.86 

0.49‒10.14 0.68‒3.08 0.32‒3.05 0.54‒1.64 

γ-glutamyl-S-allyl-cysteine 

(GSAC) 

757.55±318.71 356.05±94.68 354.39±76.11 1091.71±362.15 

672.37 331.54 351.46 1103.32 

334.59‒1549.48 211.71‒534.19 273.76‒456.89 701.26‒1925.87 

fructosyl-γ-glutamyl-S-allyl-
cysteine (Fru-GSAC) 

11.15±5.01 6.99±2.82 7.93±3.48 22.22±13.42 

10.42 6.77 7.24 14.50 

5.04‒27.20 2.71‒11.52 3.81‒12.91 8.68‒46.16 

γ-glutamyl-S-(trans-1-

propenyl)-cysteine (GS1PC) 

318.67±203.50 181.07±40.37 209.31±39.87 417.03±117.65 

252.18 181.26 208.40 374.41 

133.41‒903.72 120.04‒268.10 155.97‒268.11 299.64‒696.60 

γ-glutamyl-γ-glutamyl-S-allyl-

cysteine (GGSAC) 

5.56±2.70 2.73±0.75 3.41±0.82 29.56±6.00 

6.13 2.75 3.51 27.58 

1.12‒9.25 1.67‒3.87 2.48‒4.56 23.78‒42.13 

fructosyl-γ-glutamyl-S-(trans-
1-propenyl)-cysteine (Fru-

GS1PC) 

6.51±3.47 5.24±2.16 7.85±4.06 12.18±8.28 

5.79 5.24 7.51 7.23 

2.44‒15.27 2.08‒9.41 2.87‒13.68 4.79‒28.49 

γ-glutamyl-phenylalanine 

(GPA) 

180.42±55.05 348.24±88.51 93.72±7.95 302.78±62.63 

174.14 320.67 94.81 299.29 

107.44‒316.89 215.76‒519.45 83.70‒104.34 208.70‒438.41 

γ-glutamyl-γ-glutamyl-S-
(trans-1-propenyl)-cysteine 

(GGS1PC) 

4.98±2.97 3.42±0.73 5.50±0.91 26.56±6.12 

3.49 3.49 5.79 24.87 

0.91‒9.60 2.06‒4.49 4.26‒6.38 19.77‒39.27 

S-allyl-mercapto-glutathione 

(SAMG) 

0.91±0.76 0.28±0.23 0.25±0.13 0.06±0.01 

0.65 0.22 0.25 0.06 

0.23‒2.90 0.05‒0.65 0.09‒0.44 0.04‒0.09 

γ-glutamyl-S-allyl-mercapto-
cysteine (GSAMC) 

43.99±16.54 21.07±6.93 21.84±3.45 89.13±16.48 

45.08 21.48 22.76 84.25 

19.48‒81.45 12.03‒30.67 17.51‒25.82 70.39‒123.50 

 

Data are expressed as mean of averages (average represents the relative content expressed as areas over the internal standard, IS) ± standard 

deviation; median; range. 
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The γ-glutamyl-γ-glutamyl-S-alk(en)ylcysteine derivatives [γ-glutamyl-γ-glutamyl-S-methyl-

cysteine (GGSMC), γ-glutamyl-γ-glutamyl-S-allyl-cysteine (GGSAC), γ-glutamyl-γ-glutamyl-S-

(trans-1-propenyl)-cysteine (GGS1PC)] are present only in traces in raw garlic. The 80% of the 

content of these γ-glutamyl tripeptides is produced from γ-glutamyl dipeptides by the endogenous 

GGT within 1 month during the aging process, reaches the maximum levels after approximately 4 

months of aging, and gradually decreases during the subsequent aging process 81. Finally, the 

Heyns compounds 82 fructosyl-S-allyl-cysteine (Fru-SAC), fructosyl-S-(trans-1-propenyl)-

cysteine (Fru-S1PC), fructosyl-γ-glutamyl-S-allyl-cysteine (Fru-GSAC), and fructosyl-γ-

glutamyl-S-(trans-1-propenyl)-cysteine (Fru-GS1PC) were detected. These compounds are 

present at very low amounts in fresh raw garlic and are produced by the Maillard reaction during 

the aging process from GSAC and GS1PC 76. The presence and the relative content of the 

compounds were in agreement with the aging and storage conditions of the garlic accessions 83. A 

wide range of variation was observed (Table 2), from the maximum of GSAC to the minimum of 

SAMG, 100-fold less abundant for all the ecotypes. The relative content of GS1PC, GPA, and 

SAC were high for all the ecotypes, while SAG was low. Vessalico, Messidor and Messidrôme 

showed a remarkable relative content of alliin, higher than most of the other compounds and 

literature data 84. This could be related to the usual storage of commercial garlic bulbs at cellar 

temperature for six-eight months after harvest, to ensure year-round supply for customers. In these 

storage conditions, γ-glutamyl peptides can be converted into sulfoxides 85. Moreover, all the 

ecotypes showed relative levels of SMC and SAC from 100- to 1000-fold higher than literature 

data 84, because of aging process. As shown in Table 2, a different data dispersion was observed 

within each of the four ecotypes, generally larger for Vessalico accessions. Moreover, differences 

between mean and median values were found for some compounds, thus indicating skewed 

distributions. Some outliers for methiin, alliin, GSMC, SAG, GS1PC and SAMG among the 

Vessalico accessions, and some for Fru-GSAC e Fru-GS1PC among the Messidrôme were 

detected.  

 

2.3.2 Multivariate statistical analysis 

Multivariate statistical analysis was applied to study the relative content of sulfur compounds in 

the 52 extracts. Correlation results reported several of the measured variables significantly 

correlated. The similarity dendrogram (Figure 2) obtained by hierarchical clustering, showed most 

of sulfur compounds grouped in a large central cluster. GGSAC (γ-glutamyl-γ-glutamyl-S-allyl-

cysteine), GGS1PC (γ-glutamyl-γ-glutamyl-S-(trans-1-propenyl)-cysteine) and SAC (S-allyl-

cysteine) were the most correlated variables. GGSMC (γ-glutamyl-γ-glutamyl-S-methyl-cysteine) 

and GS1PC (γ-glutamyl-S-(trans-1-propenyl)-cysteine) were also strongly correlated. Fru-SAC 

(fructosyl-S-allyl-cysteine) and Fru-S1PC (fructosyl-S-(trans-1-propenyl)-cysteine) showed a high 

correlation and Fru-GSAC (fructosyl-γ-glutamyl-S-allyl-cysteine) and Fru-GS1PC  
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Figure 2. Results of multivariate statistical analysis (HC). Similarity dendrogram obtained from cluster 

analysis (single linkage method based on Pearson coefficients) applied to the 19 sulfur compounds 

determined by LC-MS analyses on 52 garlic accessions. 

 

(fructosyl-γ-glutamyl-S-(trans-1-propenyl) cysteine) to a lower extent. SAG (S-allyl-glutathione) 

was only correlated with SAMG (S-allyl-mercapto-glutathione). SMC (S-methyl-cysteine) and 

GPA (γ-glutamyl-phenylalanine) were not correlated with any other variable. Results of cluster 

analysis (single linkage method based on Euclidean distance) applied to the 52 garlic accessions 

belonging to 4 ecotypes (Figure 3) showed Caraglio as a compact group.  

 

Figure 3. Results of multivariate statistical analysis (HC). Similarity dendrogram obtained from cluster 

analysis (single linkage method based on Euclidean distance) of the 52 garlic accessions belonging to 4 

ecotypes.  
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Vessalico, except for a small number of accessions, was connected to Messidor. Vessalico garlic 

was significantly different from Messidrôme (p < 0.0005) and Caraglio (p < 0.01) while Caraglio 

was significantly different (p < 0.01) from the others based on the scores on PC4. Two clusters of 

Messidrôme were detected. These results were confirmed by PCA. The biplot of the 52 accessions 

described by the 19 sulfur compounds on the plane of the first two principal components (PCs) is 

shown in Figure 4.  

 

 
Figure 4. Biplot showing the scores of the 52 samples (⚫ = Vessalico; ⚫ = Caraglio; ⚫ = Messidor; ⚫ = 

Messidrôme) and the loadings of the 19 variables on Principal Components 1 and 2 (respectively, 48% and 

21% of the total variance). 

 

15 sulfur compounds showed high loadings on PC1, and clearly distinct Messidrôme accessions 

with high content of these variables. Caraglio was a well separated group, Vessalico appeared as 

a disperse group overlapping with Messidor accessions. Some Vessalico accessions (A4, A9, A30, 

A35) reported a high content of alliin, SAG, SAMG, and low content of SMC, Fru-SAC and Fru-

S1PC. The biplot of the samples and variables on the plane of PC3 and PC4 reported Fru-GSPC, 

Fru-GSAC and SMC with high loadings on PC3; only GPA and SAMG contributed to PC4. Two 

groups of Messidrôme accessions were detected; one of them (A7, A25, A33, A51) was very close 

to two Vessalico samples (A20 and A46), well separated on PC3, at high content of Fru-GS1PC, 

Fru-GSAC and low content of SMC. Caraglio accessions at high content of GPA resulted well 

separated on PC4, together with two Vessalico (A4 and A30); on the same axis, some other 

anomalous Vessalico accessions (A9, A21, A35, A47) showed high content of SAG and SAMG 

(Figure 5). ANOVA analysis reported significant differences (p < 0.0005) for PC1, PC2 and PC4. 

A post-hoc test (Tukey test) considering the scores on PC1, found a significant difference between 

Messidrôme and the other three classes (p < 0.0005).   
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Figure 5. Results of Principal Component Analysis. Biplot showing the scores of the samples ( = 

Vessalico;  = Caraglio;  = Messidor;  = Messidrôme) and the loadings of the 19 variables on Principal 

Components 3 and 4 (respectively, 11% and 6% of the total variance). 

 

Self-organizing maps (SOM) with a preliminary variance-based normalization was performed. 

The U-matrix (unified distance matrix) was generated (Figure 6). It allows to have a visual 

representation of a SOM and displays the distances between neurons (neighbouring map units) 

and can therefore display the structure of the clusters in the map. Those that are like each other 

identify highly correlated variables; we can confirm the strict correlation between GGSAC and 

GGS1PC and between Fru-GSAC and Fru-GS1PC. Vessalico ecotype neurons hold the central 

and top left parts of the map, and they were well separated from other ecotypes. The only exception 

was a neuron containing four Vessalico (A12, A23, A38, A49) accessions in the right centre of the 

map. A Messidor neuron was bordering with the Vessalico neuron, indicating their greater 

similarity. No Caraglio neurons were close to the Vessalico ones (Figure 7). Map values were 

analysed using k-means algorithm, and they were divided into k clusters. The obtained clusters 

were validated with the Davies-Bouldin index (DBI) 86, 6 was identified as the number of optimal. 

Three sub-classes in Vessalico ecotype, namely I (A20, A21, A46, A47), II (A4, A9, A30, A35), 

and III (A1, A6, A13, A18, A22, A27, A32, A39, A44, A48) have been reported (Figure 8), 

attributable to three different areas of the territory of Vessalico. All the accessions came 

indifferently by cloves of the two French cultivars. These results confirm the fact that every year 

the growers of the area of Vessalico purchase cloves of Messidor and Messidrôme cultivars in 

France for sowing, while Caraglio farmers use the cloves of own production. The geographical 

location and the agricultural practice as well as conditions of growth, harvest and post-harvest may 

be more important than the original genotype for the composition of garlic clove sulfur compounds 
37,33.  
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Figure 6. SOM, U-matrix and maps for each organosulfur compound. Similar colour gradations indicate 

highly correlated variables.  

 

 

Figure 7. Graphical representation of map. a) SOM output map with colour code association. Similar 

colours have similar characteristics, numbers correspond to hit numbers. Dimensions of hexagons are 

related to the distance between neurons (biggest indicates greater distance); b) Labelled SOM output map, 

for each neuron the corresponding classes are shown (fr-Mor = Messidor; fr-Me = Messidrôme); c) 

Clustering of the map (colours are arbitrary). 
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Figure 8. SOM output map with single garlic accessions for each neuron. 

 

2.3.3 Antiviral activity assay  

All garlic extracts were investigated for their antiviral activity against TOBRFV and PEPMV. The 

experiments were performed separately for the two viruses. In vitro experiment, combined with 

mechanical inoculation on test plants, were performed to evaluate the viral infectivity deactivation 

potential. Afterwards, a qualitative evaluation of RNA degradation of the viral agent after an 

exposure time of 60 seconds to different concentrations of extracts of the 52 garlic accessions was 

carried out. Results obtained separately by the molecular detection of the two viruses are reported 

in Tables 4-6. The swabs used for the sampling of inoculated and treated wells as well as swabs 

used for the sampling of not inoculated and not treated wells (negative control), were negative for 

the presence of the virus. After the antiviral activity assay, treated and not treated inoculum were 

used for a mechanical inoculation on plants to check the final viability of the virus. Results showed 

that positive control plants developed symptoms (blistering, distortion, and narrowing of leaves) 

in all the three experiments. Plants inoculated with swabs used for the sampling of inoculated and 

treated wells, as well as negative control plants, did not develop symptoms (Figure 9). Molecular 

analysis was negative for the presence of the virus in all three experiments for all the accessions. 

The absence of detectable RNA genome of the two viruses in the young leaves of the host plant, 

were considered indicative of the viral deactivation as a possible result of virus coat protein (CP) 

disassembly 53,69. 
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Figure 9. Experimental set up for antiviral activity assay. a: cell culture multi-well plate and swab used for 

the in vitro assay; b: inoculation of the flat bottom well surface; c: not treated well; d: treated well; e: 

sampling of the treated flat bottom well surface; f: swab with carborundum used for the plant inoculation; 

g: plant inoculation with cotton swab.  
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Table 4. Preliminary test for the molecular detection of the presence of the virus during the antiviral activity 

assay. Qualitative evaluation of RNA degradation of the viral agent after an exposure time of 60 seconds 

to different concentrations of extracts of the 52 garlic accessions. 

 
Garlic 

ecotype 

Sample code Concentrat

ion (ppm) 

Tuke

y 

HSD 

testc 

RT- 

PCRd 

RT- 

PCRe 

RT- 

PCRf 

C 

s 

S 

s 

C 

s 

S s C 

s 

S 

s 

Vessalico A1, A4, A6, A9, A12, A13, 

A18, A20, A21, A22, A23, 

A27, A30, A32, A35, A38, 

A39, A44, A46, A47, A48, 

A49 

64 a N N N N N N 

Caraglio A2, A3, A8, A14, A15, 

A19, A28, A29, A34, A40, 

A41, A45 

64 a N N N N N N 

Messidor A10, A11, A17, A36, A37, 

A43 

64 a N N N N N N 

Messidrôme A5, A7, A16, A24, A25, 

A26, A31, A33, A42, A50, 

A51, A52 

64 a N N N N N N 

Vessalico A1, A4, A6, A9, A12, A13, 

A18, A20, A21, A22, A23, 

A27, A30, A32, A35, A38, 

A39, A44, A46, A47, A48, 

A49 

32 b P P P P P P 

Caraglio A2, A3, A8, A14, A15, 

A19, A28, A29, A34, A40, 

A41, A45 

32 b P P P P P P 

Messidor A10, A11, A17, A36, A37, 

A43 

32 b P P P P P P 

Messidrôme A5, A7, A16, A24, A25, 

A26, A31, A33, A42, A50, 

A51, A52 

32 b P P P P P P 

Vessalico A1, A4, A6, A9, A12, A13, 

A18, A20, A21, A22, A23, 

A27, A30, A32, A35, A38, 

A39, A44, A46, A47, A48, 

A49 

6.4 b P P P P P P 

Caraglio A2, A3, A8, A14, A15, 

A19, A28, A29, A34, A40, 

A41, A45 

6.4 b P P P P P P 

Messidor A10, A11, A17, A36, A37, 

A43 

6.4 b P P P P P P 

Messidrôme A5, A7, A16, A24, A25, 

A26, A31, A33, A42, A50, 

A51, A52 

6.4 b P P P P P P 

NaOCl  20,000 a N N N N N N 

DW (PC)a - - b P P P P P P 

DW (NC)b  - a N N N N N N 
 

The test was performed in 3 replicates and 3 different experiments. a DW (PC): Distilled water (Positive Control: inoculated and not treated wells); 
b DW (NC): Distilled water (Negative Control: not inoculated and not treated wells); c different letters indicate significant difference among 
treatments (p ≤ 0.05, Tukey HSD test); dmethod of Rodriguez-Mendoza et al. 71; e method of Alkowni et al. 71; f method of Levitzky et al.71; C s = 

Cotton swab; S s = Swab solution; N = negative; P = positive. 
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Table 5. Molecular detection of the presence of the virus during the antiviral activity assay. 

 
Garlic 

ecotype 

Sample code Concen

tration 

(ppm) 

Tuke

y 

HSD 

testc 

RT- 

PCRd 

RT- 

PCRe 

RT- PCRf 

C s S s C s S s C s S s 

Vessalico A1, A4, A6, A9, A12, 

A13, A18, A20, A21, 

A22, A23, A27, A30, 

A32, A35, A38, A39, 

A44, A46, A47, A48, 

A49 

64 a N N N N N N 

Caraglio A2, A3, A8, A14, A15, 

A19, A28, A29, A34, 

A40, A41, A45 

64 a N N N N N N 

Messidor A10, A11, A17, A36, 

A37, A43 

64 a N N N N N N 

Messidrôme A7, A24, A25, A33, 

A42, A50, A51, A52 

64 a N N N N N N 

NaOCl  20,000 a N N N N N N 

DW (PC)a - - b P P P P P P 

DW (NC)b  - a N N N N N N 
 

The test was performed in 3 replicates and 3 different experiments. a DW (PC): distilled water (Positive control: inoculated and not treated wells); 
b DW (NC): distilled water (Negative control: not inoculated and not treated wells); c different letters indicate significant difference among 
treatments (p ≤ 0.05, Tukey HSD test). d method of Rodriguez-Mendoza et al. 71; e method of Alkowni et al. 71; fmethod of Levitzky et al. 71; N = 

negative; P = positive. 

 
 

 

Table 6. Molecular detection of the final viability of the virus. 

 

Garlic ecotype Sample code 
Concentrat

ion (ppm) 

Tukey 
HSD 

testc 

RT- 

PCRd 

RT- 

PCRe 

RT- 

PCRf 

C 

s 
S s 

C 

s 
S s 

C 

s 
S s 

Vessalico 

A1, A4, A6, A9, A12, A13, A18, 

A20, A21, A22, A23, A27, A30, 

A32, A35, A38, A39, A44, A46, 
A47, A48, A49 

64 a N N N N N N 

Caraglio 
A2, A3, A8, A14, A15, A19, A28, 
A29, A34, A40, A41, A45 

64 a N N N N N N 

Messidor A10, A11, A17, A36, A37, A43 64 a N N N N N N 

Messidrôme 
A7, A24, A25, A33, A42, A50, A51, 
A52 

64 a N N N N N N 

NaOCl  20,000 a N N N N N N 

DW (PC)a - - b P P P P P P 

DW (NC)b  - a N N N N N N 

 

The test was performed in 3 replicates and 3 different experiments. aDW (PC): distilled water (Positive control: inoculated and not treated wells); 
b DW (NC): distilled water (Negative control: not inoculated and not treated wells); c different letters indicate significant difference among 

treatments (p ≤ 0.05, Tukey HSD test). d method of Rodriguez-Mendoza et al. 71; e method of Alkowni et al. 71; f method of Levitzky et al. 71; N = 

negative; P = positive. 
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2.3.4 Homology modelling and molecular docking  

Phylogenetic studies reported ToBRFV closely related to tobamoviruses, such as TMV 42. TMV 

is considered the prototype target for screening viral agents against tobamoviruses 87,88. Its CP is 

characterized as a well-ordered dimer of a bilayered cylindrical disk formed by 34 chemically 

identical subunits assembled around a single strand of viral RNA 58 (Figure 10).  

 

Figure 10. Crystal structure and active site of TMV CP. (a) The 20S disk is a four-layer cylindrical structure 

with 17 CP molecules in each ring 58,89. (b) Architecture of the two CP subunits (chain A in green color and 

chain B in orange color) depicting the binding site residues in between them. 

 

These interactions between viral CPs are involved at every stage of a viral infection 90. The 

aggregation of CP, initiated by RNA recognition, plays an important role in viral assembly, 

initiation, and elongation 58,69. Phenolic compounds may inhibit the assembly of the CP by 

blocking the interaction between chain A and chain B, interrupting the CP-CP interaction (Figure 

11) 66. Blocking the interactions between chain A and chain B, and thus interrupting the interaction 

CP-CP is considered one of the strategies for the development of antiviral agents. The formation 

of a complex protein-ligand generates a reorganization in the target structure that affect the 

physiology of the protein itself. All reported inhibitors are positioned between the two subunits of 

CP that protects the single strand RNA 66. Occupation of this active site using small molecules 

inhibitors produces an alteration in interactions between the two subunits of CP 60,91, which 

impacts on CP structural stability.  
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Figure 11. Interactions between chain A and chain B in TMV CP. The protein residues are represented as 

follows: the negatively charged residues are indicated in red, positive residues are in cyan, neutral residues 

are shown in green; aliphatic residues are grey; Pro and Gly are orange. H-bonds are depicted as cyan lines; 

salt bonds are reported as red lines; non-bonded contacts are light orange dotted lines. The number of H-

bond lines between any two residues indicates the number of potential hydrogen bonds between them. The 

width of the striped line of non-bonded contacts is proportional to the number of atomic contacts. 

 

In the absence of a reported 3D structure for ToBRFV CP, a homology modeling strategy was 

applied. To compare two protein sequences, the first step is to align the two sequences so that they 

are in the same order. This can be done using a sequence alignment algorithm, which will attempt 

to identify matching or similar segments between the two sequences. Once the sequences are 

aligned, the next step is to calculate the similarity between the two sequences. This can be done 

by counting the number of matching amino acids at each position in the alignment and then 

dividing that number by the total length of the alignment to get a percentage similarity. BLAST, 

or Basic Local Alignment Search Tool 92, is a program that is used to compare a query sequence 

to a database of known sequences. The program is commonly used in bioinformatics to search for 

similar sequences in databases of protein or nucleotide sequences. BLAST works by aligning the 

query sequence to the database sequences using a set of algorithms, and then reporting back the 

most similar sequences that it finds. This allows researchers to quickly identify similar sequences 

in the database and to use that information to make inferences about the function or evolution of 

the query sequence .Performing BLAST-P alignments and Uniprot 93 searches the TMV CP 

(P69687 CAPSD_TMV) sequence emerged as the most closely related to ToBRFV CP sequence 

(A0A0S2SZX3), with 89,3 % of sequence identity (E-value: 5.8 e-98). Due to the high conservation 

of the Tobamovirus CP sequences, the X-ray crystal structure of TMV CP with the best resolution 

(2.45 Å; PDB code: 1ei7) 58 was retrieved from the Protein Data Bank 62 and selected as a template. 

ToBRFV CP sequence differs from TMV CP sequence for 14 residues (Figure 12), among which 
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Lys134A and Val255B, that are part of the CP active site. Considering the architecture of the 

monomers in the template structure, to retain the three- dimensionality of the structure, the 14 

mutations were edited manually. Protein preparation and refinement tool allowed us to align the 

two 3D-structures, obtaining an RMSD of 0.193 Å.  

 

 

Figure 12. Sequence alignment of CP sequences between ToBRFV CP and TMV CP. 

 

A Ramachandran plot is a graphical representation of the conformation of a protein. It is commonly 

used in protein structure analysis to evaluate the quality of a protein structure model and to identify 

potential errors or inconsistencies. The plot is named after the Indian scientist G.N. Ramachandran 
94, who first described the technique in 1963. A Ramachandran plot is created by mapping the 

dihedral angles of the peptide bonds in a protein onto a two-dimensional graph. The dihedral angles 

are the angles formed by the four atoms that make up a peptide bond: the nitrogen atom of one 

amino acid, the alpha carbon atom of the same amino acid, the alpha carbon atom of the next 

amino acid in the sequence, and the nitrogen atom of that amino acid. The x-axis of the plot 

represents the phi angle, which is the angle between the plane of the nitrogen and alpha carbon 

atoms of one amino acid and the plane of the nitrogen and alpha carbon atoms of the next amino 

acid. The y-axis represents the psi angle, which is the angle between the plane of the alpha carbon 

atoms of two consecutive amino acids and the plane of the nitrogen and alpha carbon atoms of the 

second amino acid. A Ramachandran plot typically consists of two distinct regions: the allowed 

region and the disallowed region. The allowed region is the area of the plot where most amino acid 

residues in proteins are found. This region is characterized by a cluster of points that represent the 

most common conformations of the peptide bond. The disallowed region is the area of the plot 

where the conformations of the peptide bond are less common or are known to be unstable. In 

general, a protein structure model with high quality will have a Ramachandran plot that is mostly 

confined to the allowed region, with only a few points falling into the disallowed region. A protein 

structure model with poor quality, on the other hand, will have many points falling into the 

disallowed region, indicating that the model has errors or inconsistencies. By analyzing the 

Ramachandran plot of a protein structure, researchers can gain insights into the quality of the 
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model and identify potential areas for improvement. The assessment of the Ramachandran plot, 

produced by PROCHECK 95 (Figure 13) showed 76.2% residues in the most popular regions, 

17.8% residues were found in the allowed areas, 5.9% residues were found outside. 218 residues 

are in the most favored region (red), 51 residues in the additional allowable region (yellow), 14 

residues in the generous allowable region (light yellow) and only 3 residues in the prohibited 

region (white). Gly is plotted as triangles, Pro is plotted as squares, all other residues are plotted 

as circles. Therefore, since most residues were found in a favorable region, while only few residues 

were found in the external region, we could conclude that the quality of the model was good.  

 

 

Figure 13. The Ramachandran plot of ToBRFV CP homology model.  

 

Molecular docking studies were carried out to investigate the possible interaction of the 

organosulfur compounds with ToBRFV CP and PePMV CP. In computational simulations all 

ligands were positioned as inhibitors between the two subunits of CP that protect the single strand 

RNA. All the sulfur compounds directly interacted with important residues in the ToBRFV CP 

active site, thus preventing the assembly of the CP and blocking the interactions between viral CPs 

involved in the infection 73. Ribavirin, a Tobamovirus inhibitor, was used as a reference ligand. 

Ligand-binding energies and interactions are listed in Table 7.   
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Table 7. Docking interaction parameters of the sulfur compounds on TOBRFV CP. 

 

Ligand 

acronym 

Ligand name Glide 

binding 

energy 

(kcal/mol) 

H-bond interacting amino acids Hydrophobic 

interactions / π-

cation interactions 

Salt bridges 

Fru-GSAC fructosyl-γ-

glutamyl-S-allyl-

cysteine 

-52.653 Glu131, Asp219, Glu222, Lys268 Ala74, Val75, 

Thr136, Pro254, 

Val255 

Lys253, 

Lys268 

Fru-GS1PC fructosyl-γ-

glutamyl-S-(trans-

1-propenyl)-

cysteine 

-50.921 Asn73, Val130, Glu131, Lys134, 

Gly137, Asp219, Lys268 

Lys134, Thr136, 

Val255, Val260 

Lys268 

GGS1PC γ-glutamyl-γ-

glutamyl-S-(trans-

1-propenyl) -

cysteine  

-49.495 Asn73, Glu131, Gly137, Ser143, 

Asp219, Glu222, Lys253, Pro254, 

Lys268 

Ala147, Val255, 

Val260 

Lys253, 

Lys268 

GGSAC γ-glutamyl-γ-

glutamyl-S-allyl-

cysteine 

-48.166 Asn73, Glu131, Ser143, Asp219, 

Glu222, Lys253, Lys268 

Thr136, Ala147 Lys253, 

Lys268 

GGSMC γ-glutamyl-γ-

glutamyl-S-

methyl-cysteine 

-44.239 Asn73, Glu131, Gly137, Tyr139, 

Asp219, Glu222, Lys253, Lys268 

- Lys253, 

Lys268 

SAG S-allyl-glutathione -43.279 Asn73, Glu131, Glu222, Lys268 Lys134, Thr136, 

Asp219, Lys253 

- 

SAMG S-allyl-mercapto-

glutathione 

-42.819 Glu222, Ser265, Gly266, Ly268 Val75 - 

Fru-SAC fructosyl-S-allyl-

cysteine 

-39.092 Val130, Glu131, Asp219, Glu222 Val75, Val255 Lys253, 

Lys268 

Fru-S1PC fructosyl-S-(trans-

1-propenyl)-

cysteine 

-38.479 Val130, Lys134, Asp219, Glu222, 

Lys268 

- Lys134, 

Lys268 

GSAMC γ-glutamyl-S-allyl-

mercapto-cysteine 

-36.902 Glu131, Lys134, Asp219, Lys268 Val75, Lys134, 

Asp219 

Lys268 

 ribavirin* -35.285 Asn73, Lys134, Gly137 - - 

GSAC γ-L-glutamyl-S-

allyl-L-cysteine 

-34.014 Glu131, Glu222, Lys268 Lys134, Thr136, 

Asp219, Lys253 

Lys268 

GS1PC γ-glutamyl-S-

(trans-1-propenyl)-

cysteine 

-33.915 Asn73, Glu131, Gly137, Asp219 Val75, Thr136, 

Val255 

Lys253, 

Lys268 

GPA γ-glutamyl-

phenylalanine 

-33.245 Asn73, Glu131, Gly137, Asp219, 

Glu222, Lys253, Lys268 

Thr136, Val255, 

Val260, Pro263 

Lys253, 

Lys268 

GSMC γ-glutamyl-S-

methyl-cysteine 

-32.898 Glu131, Asp219, Glu222, Lys253, 

Lys268 

Thr136, Val255 Lys253, 

Lys268 

alliin S-allyl-cysteine 

sulfoxide 

-23.06 Glu131, Lys134, Lys268 Val255 Glu131 

SAMC S-allyl-mercapto-

cysteine 

-24.089 Asn73, Gly137, Val255 Thr136, Lys253, 

Val255 

- 

methiin S-methyl-cysteine 

sulfoxide 

-23.113 Glu131, Lys268 - Glu131, 

Lys268 

SAC S-allyl-cysteine -20.994 Lys134, Lys268 - Glu131, 

Lys268 

SMC S-methyl-cysteine  -18.441 Glu131, Lys268 - Lys268 

*ribavirin, a Tobamovirus inhibitor, was used as a reference ligand. 
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Most of the compounds showed higher binding energy than ribavirin. Ribavirin showed a binding 

energy value of -35.29 kcal/mol, and it displayed five H-bonds formed by the β-D-ribofuranosyl 

moiety in the protein active site. The hydroxyl groups and the carboxamide group of ribavirin 

emerged as essential to prevent interaction between the two CP subunits. In this study, Fru-GSAC 

achieved the best binding energy value (-52.65 kcal/mol) followed by Fru-GS1PC, GGS1PC, 

GGSAC, and GGSMC in the TOBRFV CP. Fru-GSAC emerged as strongly bound to ToBRFV 

CP by several residues located between the two CP-CP subunits. Fru-GSAC interacted with Ala74, 

Val75, Thr136, Pro254 and Val255 through hydrophobic interactions. The ligand was also 

involved in eight H-bonds with Glu131, Asp219, Glu222 and Lys268 (Figure 14-1). 

 

 

Figure 14. Interaction (a) and binding pose (b) of fructosyl-γ-glutamyl-S-allyl-cysteine (Fru-GSAC) (1), 

and fructosyl-γ-glutamyl-S-(trans-1-propenyl)-cysteine (Fru-GS1PC) (2) at the ToBRFV CP active site. 

a) The ligands are surrounded by the protein residues represented as follows: the negatively charged 

residues are indicated in red, polar residues are in cyan, hydrophobic residues are shown in green; H-bonds 

are depicted as purple arrows; b) The protein is reported as light-blue ribbons; Fru-GSAC (1) is reported as 

cyan capped sticks; Fru-GS1PC (2) is reported as green capped sticks. H-bonds are presented as purple 

dotted lines.  
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Fru-GS1PC displayed nine H-bonds in its binding with the target, with residues Asn73, Val130, 

Glu131, Lys134, Gly137 and Asp219 respectively. Lys134, Thr136, Val 255 and Val260 were 

also involved in hydrophobic interactions (Figure 14-2). The fructosyl moiety, structurally similar 

to the ribavirin’s β-D-ribofuranosyl portion, particularly contributed to these interactions. 

GGS1PC, GGSAC and GGSMC reported comparable binding energy values and interactions in 

the ToBRFV CP active site, reasonably due to their similar scaffold. These complexes were further 

stabilized by salt bridges between their carboxylic group and Lys253 and Lys268 residues. Methiin 

and alliin showed a salt bridge with Glu131, and Fru-S1PC with Lys134. SAG and SAMG showed 

comparable binding energy values, -43.27 kcal/mol and -42.81 kcal/mol respectively. SAMG 

displayed a different pose probably due to the steric hindrance of the two sulfur atoms in the side 

chain. Glutathione moiety created a good interaction pattern as the glutamyl and the fructosyl 

moieties that allowed these compounds to strongly interact with the active site. Fru-SAC and Fru-

S1PC displayed the same interactions at the active site, probably depending on their similar 

scaffold. The binding results obtained for these two compounds highlight the glutamyl moiety as 

an important molecular feature for getting a high inhibitory potency on the target. Interaction and 

binding pose of other sulfur compounds are reported in Figure 15. 
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S-methyl-cysteine sulfoxide (methiin) 

 

S-allyl-cysteine sulfoxide (alliin) 

 

S-methyl-cysteine (SMC) 
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S-allyl-cysteine (SAC) 

 

γ-glutamyl-S-methyl-cysteine (GSMC) 

fructosyl-S-allyl-cysteine (Fru-SAC)  
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fructosyl-S-(trans-1-propenyl)-cysteine (Fru-S1PC) 

 

S-allyl-mercapto-cysteine (SAMC)  

γ-glutamyl-γ-glutamyl-S-methyl-cysteine (GGSMC)  
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S-allyl-glutathione (SAG)  

γ-glutamyl-S-allylcysteine (GSAC) 

γ-glutamyl-S-1-propenylcysteine (GS1PC)  
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γ-glutamyl-γ-glutamyl-S-allyl-cysteine (GGSAC)  

 

γ-glutamyl-phenylalanine (GPA) 

γ-glutamyl-γ-glutamyl-S-(trans-1-propenyl)-cysteine (GGS1PC)  
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S-allyl-mercapto-glutathione (SAMG)  

γ-glutamyl-S-allyl-mercapto-cysteine (GSAMC) 

 

Figure 15. Interaction (a) and binding pose (b) of 17 garlic sulfur compounds at the ToBRFV CP active 

site. (a): ligands are surrounded by the protein residues represented as follows: the negatively charged 

residues are indicated in red, polar residues are in cyan, hydrophobic residues are shown in green; H-bonds 

are depicted as purple arrows. (b) the protein is reported as light-blue ribbons; ligands are reported as cyan 

capped sticks. H-bonds are presented as purple dotted lines. 
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In PePMV CP N-terminal arm active site, Fru-GS1PC achieved the best binding energy value (-

47.59), followed by Fru-GSAC (-45.56 kcal/mol), GGSAC (-44.73 kcal/mol), GGS1PC (-41.50 

kcal/mol). Fru-GS1PC was bound to PePMV CP by five H-bonds with Lys23, Asp27 and Ser36 

(Figure 16-1). Fru-GSAC was stabilized by five H-bonds with Asn32, Ser36 and Asp39. Asp39 

was bound to the hydroxyl groups of the fructosyl moiety (Figure 16-2). These two compounds 

reported similar interactions to the TOBRFV CP active site and the best binding energy values, 

thus highlighting the importance of the fructosyl moiety interaction in both selected targets. 

GGSAC and GGS1PC reported almost the same H-bond interaction pattern with few differences.  

 

 

Figure 16. Interaction (a) and binding pose (b) of fructosyl-γ-glutamyl-S-(trans-1-propenyl)-cysteine (Fru-

GS1PC) (1), and fructosyl-γ-glutamyl-S-allyl-cysteine (Fru-GSAC) (2) at the PePMV CP active site. a) The 

ligands are surrounded by the protein residues represented as follows: the negatively charged residues are 

indicated in red, polar residues are in cyan, hydrophobic residues are shown in green; H-bonds are depicted 

as purple arrows; b) The protein is reported as light-brown ribbons; Fru-GS1PC (1) and Fru-GSAC (2) are 

reported as light brown capped sticks. H-bonds are presented as purple dotted lines.   
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Moreover, GGSAC was involved in salt bridges with Pro31 and Leu40, while GGS1PC reported 

this kind of interaction with Ala22 and Lys23. Among all the sulfur compounds, most of them 

reported a salt bridge with Ala22 with same exception. Fru-S1PC and Fru-SAC reported the same 

H-bonds interactions with Ala22, Asn30, Asn32 ans Ser36. Allin, methiin and SAC were also 

found to be interacting with the same residues. Asn30, Pro31 were bound to compound amino 

function, while Asn32, Thr33 and Ser36 were bound to the carboxylic group. SAC was further 

stabilized by two salt bridges with Ala22 and Thr33. Similar interaction and binding energy values 

were reported by SMC. Interaction and binding pose of other sulfur compounds in PePMV CP are 

reported in Figure 17.  
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S-methyl-cysteine sulfoxide (methiin) 

S-allyl-cysteine sulfoxide (alliin) 

S-methyl-cysteine (SMC) 
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S-allyl-cysteine (SAC) 

 

γ-glutamyl-S-methyl-cysteine (GSMC) 

fructosyl-S-allyl-cysteine (Fru-SAC) 
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fructosyl-S-(trans-1-propenyl)-cysteine (Fru-S1PC) 

S-allyl-mercapto-cysteine (SAMC)  

 

γ-glutamyl-γ-glutamyl-S-methyl-cysteine (GGSMC)  
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S-allyl-glutathione (SAG)  

 

γ-glutamyl-S-allylcysteine (GSAC) 

γ-glutamyl-S-1-propenylcysteine (GS1PC)  
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γ-glutamyl-γ-glutamyl-S-allyl-cysteine (GGSAC)  

 

γ-glutamyl-phenylalanine (GPA) 

 

γ-glutamyl-γ-glutamyl-S-(trans-1-propenyl)-cysteine (GGS1PC)  



54 

 

S-allyl-mercapto-glutathione (SAMG)  

 

γ-glutamyl-S-allyl-mercapto-cysteine (GSAMC) 

 

Figure 17. Interaction (a) and binding pose (b) of 17 garlic sulfur compounds at the PePMV CP active site. 

(a): ligands are surrounded by the protein residues represented as follows: the negatively charged residues 

are indicated in red, polar residues are in cyan, hydrophobic residues are shown in green; H-bonds are 

depicted as purple arrows. (b) the protein is reported as light brown ribbons; ligands are reported as green 

capped sticks. H-bonds are presented as purple dotted lines. 
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All ligands interactions and binding energy values in PePMV CP are reported in Table 8. 

 

Table 8. Docking interaction parameters of the sulfur compounds on PePMV CP. 

Ligand 

acronym 

Ligand name Glide 

binding 

energy 

(kcal/mol) 

H-bond interacting amino 

acids 

Hydrophobic 

interactions / π-

cation 

interactions 

Salt 

bridges 

Fru-

GSAC 

fructosyl-γ-glutamyl-S-

allyl-cysteine 

-45.564 Asn32, Ser36, Asp39 - - 

Fru-

GS1PC 

fructosyl-γ-glutamyl-S-

(trans-1-propenyl)-

cysteine 

-47.597 Lys23, Asp27, Ser36 - - 

GGS1PC γ-glutamyl-γ-glutamyl-

S-(trans-1-propenyl) 

cysteine  

-36.056 Asn30, Asn32, Thr33, Ser36 Ala22, Lys23 - 

GGSAC γ-glutamyl-γ-glutamyl-

S-allyl-cysteine 

-44.736 Ala22, Ala24, Asn30, Pro31, 

Asn32, Thr33, Ser36 

Pro31, Leu40 - 

GGSMC γ-glutamyl-γ-glutamyl-

S-methyl-cysteine 

-36.58 Ala22, Asn30, Asn32, Thr33, 

Ser36 

Ala22 - 

SAG S-allyl-glutathione -29.31 Gly21, Ala22, Lys23, Asn30, 

Asn32, Thr33, Ser36 

Ala22, Leu40 Lys23 

SAMG S-allyl-mercapto-

glutathione 

-35.415 Ala22, Asn32, Thr33, Ser36, 

Asp39 

- - 

Fru-SAC fructosyl-S-allyl-

cysteine 

-35.198 Ala22, Asn30, Asn32, Ser36 Ala22, Pro31 - 

Fru-S1PC fructosyl-S-(trans-1-

propenyl)-cysteine 

-33.754 Ala22, Asn30, Asn32, Ser36 Asn30 - 

GSAMC γ-glutamyl-S-allyl-

mercapto-cysteine 

-29.326 Ala22, Asn32, Ser36 Pro31 - 

GSAC γ-L-glutamyl-S-allyl-L-

cysteine 

-28.76 Asn32, Ser36, Asp39 Asn30, Leu40 - 

GS1PC γ-glutamyl-S-(trans-1-

propenyl) cysteine 

-29.406 Ala22, Ala24, Asn30, Asn32, 

Thr33, Ser36 

Ala22, Leu40 - 

GPA γ-glutamyl-

phenylalanine 

-30.789 Lys23, Asp27, Asn30, Pro31, 

Asn32, Thr33, Ser36 

Ala22, Pro25, 

Asn30, Leu40 

- 

GSMC γ-glutamyl-S-methyl-

cysteine 

-29.121 Ala22, Asn30, Asn32, Thr33, 

Ser36 

Ala22 - 

Alliin S-allyl-cysteine 

sulfoxide 

-19.295 Asn30, Pro31, Asn32, Thr33, 

Ser36  

- - 

SAMC S-allyl-mercapto-

cysteine 

-17.548 Lys23, Asn32, Ser36 Ala22 - 

Methiin S-methyl-cysteine 

sulfoxide 

-25.355 Asn30, Pro31, Asn32, Thr33, 

Ser36 

- - 

SAC S-allyl-cysteine -17.743 Asn30, Pro31, Asn32, Thr33, 

Ser36 

Ala22, Thr33 - 

SMC S-methyl-cysteine  -15.174 Asn30, Pro31, Asn32, Ser36 - - 
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2.4 Conclusions 

The quali-quantitative analysis coupled with multivariate statistical analysis underlined that garlic 

sulfur compounds composition is determined by different elements and circumstance including 

culture geographical location, in addition to the agricultural practices. In this study, the “Vessalico 

garlic” ecotype reported intermediate characteristics between Messidor and Messidrôme cultivars, 

due to the annual use of France cultivars for sowing, while Caraglio's farmers use their own cloves. 

All garlic accessions showed antiviral activity against the two tomato phytoviruses. The antiviral 

activity against ToBRFV and PePMV, is probably related to the synergistic effect of the various 

components of the extract 40. Molecular docking simulations showed that the Heyns compounds 

(fructosyl-S-allyl-cysteine (Fru-SAC), fructosyl-S-(trans-1-propenyl)-cysteine (Fru-S1PC), 

fructosyl-γ-glutamyl-S-allyl-cysteine (Fru-GSAC), and fructosyl-γ-glutamyl-S-(trans-1-

propenyl)-cysteine (Fru-GS1PC)) produced by the Maillard reaction during the aging process and 

the γ-glutamyl-γ-glutamyl-S-alk(en)ylcysteine derivatives (γ-glutamyl-γ-glutamyl-S-methyl-

cysteine (GGSMC), γ-glutamyl-γ-glutamyl-S-allyl-cysteine (GGSAC), γ-glutamyl-γ-glutamyl-S-

(trans-1-propenyl)-cysteine (GGS1PC)) could be the main compounds responsible of viruses CP 

disassembly and consequently, of the loss of virus infectivity. From an agrochemical point of view, 

garlic extracts could be used as antiviral agent, to recover waste or unused at the end of the season.  
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Chapter 3.  

Metabolomic investigation on Salvia rosmarinus Spenn. 

extracts from Ligurian plants and antibacterial activity 

against Pectobacterium carotovorum subsp. carotovorum 
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3.1 Introduction 

Salvia rosmarinus (L.) Spenn. (Lamiaceae) 96, 97 is an aromatic shrub mainly distributed in the 

western half of the Mediterranean area, in Europe and North Africa, and cultivated for its use as 

food conservative and as ornamental plant. S. rosmarinus is very polymorphic with high 

morphological variation in growth habit, leaf width, and flower colour 98. The high levels of 

heterozygosity in rosemary are due to prevalent propagation by seed in nature, entomophilic 

pollination, the proterandry and gynodioicism of their flowers, moreover, in case of self-

pollination often the seeds are sterile or the progeny shows inbreeding depression symptoms. 

Generally, a new cultivar derives from a plant obtained from seed found in nature or from free 

pollination. About 250 rosemary cultivars are present on the market, but knowledge of many 

varieties is often limited to collectors and specialized nurseries. Most of the rosemary cultivars 

were selected in the UK or USA, a part in France or Israel, only a small part was selected in Italy. 

Thirty-six rosemary varieties are officially registered on the Union for the Protection of New 

Varieties of Plants (UPOV) and, among them, three varieties (“Barbecue”, “Israeli” and “Roman 

Beauty”) are the most widespread and commercialized. 

In Liguria a rosemary ecotype, named “Eretto Liguria”, characterized by upright habitus, elliptical 

light green leaves, and pale purplish-blue corolla, is widely distributed in the regional area, and it 

is used by farmers to collect germplasm as cuttings for the cultivation of potted plants that are 

marketed. The purpose of the study was to differentiate the “Eretto Liguria” ecotype from other 

cultivars and varieties cultivated in the same area with the attempt to identify a characteristic 

Ligurian product for the fruit and vegetable market. A targeted NMR-based metabolomics 

approach was used, focusing on both primary and secondary metabolites, selected on the basis of 

literature data 99.  

The antioxidant secondary metabolites that characterize rosemary extracts are well known and are 

of great interest in food, nutritional health and cosmetic industries. Carnosic acid is present in high 

levels in various Salvia plant species 100, and it is the most relevant antioxidant of rosemary 

extracts. This compound has demonstrated antimicrobial, anti-inflammatory, anti-carcinogenic, 

anti-adipogenic 101, and phytotoxic activities 102, has commercial interest as approved food additive 
101. This compound is often used to characterize rosemary accessions 103, 104. Abietane diterpenoids 

are reported as potent antimicrobial also in phytopatological defence 101, 105, 106. In this study, the 

methanolic extracts of different rosemary accessions and some pure isolated compounds were 

evaluated for their antibacterial activity against Pectobacterium carotovorum subsp. carotovorum. 

The purpose was to develop a sustainable recovery of this ecotype, finding new possibilities for 

the use of production waste.  

Different plant diseases are caused by prokaryotes, bacteria and molluscs. Symptoms can be 

caused by multi-generational bacterial pathogens; each genus may include pathogens capable of 



59 

 

causing different kinds of plant disease. Plant diseases are difficult to control, and, in many cases, 

different monitoring methods are required, such as the disinfection, control of fertilization and 

irrigation, crop rotation and soil 107.  

Potatoes are vegetables that are known all over the world as food. The estimated total world 

production for potatoes in 2020 was 359,071,403 metric tonnes, up 1.2% from 354,812,093 tonnes 

in 2019. The spoilage during the storage can be attributable to rot-causing pectinolytic bacteria 

like Pectobacterium spp. and Dickeya spp. Pectobacterium and Dickeya are known as necrotrophic 

plant pathogenic bacteria causing the most common and destructive soft rots in plants 108. The 

Erwinia “carotovora” group have strong pectolytic activity and it is mainly associated to potatoes. 

Pectobacterium carotovorum subsp. carotovorum (formerly Erwinia carotovora subsp. 

carotovora) is a Gram negative, rod-shaped, non-sporulating facultatively anaerobic bacterium 109. 

P. carotovorum subsp. carotovorum affects to more than a hundred species of Brassicaceae, 

Solanaceae, Cucurbitaceae and others. Soft rot bacteria can survive in infected surfaces, soil, and 

contaminated equipment for up to 6 months. The infection may occur through plant wounds and 

most commonly on fleshy storage tissues of vegetables. The inner portion of the tuber becomes 

soft and watery in 3 or 5 days and the surface also appears dark 110. No chemical treatments are 

currently recommended to control this disease. The infection caused by P. carotovorum subsp. 

carotovorum can result as in the occurrence of various symptoms, including non-emergence of 

plants, chlorosis, wilting, haulm desiccation and typical blackleg 108. 

The plant primary cell wall is composed of cellulose incorporated in a highly hydrated matrix of 

polysaccharides, hemicelluloses, and pectins 111. Pectins are the major components of middle 

lamellae in the primary cell wall of higher plants, where they are complexed with cellulose and 

structural proteins. Pectins are also important determinants of wall porosity and wall thickness but 

also primary targets of the attack by invading microbes 112. Pectins are complex polysaccharides 

rich in galacturonic acid (Gal-A) with different domains: homogalacturonan, rhamnogalacturonan 

I, and rhamnogalacturonan 113,114. Homogalacturonan contains long chains of D-galacturonic acid 

units linked through α-(1→4) bonds, which are methyl or acetyl esterified at C-6 position with 

acetyl/methyl group on O-2 or O-3 positions. It is synthesized from the nucleotide sugars in the 

Golgi apparatus and it is then transported to cell wall in fully methylesterified forms 114.  

Plants, filamentous fungi, bacteria, and yeasts are known to produce pectin degradation enzymes, 

also called pectolytic enzymes 115. Microbial enzymes have different pharmaceutical, chemical, 

and food industries applications and they present several advantages because of the high growth 

capacity and easiness of manipulation 116. Plant cell wall degrading enzymes (PCWDEs) such as 

pectinases, cellulases, hemicellulases, and proteinases are secreted by pathogens as virulence 

factors. In particular, pectinases are mainly produced by plant pathogens, and they are involved in 

plant cell wall degradation 117. These enzymes are also used in juice and wine processing 115. Pectin 

methylesterases or pectin methylhydrolase (PMEs; EC 3.1.1.11) and pectin acetylesterases (PAEs; 
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EC 3.1.1.6) are involved in hydrolysing the homogalacturonan O-acetylated bonds. They are high 

specific enzymes acting on pectin hydrolysing only methyl ester groups adjacent to free carboxyl 

groups. Moreover, a homogalacturonan is the target for pectin-degrading enzymes such as 

polygalacturonases (endo-PGs, EC 3.2.1.15; and exo-PGs, EC 3.2.1.67) and pectate lyases-like 

(PLLs), including pectate lyases (endo-PLs, EC 4.2.2.2; and exo-PLs, EC 4.2.2.9) and pectin 

lyases (endo-PNLs; EC 4.2.2.10) 114,118. Polygalacturonase (PG) and pectate lyases (PL) act on the 

same substrate (pectic acids) which are soluble pectic substances (galacturonans) with lesser 

number of methoxyl groups 119. Pectate lyases or pectate trans-eliminases (E.C. 4.2.2.2.) 118 are 

reported as depolymerizing enzymes, because of the hydrolysis of glycosidic linkages. They were 

first discovered and isolated from the culture of Erwinia carotovora and species of Bacillus. 

Polymethylgalacturonate lyase (PMGL) and polygalacturonate lyase (PGL) are enzymes cleaving 

a-1,4-glycosidic linkages by trans-elimination which results in galacturonide with an unsaturated 

bond between C, and C, at the nonreducing end of the galacturonic acid formed. Polygalacturonase 

(PG) (E.C. 3.2.1.15) 118 catalyses the random hydrolysis of (1-4)-α-D-galactosiduronic linkages in 

pectate and other galacturonans. The classification of these enzymes is based on their mode of 

action against the galacturonan backbone of pectins (Table 1) 120.  

 

Table 1. Classification of pectic enzymes 120. 

 

Enzyme Mode of action 

Pectinesterase (PE) 

(Pectin methylhydrolase, EC 

3.1.1.11) 

Catalyzes deesterification of the methoxyl group of pectin forming 

pectic acid. 

Polymethylgalacturonase (PMG) 

Endo-PMG, causes random cleavage of -l,4-glycosidic linkages of 

pectin, preferentially highly esterified pectin. 

Exo-PMG causes sequential cleavage of -1,4-glycosidic linkages 

of pectin from the nonreducing end of the pectin chain. 

Polygalacturonase (PG) 

Endo-PG [EC 3.2.1.15, poly(l,4--D-galacturonide) 

glycanohydrolase], catalyzes random hydrolysis of a-l,4-glycosidic 

linkages in pectic acid (polygalacturonic acid). 

Exo-PG [EC 3.2.1.67, poly(l,4--galacturonide) 

galacturonohydrolase], catalyzes hydrolysis in a sequential fashion 

of a-1,4-glycosidic linkages in pectic acid. 

Polymethylgalacturonate lyase 

(PMGL) 

Endo-PMGL [EC 4.2.2.10, poly(methoxygalacturonide) lyase], 

catalyzes random cleavage of -l,4-glycosidic linkages in pectin. 

Exo-PMGL, catalyzes stepwise breakdown of pectin by trans-

eliminative cleavage. 

Polygalacturonate lyase (PGL) 

Endo-PGL [EC 4.2.2.2, poly(l,4--D-galacturonide) lyase] 

catalyzes random cleavage of -1,4-glycosidic linkages in pectic 

acid by trans-elimination. 

Exo-PGL [EC 4.2.2.9, poly(l,4--D-galacturonide) exolyase] 

catalyzes sequential cleavage of -1,4-glycosidic linkages in pectic 

acid by trans-elimination. 
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Pectinolytic enterobacteria, such as Pectobacterium spp., use pectin as a carbon source for growth 

and secrete multiple pectinases involved in the maceration of plant tissues 121. Pectobacterium spp. 

produce polygalacturonase (PG), polygalacturonate lyase (PGL) and oligogalacturonide lyase 

(OGL) 120. The pectin degradation involves a β-elimination mechanism and a basic residue, Arg 

(PL1, PL2, and PL10), Lys (PL3 and PL9) or His (PL22), acting as a Brønsted base to abstract the 

proton at the C-5 position of the galacturonate residue 121. Depending on the distinctive properties 

and order of discovery, pectate lyases are named Pel A, Pel B, Pel C or Pel 1, Pel 2, Pel 3, etc. 

These extra cellular enzymes are implicated in degradation of plant tissue, in particular in the 

cleavage of (1-4)--D-galacturonan to give oligosaccharides with 4-deoxy--D-galact-4-

enuronosyl groups at their non-reducing ends 122,123. Most of the Pel activity results from the cluster 

activity of five major isoenzymes, PelA to PelE, which were differentiated by an increasing pI 

from PelA to PelE 122. A more alkaline pH than the hydrolytic enzymes, PelB and PelC (about 9.2) 

than for PelA, PelD, and PelE (from 8 to 8.8) and divalent cations were found to be essentials for 

the activity of pectate lyases 124. PelB and PelC exhibited the same product profile, forming 

predominantly trimers, more rarely dimers and tetramers. PelE produced mainly dimers and almost 

no trimers. In contrast, PelA exhibited a more random cell wall cleavage and is involved in the 

formation of dimers and trimers as well as oligomers of higher degree of polymerization 125. The 

amino-acid residues within the active site are highly conserved between PelA and PelE: 83% of 

the residues are absolutely conserved 126. We focused our attention on Pectate lyase 1 (PelA), 

which is critical to developing symptoms 125, and it is the only acidic isozyme, with a pI of 4.6 126. 

PelA production could be the first step of infectious process 127. PelD and PelE are highly related 

enzymes. Enzymological studies failed to reveal differences and these two isoenzymes seem to be 

produced at the same level 121;124. Hence, the fact that one is synthesized in the early stages of the 

infection and the other in the later stages suggests that duplication allows the bacterium to adapt 

changing environment while keeping constant the level of this type of Pel isoenzyme, which has a 

great macerating power. Compared to the other enzymes, PelA exhibits a very poor macerating 

ability and seems always weakly produced. Nevertheless, mutation in the pelA gene resulted in 

symptoms delay, indicating a peculiar role of this isoenzyme in the infection process 128. PelA was 

found to produce oligomers with a high degree of polymerization (DP). Such oligomers are known 

to activate plant defence systems and to induce a very rapid H+ influx in plant cells, resulting in 

an increase of the pH of the apoplastic fluid. In such an alkaline medium, PelE, and possibly other 

Pels, which have stronger maceration capacity, will depolymerize pectin of the cell wall-

generating oligomers of low DP, a more efficient carbon source for the growing bacteria. Hence, 

production of PelA as soon as the bacteria invade the plant might constitute a key event in the 

initial steps of the infectious process. Endo-polygalacturonases cleave the α-(1–4) linkages 

between D-galacturonic acid residues of homogalacturonan, the main component of pectin. They 

are considered a central factor in plant tissue maceration during soft rot infection 129. A similarity 

in overall electrostatic properties of the substrate-binding clefts of polygalacturonase and pectate 
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lyase, which bind and cleave the same substrate, polygalacturonic acid, is also revealed. PehA cleft 

is more “tunnel-like” than that of the pectate lyases, characterized by the presence of conserved 

aspartates and lysines at its center 130.   
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3.2 Materials and methods 
 

3.2.1 Sample collection and preparation 

37 accessions of S. rosmarinus ecotypes and cultivars grown in Liguria and in Campania (Italy) in 

wild and in field conditions, were used for the study. Ten accessions belonged to the “Eretto 

Liguria” ecotype, and were from five locations in Liguria, namely Sanremo (three accessions). 

Albenga (two accessions), Savona (one accession), Vessalico (two accessions), Ruta di Camogli 

(two accessions). Seven accessions belonged to S. rosmarinus ‘Prostrata Group’ (RHS, 2022), and 

where from Sanremo (three accessions) and from Ruta di Camogli (four accessions). Other 

accessions belonged to commercial cultivars and ecotypes, all grown in Sanremo: ‘Joyce 

DeBaggio’ (three accessions), ‘Benenden Blue’ (three accessions), ‘Majorca Pink’ (three 

accessions), “Porto Alabe” (three accessions), ‘Santa Barbara Blue’ (three accessions). Finally, 

five accessions came from another Italian region, namely Campania: “Porto Alabe” (Pesco 

Sannita), ‘Gorizia’ (Benevento), ‘Boule’ (Prostrata Group, ‘Rampant Boule’) (Benevento), 

‘Farinole’ (San Marco di Castellabate), ‘Capri’ (Prostrata Group, ‘Capri’) (Seiano di Vico 

Equense), one accession each. The commercial cultivars and the accessions from Sanremo belong 

to the rosemary collection of Centro di Ricerca Orticoltura e Florovivaismo (CREA - Sanremo, 

Italy) (Table 2). The identification of rosemary accessions was performed according to the 

literature 131,132. Fresh biomass (5-10 cm at the top of plant shoots) including leaves and stems was 

collected in May 2021. Three replicates for each accession were used, with a total of 111 samples. 

All samples were sealed in plastic bags and stored dry in the dark until analysis. The dried material 

was then ground. The powder samples for NMR analysis were prepared following the method 

reported by Tajidin et al. 113. For each sample, 50 mg of dried leaves were extracted with a mixture 

of deuterated solvents made up of 250 µl of 90 mM H 2 KPO4 buffers in D2O (pH 6): and 650 µl 

of CD3OD, containing 0.01% 3-(trimethylsilyl)-propionic-2,2,3,3-d-4 acid sodium salt (TSP), 

using a vortex mixer. The ultrasound-assisted extraction was performed for 30 minutes at room 

temperature using an ultrasound bath (Branson 2510E-MTH, Bransonic®, Milano, Italy). The 

supernatant, after centrifugation for 10 minutes at 13000 rpm was transferred into NMR tubes. 

Methanolic extracts for antimicrobial assays were prepared by stirring 5 g of dried biomass with 

100 mL CH3OH at 25 °C at 150 rpm for 24 h and filtered through Whatman No. 4 paper. The 

extraction was repeated three times. The combined methanolic extracts were evaporated to dryness 

and stored at 4 °C for further use. 
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Table 2. List of rosemary accessions used in the study. 

 

Accession 

number 

Ecotype or Cultivar name Growera Locationb Soil texture typec 

1 “Eretto Liguria” CERSAA Albenga clay 

2 “Eretto Liguria” CERSAA Albenga clay 

3 “Eretto Liguria” local farmer Savona clay loam 

4 “Eretto Liguria” local farmer Vessalico clay 

5 “Eretto Liguria” local farmer Vessalico clay 

6 ‘Prostratus’ (Prostrata Group) local farmer Ruta di Camogli clay 

7 “Eretto Liguria” local farmer Ruta di Camogli clay 

8 “Eretto Liguria” local farmer Ruta di Camogli clay 

9 ‘Prostratus’ (Prostrata Group) local farmer Ruta di Camogli clay 

10 ‘Prostratus’ (Prostrata Group) local farmer Ruta di Camogli clay 

11 ‘Prostratus’ (Prostrata Group) local farmer Ruta di Camogli clay 

12 “Eretto Liguria” CREA Sanremo organicd 

13 “Eretto Liguria” CREA Sanremo organicd 

14 “Eretto Liguria” CREA Sanremo organicd 

15 ‘Boule’ (Prostrata Group, 

‘Rampant Boule’) 

CREA Sanremo organicd 

16 ‘Boule’ (Prostrata Group, 

‘Rampant Boule’) 

CREA Sanremo organicd 

17 ‘Boule’ (Prostrata Group, 

‘Rampant Boule’) 

CREA Sanremo organicd 

18 ‘Joyce DeBaggio’ CREA Sanremo organicd 

19 ‘Joyce DeBaggio’ CREA Sanremo organicd 

20 ‘Joyce DeBaggio’ CREA Sanremo organicd 

21 ‘Benenden Blue’ CREA Sanremo organicd 

22 ‘Benenden Blue’ CREA Sanremo organicd 

23 ‘Benenden Blue’ CREA Sanremo organicd 

24 ‘Majorca Pink’ CREA Sanremo organicd 

25 ‘Majorca Pink’ CREA Sanremo organicd 

26 ‘Majorca Pink’ CREA Sanremo organicd 

27 “Porto Alabe” CREA Sanremo organicd 

28 “Porto Alabe” CREA Sanremo organicd 

29 “Porto Alabe” CREA Sanremo organicd 

30 ‘Santa Barbara Blue’ CREA Sanremo organicd 

31 ‘Santa Barbara Blue’ CREA Sanremo organicd 

32 ‘Santa Barbara Blue’ CREA Sanremo organicd 

33 “Porto Alabe” local farmer Pesco Sannita clay loamd 

34 ‘Gorizia’ local farmer Benevento clay 

35 ‘Boule’ (Prostrata Group, 

‘Rampant Boule’) 

local farmer Benevento clay  

36 ‘Farinole’ local farmer San Marco di 

Castellabate 

sand 

37 ‘Capri’ (Prostrata Group, 

‘Capri’) 

local farmer Seiano di Vico 

Equense 

sand 

a CERSAA: Centro di Sperimentazione e Assistenza Agricola, Regione Rollo 98, 17031 Albenga, Italy; CREA - Research Centre for Vegetable 

and Ornamental Crops, Corso Inglesi 508, 18038 Sanremo, Italy. 
b Albenga (SV): latitude 44°02′56.81″N, longitude 8°12′46.86″E, elevation 5 m.a.s.l; Savona (SV): latitude 44°18′28.71″N, longitude 8°28′51.66″E, 
elevation 4 m.a.s.l; Vessalico (IM): latitude 44°02′46.74″N, longitude 7°57′43.43″E, elevation 197 m.a.s.l; Ruta di Camogli (GE): latitude 

44°20′36.68″N, longitude 9°10′10.29″E, elevation 269 m.a.s.l; Sanremo (IM): latitude 43°49′05.23″N, longitude 7°′26.12″E, elevation 80 m.a.s.l; 

Pesco Sannita (BN): latitude 41°14′N, longitude 14°49′E, elevation 8393 m.a.s.l; Benevento (BN): latitude 41°08′N, longitude 14°47′E, elevation 
135 m.a.s.l; San Marco di Castellabate (SA): latitude 40°16′02.64″N, longitude 14°56′20.33″E, elevation 15 m.a.s.l; Seiano di Vico Equense (NA): 

latitude 40°40′N, longitude 14 14°26′E, elevation 85 m.a.s.l. 
c 133. 
d grown in the experimental fields of CREA, in the open air. The cultivars were propagated via stem cuttings and were grown in 20 l black plastic 

pots with a commercial substrate (Terfor Hochmoor® Vulcan Invernale pumex) suitable for nursery crops. A controlled release fertilizer (Geogreen 

Horti-Cote®Plus, 6 months release period, N–P–K–Mg 16–6–11–2 plus microelements) was added in the amount of 5 g L−1 of substrate. Fertigation 
was performed monthly with Ferty 1 (Planta Düngemittel GmbH, N–P–K–Mg 20–7–10–2, 1.5 g L−1).  
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3.2.2 NMR spectroscopy and processing 

NMR data were acquired on a Bruker DRX-500 NMR spectrometer with the temperature 

maintained at 30 °C, and methanol-d4 was used as internal lock. Each 1H NMR spectrum consisted 

of 64 scans, 6.14 s acquisition time, relaxation delay (RD) 4 s, mixing time 0.01 s, and spectral 

width of 15.99 ppm. A presaturation sequence (NOESY-presat sequence, Bruker: noesygppr1d) 

was used to suppress the residual signal of water 135. A 500 MHz Chenomx custom library 

(secondary metabolites) 136 was set up by means of carnosic acid, carnosol, 7-O-methyl-rosmanol, 

12-O-methyl-carnosic acid, isorosmanol previously isolated in our laboratories from S. rosmarinus 

and from other plant sources, and obtained from commercial sources (Sigma-Aldrich, Milano, 

Italy) 137. Chenomx Compound Builder tool was used. The custom library contained 27 

metabolites. Additionally, 11 metabolites of the Chenomx 500MHz version 11 library (CL), 

selected based on literature data were used 137
 . Each 1H NMR spectrum was acquired using the 

1D. All spectra were acquired in triplicate. The metabolites were identified based on the 

comparison of their 1H NMR spectra to those of the reference compounds in both the secondary 

metabolites and the primary metabolites libraries. Quantitative analysis of NMR spectra was 

performed using NMRProcFlow 1.4.12 (INRA UMR 1332 BFP, Bordeaux Metabolomics Facility, 

Villenave d’Ornon, France) 138 following the method reported by Grimaldi et al. 139
 . Briefly, 

corrections of phasing and baseline were performed manually for all spectra using TOPSPIN 

version 4.0.6. All spectra were calibrated by using the internal standard at 0 ppm. In binning the 

spectra are split into bins (known as buckets) and the total area in each bin is calculated to represent 

the original spectrum. The variable size bucketing was performed using the online server 

NMRProcFlow. Buckets with a signal-to-noise ratio above 3 were selected for further analysis. 

The residual solvent regions of methanol (δH 3.31) and water (δH 4.70−4.90) were removed. One 

ppm range for each characterizing metabolite peak (Tables 3-4) for quantification were selected, 

and all the data needed for quantification were exported into a spreadsheet workbook using the 

“qHNMR” template. The data matrices generated by NMRProcFlow, one of 27 buckets and one 

of 11 buckets, were then subjected to multivariate statistical analysis.  
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Table 3.1H NMR chemical shifts (δ) and coupling constants (Hz) of in-house measured reference 

compounds identified by using 1D spectra in CD3OD-KH2PO4 in D2O at pH 6.0.  

 
metabolite selected characteristic 

NMR chemical shifts in 

ppm (multiplicity, J) 

isorhamnetin-7-O-rutinoside 1.09 (d, J = 6.2 Hz) 

isorosmanol 1.42 (d, J = 4.9 Hz) 

7-O-methylrosmanol 3.67 (s) 

12-O-methylcarnosic acid 3.69 (s) 

genkwanin 3.92 (s) 

diosmetin 3.94 (s) 

epicatechin 4.23 (s) 

epirosmanol 5.21 (d, J = 4.3 Hz) 

carnosic acid 6.44 (s) 

luteolin 6.59 (s) 

scutellarein 6.63 (s) 

acacetin 6.69 (s) 

carnosol 6.73 (s) 

rosmarinic acid 6.80 (s) 

catechin hydrate 6.83 (d, J = 8.2 Hz) 

rutin 6.94 (d, J = 8.5 Hz) 

isorhamnetin-3-O-rutinoside 

(narcissin) 

6.97 (d, J = 8.6 Hz) 

rosmarinate 7.00 (m) 

gallic acid 7.05 (s) 

ferulic acid 7.06 (m) 

caffeic acid 7.42 (d, J = 15.9 Hz) 

coumaric acid 7.52 (d, J = 15.9 Hz) 

chlorogenic acid 7.59 (d, J = 15.9 Hz) 

quercetin 7.72 (s) 

apigenin 7.89 (d, J = 8.5 Hz) 

apigenin-7-O-β-D-glycoside 7.92 (d, J = 8.4 Hz) 

kaempferol 8.07 (d, J = 8.4 Hz) 

 

Table 4. 1H NMR chemical shifts (δ) and coupling constants (Hz) of 11 reference compounds available by 

the purchased library “Chenomx 500MHz version 11a” (1D spectra were recorded in CD3OD-KH2PO4 in 

D2O at pH 6.0).  

 
metabolite  selected characteristic 

NMR chemical shifts 

in ppm  

valine 0.98 and 1.03 

alanine 1.47 

acetate 1.91 

malonate 3.12 

proline 3.41 

asparagine 4.00 

choline 4.06 

fructose 4.11 

sucrose 4.21 

malate 4.30 

fumarate 6.51 

a Chenomx NMR Suite 8.6 (Chenomx Inc., Edmonton, 252 Canada). 
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3.2.3 Multivariate statistical analysis 

The obtained data were investigated by correlation analysis and principal component analysis in 

collaboration with Prof. Drava (UNIGE-DIFAR). Data analysis of Ligurian samples by means of 

self-organizing maps (SOM) was then performed in collaboration with Prof. Giacomini and Dr. 

Maggi (UNIGE-DIBRIS). 

Classical statistical analysis was performed using Systat software for Windows Version 13 (Systat 

Software Inc., USA). The correlations among variables were calculated by the Pearson correlation 

coefficient. Hierarchical clustering (HC) analysis (single linkage as agglomeration method) was 

applied to detect groupings in variables (based on Pearson correlation coefficient as distance 

metric) and in samples (based on Euclidean distance) 140. Different data pre-treatment methods, 

i.e., autoscaling, log transformation and vast scaling, were tested 141. For explorative analysis 

Principal Component Analysis (PCA) with Varimax rotation was applied on the matrix of 

autoscaled data 142. Statistical significance was set at p < 0.05. Self-organising maps (SOM) were 

then used. SOMs belong to the category of unsupervised models and are a type of network 

organization of information processes. The log transformed data were then pre-processed before 

sending them to the algorithm, to prevent variables with a higher range from dominating the map 

due to their greater impact on the distances involved. A variance-based normalization of the data 

was performed. Subsequently, linear initialization and batch training were performed. The training 

takes place in two steps: initially the rough phase with a larger radius and learning rate that also 

considers the most distant nodes is performed, then a refinement phase with a smaller radius and 

learning rate is done. After these steps, the U-matrix is generated, visualising the distances between 

neighbouring map units. Uniform areas identify clusters while higher values indicate a cluster 

edge. The other maps represent the component plan (single compounds), and highly correlated 

variables show similar maps. Depending on the component values hits are associated to a single 

unit of the map. Hits are the number of times for which a single map unit responds to inputs and 

indicate how the number of input information are collected in each neuron. 

 

3.2.4 Antimicrobial assay on Pectobacterium carotovorum subsp. carotovorum 

The following experiments were carried out by Dr. Anna Lanteri (CERSAA, Albenga, Italy). 

Potato tubers, var. “Colomba”, were obtained from the production field of CERSAA, in Albenga, 

SV, Italy. P. carotovorum subsp. carotovorum was obtained from the collection of the Plant 

Pathology Laboratory of CeRSAA (Accession number: CeRSAA Rdp 665/14). P. carotovorum 

subsp. carotovorum was cultured at 28 °C on a nutrient agar medium (NYDA: 8.0 g nutrient broth, 

1.5 g glucose, 20.0 g agar, 4 g yeast extract, and 1 L water) in Petri dishes for 2 days at 28 ◦C. The 

bacterial inoculum was prepared from the 2-day-old cultured bacteria in a vial containing buffered 

pepton water (Generon-Italy). The bacterial inoculum (1 × 108 CFU mL−1) was quantified by serial 

dilution plating method and stored at 4 °C. The assay on potato tuber slices was carried out to 
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evaluate the potential activity of extracts and pure compounds in inhibiting the pectolytic activity 

of P. carotovorum subsp. carotovorum 143, 144. The tubers were first washed under tap water, dried 

with cleaning paper cloth, dipped for 5 seconds into 96% ethanol, air dried and then flamed and 

cut into 10 mm thick slices. The slices were placed on wet filter paper in Petri dishes. The bacterial 

inoculum was prepared from 2-days-old cultured bacteria in a vial containing Buffered Pepton 

Water (Generon-Italy) at the concentration of 108 CFU mL−1. A filter paper disc 10 mm in diameter 

was placed at the center of the upper surface of each potato slice. Extracts and pure compounds 

were dissolved separately in a solution of sterile distilled water and DMSO (1:1 v/v) to obtain, 

after the inoculation, a concentration of 1000 ppm.  

To define the working concentration of extracts and pure compound for the antimicrobial assay a 

preliminary test was carried out. 

Pectobacterium carotovorum subsp. carotovorum was cultured at 28 °C on a nutrient agar medium 

(NYDA: 8.0 g nutrient broth, 1.5 g glucose, 20.0 g agar, 4 g yeast extract, and 1 L water) in Petri 

dishes for 2 days at 28 ◦C. The bacterial inoculum was prepared from a 2 days old cultured bacteria 

in a vial containing Buffered Pepton Water (Generon-Italy) at the concentration of 108 CFU mL−1. 

Pure compounds and extracts were dissolved separately in a solution of sterile distilled water and 

DMSO (1:1 v/v) to obtain, after the inoculation, a concentration of 1000 ppm, 500 ppm, 50 ppm 

and 0 ppm respectively. These solutions were then inoculated with the bacterial suspension to 

obtain a final concentration of 107 CFU mL−1 of P. carotovorum subsp. carotovorum. After 5 min 

of exposure, each suspension was quantified by serial dilutions plating method. Serial dilutions 

were made in peptone water (from 10-1 to 10-9); 0,1 mL of different dilutions were plated on NYDA 

agar plates in triplicate (3 plates each dilution) and incubated for 2 days 28°C. Not inoculated 

solution at 0 ppm was also evaluated to verify the absence of activity of DMSO. For each dilution, 

the CFU (Colony Forming Unit) of P. carotovorum subsp. carotovorum per mL of suspension was 

obtained. Final CFU of P. carotovorum subsp. carotovorum per mL of suspension for each single 

treatment and concentration was calculated as the average of the CFU mL-1 of the 3 replicates 

(data related to the dilutions are not reported) (Table 5). 

 

Table 5. Quantification in CFU/mL of Pectobacterium carotovorum subsp. carotovorum after the 

exposure to the treatments at 1000 ppm, 500 ppm, 50 ppm and 0 ppm respectively. 

 

Treatments Concentration 

(ppm) 

Average of the replicates 

(CFU/mL) Standard deviation 
Abbott index 

(%)d  

1 50 2.70x107 1.00x106 0 

1 500 8.67x106 2.89x105 68 

1 1000 1.90x106 0.00 93 

2 50 2.70x107 1.32x106 0 

2 500 2.40x107 1.00x106 11 
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2 1000 2.17x107 1.53x106 20 

3 50 2.69x107 2.20x106 0 

3 500 2.37x107 2.08x106 12 

3 1000 2.13x107 2.52x106 21 

4 50 2.67x107 1.53x106 1 

4 500 1.83x107 7.64x106 32 

4 1000 1.50x107 0.00 44 

5 50 2.67x107 1.15x106 1 

5 500 2.40x107 1.00x106 11 

5 1000 8.73x106 6.69x106 68 

6 50 2.70x107 2.65x106 0 

6 500 2.37x107 4.04x106 12 

6 1000 1.37x107 7.29x106 49 

7 50 2.68x107 7.64x105 1 

7 500 2.47x107 5.77x105 9 

7 1000 1.34x107 7.54x106 50 

8 50 2.67x107 1.15x106 1 

8 500 2.33x107 1.53x106 14 

8 1000 9.67x106 5.77x105 64 

9 50 2.68x107 1.26x106 1 

9 500 1.77x107 6.81x106 35 

9 1000 1.15x107 3.01x106 57 

10 50 2.67x107 3.21x106 1 

10 500 2.40x107 1.00x106 11 

10 1000 1.21x107 3.35x106 55 

11 50 2.65x107 5.00x105 2 

11 500 2.07x107 5.77x105 23 

11 1000 7.93x106 9.29x105 71 

12 50 2.60x107 5.20x106 4 

12 500 1.80x107 2.65x106 33 

12 1000 1.04x107 8.92x106 61 

Isorosmanol 50 2.69x107 3.82x105 0 

Isorosmanol 500 2.05x107 8.66x105 24 

Isorosmanol 1000 8.08x106 7.22x105 70 

12-O-methylcarnosic 

acid 
50 2.67x107 7.64x106 1 

12-O-methylcarnosic 

acid 
500 1.83x107 1.53x106 32 

12-O-methylcarnosic 

acid 
1000 1.06x107 8.71x106 61 

Carnosic acid 50 2.63x107 5.77x105 2 

Carnosic acid 500 2.03x107 6.43x106 25 

Carnosic acid 1000 1.11x107 8.78x106 59 

Carnosol 50 2.67x107 5.77x105 1 

Carnosol 500 2.40x107 1.00x106 11 

Carnosol 1000 9.93x106 1.15x105 63 

7-O-methyl-rosmanol 50 2.63x107 3.06x106 2 

7-O-methyl-rosmanol 500 1.29X107 5.25x106 52 

7-O-methyl-rosmanol 1000 7.03x106 8.62x105 74 

DW (PC)a 0 2.70x107 1.73x106 0 

DW (NC)b 0 2.70x107 2.00x106 0 

The test was performed in 3 replicates. a DW (PC): inoculated distilled water/DMSO 1:1 v/v (Positive Control); b DW (NC): not inoculated 

distilled water/DMSO 1:1 v/v (Negative Control); c different letters indicate significant difference among treatments (p ≤ 0.05, Tukey HSD test), 
d Abbott index %= (Average CFU/mL x 100)/ Average CFU/mL of PC. 
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Extracts and pure compounds were then dissolved separately in a solution of sterile distilled water 

and DMSO (1:1 v/v) to obtain, after the inoculation, a concentration of 1000 ppm. The 1000 ppm 

solution was then inoculated with the bacterial suspension to obtain a final concentration of 107 

CFU mL−1 of P. carotovorum subsp. carotovorum. After 5 min of exposure, filter paper discs were 

soaked with 0.05 mL of this suspension by using a micropipette. After incubation at 25°C for 5 

days, the presence of tissue rotting was determined, and development of rot radius was measured. 

Each sample was tested on 3 potato slices. Control tubers were treated in the same way, but paper 

discs were soaked with a solution of inoculated sterile distilled water and DMSO 1:1 v/v (positive 

control, PC) or with a solution of sterile distilled water and DMSO 1:1 v/v (negative control, NC). 

 

3.2.5 Homology model and molecular docking simulation 

The amino acid sequence of P. carotovorum pectate lyase 1 (PelA) was reported in Uniprot 

database (Uniprot ID: P0C1C0) 145. The modelled structure, based on the PDB:2EWE 146 was 

generated with Prime Homology model tool 72. P. carotovorum pectate lyase 1 was downloaded 

in FASTA format. The sequence alignment between template (PDB:2EWE) showed 68% of 

identity. Homology modelling was built using the PRIME of Schrödinger Suite 2020-4. The 

homology model so obtained was further refined by Protein preparation wizard. For P. 

carotovorum endo-polygalacturonase (PehA) (PDB 1BHE) was used to represent the structure of 

the enzyme 130. Both protein structures were prepared according to the following protocol: the 

protonation states were optimized at pH 8.0 ± 0.5 and pH 7.0 ± 2.0 values for P. carotovorum 

pectate lyase 1 (PelA) and P. carotovorum endo-polygalacturonase (PehA), respectively, and 

disulfide-bond formation was carried out. The optimum pH for the enzyme reaction is at pH 8.5 
147. All water molecules were removed. The protein structures were then subjected to energy 

minimization with the OPLS3e force field 148 (heavy atoms constrained). The receptor grid 

generation tool of the Glide module 72 was used to define a 30 Å3 grid box located at the active 

site (Arg239) of P. carotovorum pectate lyase 1, as reported on UniProt website. In the case of P. 

carotovorum endo-polygalacturonase (PehA), a 20 Å3 grid box was placed on the conserved 

region: Asn201-Thr202-Asp203, Gly222-Asp223-Asp224, Gly250-His251-Gly252, and Arg280-

Ile281-Lys282 also reported as the active site clefts in literature 130. The molecular structures of 

carnosic acid, carnosol, 7-O-methyl-rosmanol, 12-O-methyl-carnosic acid, isorosmanol and 

ampicillin were energetically minimized with the LigPrep module using the OPLS3e force field. 

For each ligand, all possible tautomers and protonation states at a pH of 7.0 ± 1.0 were considered. 

Docking simulations were carried out using the Schrödinger Suite 2020-4. The Glide-SP and the 

Glide-XP flexible docking approaches were applied. The interaction pattern of the selected ligands 

molecules was studied by the Ligand interaction diagram Maestro’s tool and detected with the 

Protein-Ligand Interaction Profiler (PLIP) tool 74.  
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3.3 Results and discussion 

3.3.1 NMR metabolomics 
1H-NMR spectra revealed a total of 38 major metabolites. The primary metabolites included amino 

acids (alanine, valine, proline, and asparagine), carboxylic acids (acetate, malate, malonate, 

fumarate), carbohydrates (fructose, sucrose), and choline. Secondary metabolites included 

abietane diterpenoids (carnosic acid, carnosol, isorosmanol, epirosmanol, 7-O-methylrosmanol, 

and 12-O-methylcarnosic acid), flavonoids (luteolin, scutellarein, acacetin, rutin, isorhamnetin-3-

O-rutinoside (narcissin), quercetin, apigenin, apigenin-7-O-β-D-glycoside, catechin hydrate, 

isorhamnetin-7-O-rutinoside genkwanin, diosmetin, epicatechin, and kaempferol), and phenolic 

acids (rosmarinic acid, rosmarinate, gallic acid, ferulic acid, caffeic acid, coumaric acid, and 

chlorogenic acid).  

3.3.2 Multivariate statistical analysis 

To charachterize the “Eretto Liguria” ecotype, both accessions (ecotypes and cultivars) from the 

same gographical area, in North Italy, as well as accessions from another area, in South Italy, were 

condsidered.The relationships among the compounds detected in the rosemary accessions were 

investigated by correlation analysis of the selected metabolites comprised in the in-house of 

secondary metabolites and the 500 MHz version 11 (primary metabolites) Chenomx libraries, 

considered both jointly and separately. Only few metabolites of the primary metabolites showed 

significant correlations. Cluster analysis allowed to visualize them as a similarity dendrogram, 

pointing out a cluster formed by asparagine, proline, choline (Figure 1A). Several significant 

correlations were observed among the metabolites of the secondary metabolites, as shown in 

Figure 1B: nine metabolites (rosmarinate, acacetin, carnosol, rosmarinic acid, ferulic acid, 

coumaric acid, chlorogenic acid, rutin, isorhamnetin-3-O-rutinoside (narcissin) joined into a 

cluster. Other two groups of correlated variables were formed by the apigenins and kaempferol, 

and by genkwanin, 7-O-methylrosmanol, diosmetin and 12-O-methylcarnosic acid, respectively. 

No relevant information was added when primary and secondary metabolites were studied all 

together (Figure 2). When cluster analysis was applied to the dataset of the primary metabolites to 

detect groupings among the samples, almost all the accessions from Ligurian geographical area 

joined into a large group except for a few outliers (e.g. 9 and 22 and one of the three samples of 

18, 27 and 32 accessions).   
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  A        B 

 
Figure 1. Similarity dendrograms obtained from cluster analysis (single linkage method based on Pearson 

coefficients) applied: A) to the 11 metabolites of the Chenomx 500 MHz version 11 library (primary 

metabolites); B) to the 27 metabolites of the Chenomx custom library (secondary metabolites) measured 

on 111 rosemary samples. 

 

 

 

Figure 2. Similarity dendrogram obtained from cluster analysis (single linkage method based on Pearson 

coefficients) applied to the 38 metabolites (primary and secondary metabolites jointly) measured on 111 

rosemary samples.  
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Among the samples from Campania, only one sample of the 37 accession was included in the large 

cluster of Ligurian samples (Figure 3).  

 

 
 

Figure 3. Similarity dendrogram of the 111 rosemary samples obtained by cluster analysis (single linkage 

method based on Euclidean distance) based on the 11 primary metabolites. 

black line = Liguria; red line = Campania 

 

This grouping was substantially confirmed for secondary metabolites, with similar patterns of 

outliers; only two samples of 33 and 34 accessions from Campania showed similarity with 

Ligurian samples, as shown in Figure 4, and in Figure 5 where all the 38 variables (primary and 

secondary metabolites) were jointly considered. Explorative analysis of the data set was performed 

by PCA, allowing to represent in a few plots the grouping of the accessions, the correlations among 

the metabolites and the relationships between accessions and metabolites.   
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Figure 4. Similarity dendrogram of the rosemary accessions (111 samples) obtained by cluster analysis 

(single linkage method based on Euclidean distance) based on the 27 secondary metabolites. 

black line = Liguria; red line = Campania 
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Figure 5. Similarity dendrogram of the 111 rosemary samples obtained by cluster analysis (single linkage 

method based on Euclidean distance) based on the 38 metabolites (primary and secondary metabolites 

jointly). 

black line = Liguria; red line = Campania 

 

Figure 6 shows the biplot of the 37 accessions described by the 11 CL metabolites on the plane of 

the first two PCs, explaining the 52% of the total variance. Accessions 36 and 37 (six samples), 

corresponding to cultivars not represented among the Ligurian samples, were characterized by low 

content of alanine, valine and fumarate and high content of proline, choline, and asparagine. On 

the plane of the third and fourth PCs (29% of variance), low contents of fructose and sucrose 

characterized all the accessions from Campania (Figure 7).   
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Figure 6. Results of PCA of 500 MHz version 11 Chenomx library of primary metabolites measured in 

111 samples: biplot of Principal Components 1 and 2.  

× = Liguria; • = Campania 

 

 
 

 
Figure 7. Results of PCA of 500 MHz version 11 Chenomx library of primary metabolites measured in 

111 samples: biplot of Principal Components 3 and 4. 

× = Liguria; • = Campania  
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PCA performed on the 37 accessions described by the 27 secondary metabolites was also strongly 

affected by the difference between the two geographical regions. The presence of outliers 

(accessions 36 and 37 from Campania) was evident on the plane of the first two PCs, explaining 

the 51% of the total variance (Figure 8).  

 

Figure 8. Results of PCA of 27 in-house measured secondary metabolites in 111 samples: biplot of 

Principal Components 1 and 2.  

× = Liguria;  = Campania 

 

On the plane of the third and fourth PCs (17% of the variance), one accession from Campania at 

high content of luteolin and isorosmanol had a very strong leverage effect, making difficult the 

visualization of the information contained in the data (Figure 9).  

 

Figure 9. Results of PCA of 27 in-house measured secondary metabolites in 111 samples: biplot of 

Principal Components 3 and 4.  

× = Liguria;  = Campania  
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The biplot on the fifth and sixth PCs (14% of the variance) showed that the accessions from 

Campania formed a separated group, at low content of carnosic acid, isorhamnetin-7-O-rutinoside 

and epicatechin, and high content of epirosmanol and isorosmanol (Figure 10).  

 

Figure 10. Results of PCA of 27 in-house measured secondary metabolites in 111 samples: biplot of 

Principal Components 5 and 6.  

× = Liguria;  = Campania 

 

For these reasons, the data analysis was repeated excluding the accessions from Campania, with 

the aim of better investigating the accessions from Ligurian region. In this case, despite a certain 

degree of overlapping among the accessions, the “Eretto Liguria” appeared characterized, as 

shown by the dendrogram in Figure 11, where these accessions (green color in Figure 11) were 

grouped in one cluster including only a few other accessions, and by the biplots of PCA (Figures 

12-13) on the plane of the first 4 PCs. “Eretto Liguria” was characterized by low content of the 

variables at high loading on PC1, i.e. rosmarinate, acacetin, catechin hydrate, rosmarinic, ferulic, 

coumaric and chlorogenic acids, rutin and isorhamnetin-3-O-rutinoside. The variables at high 

loading on PC2 (12-O-methylcarnosic acid, 7-O-methylrosmanol, genkwanin and diosmetin) were 

not discriminant among the accessions, and high content of these metabolites allowed to detect a 

few anomalous samples. Three secondary metabolites showed high loading on PC4, i.e. carnosic 

acid, isorhamnetin-7-O-rutinoside and isorosmanol. Most of the “Eretto Liguria” samples showed 

a higher content of carnosic acid with respect to other accessions such as ‘Santa Barbara Blue’, 

‘Boule’ and ‘Joyce DeBaggio’.   
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Figure 11. Similarity dendrogram of the 96 rosemary samples collected in Liguria and belonging to 8 

ecotypes/cultivars. Hierarchical cluster analysis was applied to the 27 in-house measured secondary 

metabolites, using single linkage method based on Euclidean distance. The different ecotypes/cultivars are 

indicated by the name and shown with different color. 
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Figure 12. Results of PCA of the 27 in-house measured secondary metabolites in 96 samples: biplot of 

Principal Components 1 and 2 (53% of explained variance).  = “Eretto Liguria”; × = other 

ecotypes/cultivars. 

 

 

 

 

Figure 13. Results of PCA of the 27 in-house measured secondary metabolites in 96 samples: biplot of 

Principal Components 3 and 4 (24% of explained variance).  = “Eretto Liguria”; × = other 

ecotypes/cultivars. 
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The results obtained by SOMs agreed with those of PCA. CL metabolites appeared less important 

to characterize le ecotype “Eretto Liguria”, as it was present in three clusters, mainly characterized 

by acetate, sucrose, and fumarate (Figures 14-16). 

 
Figure 14. SOM, U-matrix and maps for each CL metabolite. Similar color gradations indicate highly 

correlated variables 

C1: alanine; C2: acetate; C3: malate; C4: malonate; C5: choline; C6: fructose; C7: sucrose; C8: fumarate; 

C9: valine; C10: proline; C11: asparagine. 

 

 

 
 
Figure 15. SOM: Graphical representation of map for CL metabolites.  

A. SOM output map with color code association. Similar colors have similar characteristics, numbers 

correspond to hit numbers. Dimensions of hexagons are related to the distance between neurons (biggest 

indicates greater distance); B. principal Component projection of the map; C. labelled SOM output map, 

for each neuron the corresponding accession number and number of replicates (in parentheses) are shown. 

   

A B C
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Figure 16. SOM: Map clusterization for primary metabolites. 

A. Davies-Bouldine index progression: minimum value fits the best number of clusters. B. 6 clusters. 

 

As for 27 in-house measured secondary metabolites (Figures 17 and 18), two clusters were 

identified. The number of clusters was assessed on the basis of k-means algorithm joined to 

Davies-Bouldin index (DBI) 86 (Figure 18A). The index allows to identify the most reliable 

number of clusters that corresponds to a minimum value of DBI.  

 

Figure 17. Graphical representation of 27 in-house measured secondary metabolites on map. A. SOM 

output map with colour code association. Similar colours have similar characteristics, numbers correspond 

to hit numbers. Dimensions of hexagons are related to the distance between neurons (biggest indicates 

greater distance); B. Principal component projection of the map; C. Labelled SOM output map, for each 

neuron the corresponding accession number (listed in Table 2) and number of replicates (in parentheses) 

are shown.  

A B C

A

B
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Figure 18. Map clusterization: A. Davies-Bouldine index progression: minimum value fits the best number 

of clusters; B. 2 clusters. 

 

All the accessions of “Eretto Liguria” were in the bottom cluster of the map. The neurons 

containing these accessions were characterized by higher content of carnosic acid compared to the 

other cluster (Figure 19). The other ecotypes/cultivars occupied the top part of the map at high 

content of rosmarinate, acacetin, carnosol, rosmarinic acid, ferulic acid, coumaric acid, 

chlorogenic acid, rutin, isorhamnetin-3-O-rutinoside (narcissin) i.e. the group of highly correlated 

variables (Figure 1B). The Ligurian accessions did not show significantly different relative amount 

of abietane diterpenoids. Carnosic acid was the only compound that appeared to characterize the 

“Eretto Liguria” ecotype. 

Multivariate statistical analysis showed that accessions form Campania region differed from the 

Ligurian ones, thus leading to hypothesize the influence of geographical location in the 

composition and abundance of metabolites in rosemary extracts. The evident differences in the 

metabolite profiles of the samples collected in the two Italian regions (Liguria and Campania) 

seemed to confirm the relevance of the local environmental conditions in the characterization of 

the rosemary samples. Carnosic acid characterized northern accessions, consistent with the fact 

that in drought conditions, typical of Southern Italy, it undergoes oxidation to other abietane 

diterpenes such as isorosmanol and other related compounds 149, 150. However, when a more 

restricted geographical area was considered, as Ligurian region, the genetic factor became more 

important. This result is in accordance with what was reported by Li et al. 151 for volatile 

constituents of rosemary essential oil, where genetics and origin are the key factors in chemotype 

variation. The accessions of “Eretto Liguria” analysed in the present study, despite the fact that 

they were collected in different locations of the same region (i.e. coastal and inland, different 

producers, different soils etc.), appeared well characterized, while accessions of other 

BA
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ecotypes/cultivars, although grown in the same location at the same conditions, were not so similar 

to each other.  

 

 

Figure 19. U-matrix and maps for each compound. Similar colour gradations indicate highly correlated 

variables. C1: 12-methylcarnosic acid; C2: 7-methylrosmanol; C3: rosmarinate; C4: genkwanin; C5: 

epicatechin; C6: isorhamnetin-7-O-rutinoside; C7: carnosic acid; C8: diosmetin; C9: luteolin; C10: 

scutellarein; C11: acacetin; C12: carnosol; C13: catechin hydrate; C14: gallic acid; C15: rosmarinic acid; 

C16: ferulic acid; C17: caffeic acid; C18: coumaric acid; C19: chlorogenic acid; C20: rutin; C21: quercetin; 

C22: apigenin; C23: isorosmanol; C24: apigenin-7-O-β-D-glycoside; C25: kaempferol; C26: isorhamnetin-

3-O-rutinoside (narcissin); C27: epirosmanol 
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3.3.3 Quantitative test on potato tuber slices using filter paper  

In the field P. carotovorum subsp. carotovorum can survive in the soil for up to 6 months, even in 

the absence of plant debris and it can also be present in aerosols and water irrigation. The effects 

of its spreading are increased by wet conditions and therefore some seasons have a high level of 

damage 152. In addition, airborne insects can carry bacteria from one plant to another 153. The most 

distinguishing feature of the pathogenicity of soft rot bacteria as Pectobacterium carotovorum 

subsp. carotovorum is the production of several plant cell wall-degrading enzyme as pectinases, 

cellulases and proteases, leading to tissue decomposition and release of nutrients for bacterial 

growth 154. The bacterium enters potato tubers through lenticels and fresh wounds, roots, and 

above-ground parts of the plant. Tubers harvested from plants infected during the growing season 

may develop a soft rot in storage, which results in considerable postharvest losses 152, 155. Due to 

the ease of developing soft rot rapidly, the potato soft rot test is usually performed to define the 

ability of an inoculum to induce pectolytic activity 156. Currently, the control of soft rot pathogens 

relies on integrated pest management because no chemical treatments, such as synthetic 

bactericides, are currently recommended to control this disease 157. In the present work the 

antimicrobial activity against Pectobacterium carotovorum subsp. carotovorum of the methanolic 

extracts of the rosemary accessions as well as of selected abietane diterpenoids was tested. P. 

carotovorum subsp. carotovorum causes severe rots in the field and in storage, leading to extensive 

harvest losses. 12 representative Ligurian rosemary accessions (i.e. “Eretto Liguria” (1, 3, and 5), 

“Prostratus” (Prostrata Group) (6 and 9), “Eretto” (local ecotype) (7), “Boule” (Prostrata Group, 

‘Rampant Boule’) (16), “Joyce DeBaggio” (20), “Benenden Blue” (22), “Majorca Pink” (26), 

“Porto Alabe” (28 and 29), and ‘Santa Barbara Blue’ (32), were selected for antimicrobial assay. 

The exposure for 5 minutes of a liquid suspension of P. carotovorum subsp. carotovorum (107 

CFU/mL) to a solution of the methanolic extracts of the selected rosemary accessions at the 

concentration of 1000 ppm, inhibited the bacterial pectolytic activity at values ranging from 20.8% 

to 100%, compared to the untreated control (PC). The extracts 1, 6, 16, 20, 22, 26, 28 and 23 

showed values of efficacy (Abbott index) ranging from 76.9% to 100% (Table 6). These values 

were significantly different from those obtained with extracts 3, 5, 7 and 9 although 7 and 9 showed 

efficacy values in a medium range (63.7%). Pure abietane diterpenoids i.e. isorosmanol, 12-O-

methylcarnosic acid, carnosic acid, carnosol, and 7-O-methylrosmanol, characteristic of rosemary 

extracts, were then tested. The exposure for 5 minutes of a liquid suspension of Pectobacterium 

carotovorum subsp. carotovorum (107 CFU mL−1) to a solution of isorosmanol, carnosol and 7-O-

methylrosmanol, at the concentration of 1000 ppm, completely inhibited the bacterial pectolytic 

activity. At the same test conditions, 12-O-methylcarnosic acid inhibited the pectolytic activity by 

70.3%, and carnosic acid by 30%, compared to the untreated control (PC) (Table 7). The best 

results in the inhibition of pectolytic activity was attributable to “Eretto Liguria” (1), “Prostratus” 

(Prostrata Group) (6), “Boule” (Prostrata Group, “Rampant Boule”) (16), “Joyce DeBaggio” (20), 

“Benenden Blue” (22 and 23) “Majorca Pink” (26), “Porto Alabe” (28), and “Santa Barbara Blue” 
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(32). The antimicrobial activity of the various extracts appeared then not linked to distribution of 

the different accessions in the clusters.  

 

Table 6. Evaluation of the pectolytic activity of Pectobacterium carotovorum subsp. carotovorum after 

treatments (raw extracts) reported as the average of the rot radius in mm measured during the 3 trials. 

 

Treatments Concentration 

(ppm) 

Tukey 

HSD 

testc 

Average of the rot 

radius (mm) 

Standard 

Deviation Abbott index (%)d 

1 1000 
a 2.0 1.7 80.2 

3 1000 
cd 8.0 1.7 20.8 

5 1000 
bcd 7.3 2.5 27.4 

6 1000 
a 0.7 0.6 93.4 

7 1000 
ab 3.7 2.3 63.7 

9 1000 
ab 3.7 2.3 63.7 

16 1000 
a 1.3 1.2 86.8 

20 1000 
a 2.0 0.0 80.2 

22 1000 
a 0.0 0.0 100 

26 1000 
a 1.0 0.0 90.1 

28 1000 
a 0.0 0.0 100 

32 1000 
a 2.3 1.5 76.9 

DW (PC)a 0 d 10.1 0.9 0 

DW (NC)b 0 a 0 0.0 100 

 

The test was repeated 3 times and performed in 3 replicates (a,b,c: data not reported). 
 a DW (PC): inoculated distilled water/DMSO 1:1 v/v (Positive Control); b DW (NC): not inoculated distilled 

water/DMSO 1:1 v/v (Negative Control); c different letters indicate significant difference among treatments (p ≤ 0.05, 

Tukey HSD test), d Abbott index %= (Average in mm of rot radius x 100)/ Average in mm of rot radius of PC. 

1: “Eretto Liguria”; 3: “Eretto Liguria”; 5: “Eretto Liguria”; 6 : ‘Prostratus’ (Prostrata Group); 7: “Eretto” (local 

ecotype); 9: ‘Prostratus’ (Prostrata Group); 16: ‘Boule’ (Prostrata Group, ‘Rampant Boule’); 20: ‘Joyce DeBaggio’; 

22: ‘Benenden Blue’; 26: ‘Majorca Pink’; 28: “Porto Alabe”; 29: “Porto Alabe”; 32: ‘Santa Barbara Blue’ 

 

Table 7. Evaluation of the pectolytic activity of Pectobacterium carotovorum subsp. carotovorum after 

treatments (pure compounds) reported as the average of the rot radius in mm measured during the 3 trials. 

 

Treatments Concentration 

(ppm) 

Tukey HSD 

testc 

Average of the 

rot radius (mm) 

Standard 

Deviation 

Abbott 

index (%)d 

Isorosmanol 1000 a 0 0.0 100 

12-O-methylcarnosic 

acid 
1000 b 3 1.0 

70.3 

Carnosic acid 1000 c 7 0.0 30.7 

Carnosol 1000 a 0 0.0 100 

7-O-methylrosmanol 1000 a 0 0.0 100 

DW (PC)a 0 d 10.1 0.9 0 

DW (NC)b 0 a 0 0.0 100 

 

The test was repeated 3 times and performed in 3 replicates (a,b,c: data not reported). 
 a DW (PC): inoculated distilled water/DMSO 1:1 v/v (Positive Control); b DW (NC): not inoculated distilled water/DMSO 1:1 v/v (Negative 

Control); c different letters indicate significant difference among treatments (p ≤ 0.05, Tukey HSD test), d Abbott index %= (Average in mm of rot 

radius x 100)/ Average in mm of rot radius of PC.  
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3.3.4 Molecular docking simulation  

In silico molecular docking studies indicates that carnosic acid, carnosol, 7-O-methyl-rosmanol, 

12-O-methyl-carnosic acid, isorosmanol are likely to bind to the enzymes’ active site. To validate 

the generated grid for docking, ampicillin was used as a standard drug for in silico investigation. 

It was docked into the active site of both receptors using the generated grids. In the pectate lyase 

1 (PelA) active site, carnosol and 12-O-methyl-carnosic acid showed common H-bond interactions 

with Arg239. This residue was also involved in a π-cation interaction with isorosmanol and 

carnosic acid planar rings. Carnosic acid also showed a salt bridge with Arg239. Carnosol was 

stabilized by a double H‐bond interaction between the hydroxyl groups and Asp183. Asn237 and 

Ser238 were directly involved in two H-bonds with carnosol. Carnosic acid was also bound to 

Ser238 through one H-bond. Carnosic acid, 7-O-methyl-rosmanol, isorosmanol and 12-O-methyl-

carnosic acid were bound through H-bonds to Arg266 and Asn289 (Figure 20). These predicted 

binding modes were further stabilized by two salt bridges between carnosic acid and Arg266 and 

Arg244. Lys210 reported two salt bridges with 7-O-methyl-rosmanol and ampicillin. Ampicillin 

was bound to Asp181, Asp18, Lys210, Asn237 and Ser238 in the same binding pocket (Figure 

21). 7-O-methyl-rosmanol achieved the best Glide energy value (-34.297kcal/mol), followed by 

ampicillin (control) (-31.288 kcal/mol). Isorosmanol and carnosol showed similar Glide binding 

energy values, -27.147kcal/mol and -28.934 kcal/mol, respectively. Carnosic acid and 12-O-

methyl-carnosic acid showed similar binding energy values of -24.744 kcal/mol and -25.654 

kcal/mol (Table 8). In the endo-polygalacturonase PehA active site, 7-O-methyl-rosmanol reported 

two H-bonds with Glu258, one H-bond with Asn200 and one with Lys229. The same interaction 

pattern with Glu258 and Lys229 was also confirmed by ampicillin and carnosic acid. Isorosmanol 

interacted through H-bond with Lys229, and with Asn200, as found for 7-O-methyl-rosmanol. 7-

O-methyl-rosmanol, carnosol, isorosmanol and carnosic acid were further stabilized by salt 

bridges between the carboxylic acid group of the compound with Lys229 and Lys282 side chains. 

All the selected compounds showed a hydrophobic interaction with Phe175 planar ring. 7-O-

methyl-rosmanol reported also an additional hydrophobic interaction with Tyr314. Carnosol, 

isorosmanol and ampicillin were bound with H-bonds to the same residue, Tyr314. Ser257 

reported similar interaction with carnosic acid, carnosol isorosmanol and ampicillin (Figure 21-

22). 7-O-methyl-rosmanol (-34.093 kcal/mol), isorosmanol (-33.217 kcal/mol) and ampicillin (-

34.312 kcal/mol) achieved the best Glide binding energy values in the PehA active site. Carnosic 

acid, carnosol and 12-O-methyl-carnosic acid showed binding energy values of-31.530 kcal/mol, 

-29.116 kcal/mol and -26.724 respectively. Ligand binding energies and interactions in PehA 

active site are listed in Table 9. 
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Table 8. Docking interaction parameters of the studied compounds in PelA active site. 

 

Ligand 

molecules 

Glide binding 

energy 

(kcal/mol) 

GlideScore 

SP 

(kcal/mol) 

Docking 

score SP 

H-bond interacting 

amino acids 

Hydrophobic 

interactions 

Salt 

bridges 

carnosic acid -24.744 -3.573 -3.570 Ser238, Arg266, 

Asn289 

Arg239, 

Asn289 

Arg239, 

Arg244, 

Arg266 

carnosol -28.934 -4.445 -4.445 Asp183, Asn237, 

Ser238, Arg239 

Leu242 - 

7-O-methyl-

rosmanol 

-34.297 -3.987 -3.987 Asn237, Ser238, 

Asn264, Arg266, 

Asn289 

Asn289 Lys210 

isorosmanol -27.147 -3.756 -3.756 Asp183, Arg244, 

Arg266, Asn289 

Arg239, 

Lys239 

- 

12-O-methyl-

carnosic acid 

-25.654 -3.495 -3.492 Ser238, Arg239, 

Arg244, Arg266, 

Asn289 

Asn289 - 

ampicillin -31.288 -4.766 -4.090 Asp181, Asp183, 

Lys210, Asn237, 

Ser238 

Asp183 Lys210 

 

Table 9. Docking interaction parameters of the studied compounds in PehA active site. 

Ligand 

molecules 

Glide binding 

energy 

(kcal/mol) 

GlideScore 

SP 

(kcal/mol) 

Docking 

score SP 

H-bond interacting 

amino acids 

Hydrophobic 

interactions 

Salt 

bridges 

carnosic acid -31.530 -4.379 -4.377 Lys229, Ser257, Glu258 Phe175 Lys229, 

Lys282 

carnosol -29.116 -3.744 -3.744 Ser257, Tyr314, Glu315 Phe175 Lys229, 

Lys282 

7-O-methyl-

rosmanol 

-34.093 -4.766 -4.766 Asn200, Lys229, 

Glu258 

Phe175, 

Tyr314 

Lys229, 

Lys282 

isorosmanol -33.217 -4.203 -4.202 Asn200, Asp223, 

Lys229, Ser257, 

Lys282, Tyr314, 

Glu315 

Phe175 Lys229, 

Lys282 

12-O-methyl-

carnosic acid 

-26.724 -3.986 -3.983 Gln148, Asn200 Phe175 - 

ampicillin -34.312 -4.811 -4.583 Asp224, Lys229, 

Ser257, Glu258, 

Lys282, Tyr314 

- His251, 

Arg280, 

Lys282 
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carnosic acid 

carnosol 

7-O-methyl-rosmanol 
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12-O-methyl-carnosic acid 

isorosmanol 

 

Figure 20. Binding pose (a) and interaction (b) of the selected compounds at the P. carotovorum pectate 

lyase 1 (PelA) binding site. a) The protein is reported as light-brown ribbons; the ligand is reported as 

capped sticks; H-bonds are presented as cyan dotted lines. b) The ligand is surrounded by the protein 

residues represented as follows: the negatively charged residues are indicated in red, polar residues are in 

cyan, hydrophobic residues are shown in green; H-bonds are depicted as purple arrows. 
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Figure 21. Interaction of ampicillin a) at the P. carotovorum pectate lyase 1 (PelA) binding site and b) at 

the P. carotovorum endo-polygalacturonase (PehA) binding site. The ligand is surrounded by the protein 

residues represented as follows: the negatively charged residues are indicated in red, polar residues are in 

cyan, hydrophobic residues are shown in green; H-bonds are depicted as purple arrows. 
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carnosic acid 

 

7-O-methyl-rosmanol 

 

carnosol 

  



93 

 

12-O-methyl-carnosic acid 

isorosmanol 

Figure 22. Binding pose (a) and interaction (b) of the selected compounds at the P. carotovorum endo-

polygalacturonase (PehA) binding site. a) The protein is reported as light-brown ribbons; the ligand is 

reported as capped sticks; H-bonds are presented as cyan dotted lines. b) The ligand is surrounded by the 

protein residues represented as follows: the negatively charged residues are indicated in red, polar 

residues are in cyan, hydrophobic residues are shown in green; H-bonds are depicted as purple arrows. 
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3.4 Conclusions 
 

In the current study targeted NMR-based metabolite analysis was used to analyze local rosemary 

accessions compared with commercial cultivars grown in both the same and different climatic 

conditions and geographical areas. Unsupervised techniques, i.e. principal component analysis 

(PCA), clustering, and self-organizing maps (SOMs) were applied 158. Multivariate data analysis 

showed that accessions from Campania region differed from the Ligurian ones, thus leading to 

hypothesize the influence of geographical location in the composition and abundance of 

metabolites in rosemary extracts. Moreover, the cluster analysis reported the accessions of “Eretto 

Liguria” well characterized among the other Ligurian cultivars and ecotypes, showing high content 

of carnosic acid. The methanolic extracts of the rosemary accessions and all the selected abietane 

diterpenoids exhibited antimicrobial activity against Pectobacterium carotovorum subsp. 

carotovorum on potatoes tuber slices. “Eretto Liguria” achieved one of the best results in the 

inhibition of pectolytic activity. The antimicrobial activity of the different extracts appeared to be 

not linked to distribution of the different accessions in the clusters. This indicate that the 

differences in relative abundance of individual compounds within the phytocomplex are almost 

marginal. Isorosmanol, carnosol and 7-O-methylrosmanol completely inhibited the bacterial 

pectolytic activity. In addition, the in silico study suggested possible molecular interactions of 7-

O-methyl-rosmanol. 7-O-methyl-rosmanol, carnosol, isorosmanol and carnosic acid with 

Pectobacterium carotovorum subsp. carotovorum pectolytic enzymes. These results pointed out 

that treatments with methanolic rosemary extracts may reduce the severity of soft rot disease also 

during storage, and these extracts could be studied further as an alternative strategy for bacterial 

soft rot management.  

  



95 

 

Chapter 4.  

Evaluation of the activity of abietane diterpenoids from 

Salvia rosmarinus Spenn. on Staphylococcus aureus 

quorum sensing 
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4.1 Introduction 
 

The antibacterial activity of S. rosmarinus extracts has been demonstrated in several studies, 

including in vitro and in vivo studies. In vitro studies have shown that rosemary extracts can inhibit 

the growth of a wide range of bacterial species, including gram-positive and gram-negative 

bacteria. In vivo studies have also shown that these extracts can reduce the bacterial load in infected 

animals, suggesting that they may have potential as antimicrobial agents. While the antibacterial 

activity of S. rosmarinus extracts is promising, more research is needed to fully understand their 

potential as antimicrobial agents and to determine the most effective ways to use them. It is also 

worth noting that the antibacterial activity of these extracts may vary depending on the specific 

strain of bacteria and the conditions of the infection.  

Staphylococcus aureus is strongly associated with periodontitis and other oral cavity diseases 159. 

It is considered a major human pathogen implicated in a broad range of diseases, and most of them 

are associated with biofilm formation 159. A biofilm is a thin, slimy layer of microorganisms that 

forms on the surface of a solid substrate, such as a rock, a piece of metal, or a medical device. 

Biofilms are composed of a diverse community of bacteria, fungi, and other microorganisms that 

are held together by a matrix of extracellular polymeric substances (EPS). The EPS provides 

structural support to the biofilm and helps to protect the microorganisms from physical and 

chemical stresses. Biofilms are a common form of microbial life and can be found in a wide range 

of environments, including aquatic, terrestrial, and human-made systems. In some cases, biofilms 

are beneficial, such as when they form on the surface of plants and provide protection from 

pathogens. In other cases, biofilms can cause problems, such as when they form on the surface of 

medical implants and cause infections 160. The biofilm formation is a dynamic process involving 

three major steps, initial attachment, biofilm maturation, and dispersal. This complex process that 

involves the attachment of microorganisms to a surface, the production of EPS, and the growth 

and division of the microorganisms. Once a biofilm has formed, the microorganisms within it can 

communicate with each other and coordinate their activities, allowing the biofilm to function as a 

single, coordinated entity. This makes biofilms difficult to control and treat, and they are often 

resistant to antibiotics and other antimicrobial agents. The attachment is mediated by surface 

proteins, indispensable for the adhesion of matrix molecules. Biofilm growth leads to the 

progression of chronic diseases, decreasing antibiotic diffusion rate 161. Methicillin-resistant 

Staphylococcus aureus (MRSA) is a type of bacteria that is resistant to the antibiotic methicillin 

and other commonly used antibiotics. MRSA is a serious public health concern because it can 

cause severe infections that are difficult to treat. S. aureus is a type of bacteria that is found on the 

skin and in the noses of healthy individuals. In some cases, S. aureus can cause infections if it 

enters the body through cuts or other wounds. These infections can range from mild to severe, and 
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they can affect different parts of the body, including the skin, the lungs, and the blood. MRSA is 

a strain of S. aureus that has developed resistance to methicillin and other antibiotics. This means 

that MRSA infections can be difficult to treat, and they can lead to serious complications and even 

death if left untreated. MRSA is also highly contagious, and it can spread from person to person 

through direct contact or through contaminated objects. The Centers for Disease Control and 

Prevention (CDC) estimates that MRSA infections account for more than 11,000 deaths per year 

in the United States alone. MRSA is also a major problem in hospitals and other healthcare 

settings, where it can spread easily among patients and healthcare workers. As a result, preventing 

and controlling MRSA infections is a priority for public health officials 162-165. Quorum sensing 

(QS) is a cell-cell communication process that allows bacteria to survive as multi-cellular 

organizations and it regulates several physiological activities include symbiosis, virulence, 

competence, conjugation, antibiotic production, motility, sporulation, and biofilm formation. 

Quorum sensing is a mechanism that allows bacteria to coordinate their behavior in response to 

changes in population density 166. Gram-negative and Gram-positive bacteria use different 

mechanisms to communicate and to control their gene expression 167. In MRSA, quorum sensing 

is mediated by the agr locus, which encodes a system that allows the bacteria to sense their own 

population density and to respond to changes in that density by regulating the expression of genes 

that are involved in virulence. Several diseases are caused by biofilm-associated S. aureus, 

infections in which the accessory gene regulator (agr) quorum-sensing system is thought to play 

an important role 168. 

AgrA is a protein that is produced by the agr locus in S. AgrA is a member of the LytR family of 

response regulators, which are proteins that are involved in the regulation of gene expression in 

bacteria. The agr locus encodes a quorum-sensing system, which allows S. aureus to coordinate 

its behavior in response to changes in population density. AgrA is an important component of this 

system, and it plays a key role in regulating the expression of genes that are involved in the 

virulence of S. aureus. The LytR family of response regulators is named after the protein LytR, 

which is involved in the regulation of cell division in Bacillus subtilis, a type of bacteria that is 

closely related to S. aureus. Members of the LytR family are characterized by a common structural 

motif, known as the helix-turn-helix (HTH) domain, which is involved in DNA binding. AgrA and 

other members of the LytR family are transcription factors, which means that they bind to specific 

DNA sequences and regulate the expression of genes that are located near those sequences. In the 

case of AgrA, it binds to DNA sequences in the promoter region of genes that are involved in the 

virulence of S. aureus and activates or represses their expression. This allows AgrA to fine-tune 

the expression of virulence genes in response to changes in the environment and in the population 

density of S. aureus. Recently, different selective inhibitors of the AgrA-DNA binding have been 

reported as a novel strategy to promote host defence 169. Agr is considered the prototype quorum-

sensing regulator system in Gram-positive bacteria 170. S. aureus agr system is responsible for the 
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up regulation of virulence factors involved in endocarditis, skin and soft tissue infections 171, 

hospital-acquired pneumonia 172, and septic arthritis and osteomyelitis 173. AgrCA is a histidine 

kinase two-component system in which AgrC is the signal receptor and AgrA is the response 

regulator. AgrA is a member of LytR family of response regulators 174. The autoinducing peptide 

(AIP) activates the AgrC-AgrA two-component system and phosphorylated AgrA activates 

transcription from the P2 promoter, resulting in auto-feedback regulation 175. Accessory gene 

regulator (agr) and accessory regulator (sarA) are directly involved in biofilm formation and 

development These two regulators have been defined as molecular switches of biofilm regulation 

and their activation/suppression determines a variety of factors 176. Many regulatory mechanisms 

are involved in the biofilm phenotype of S. aureus, but their exact role is still unclear. The 

correlation between agr signaling and biofilm formation has been studied, underling that agr locus 

as fully expressed 177. AgrA is involved in different stages of biofilm formation: attachment, cell–

cell adhesion and detachment 178.  

The antimicrobial activity of rosemary extracts is mainly ascribed to the action of two abietane 

diterpenoids, carnosic acid and carnosol. Carnosic acid and carnosol are used as natural ingredients 

in a variety of products, including dietary supplements, cosmetics, and food products. They are 

considered safe for human consumption and have been granted Generally Recognized as Safe 

(GRAS) status by the United States Food and Drug Administration. Rosemary extracts containing 

carnosic acid and carnosol have been reported to inhibit S. aureus agr expression 179. Carnosic acid 

specifically inhibit RNAIII agr virulence expression 179. RNAIII is a regulatory RNA molecule 

that is produced by the agr locus in S. aureus. The agr locus is a genetic locus that encodes a 

quorum-sensing system, which allows S. aureus to coordinate its behavior in response to changes 

in population density. RNAIII is an important component of this system, and it plays a key role in 

regulating the expression of genes that are involved in the virulence of S. aureus.  

The aim of this work was to evaluate the possibility of using plant biomass of S. rosmarinus after 

the harvest of stem apex for the sale in vegetable markets. Carnosic acid, carnosol, 7-O-

methylrosmanol, 12-O-methylcarnosic acid were isolated from the methanolic extract of the 

residual aerial parts of the plant after harvesting. Among them, carnosic acid and carnosol, the 

major extract constituents, were evaluated for their activity as quorum sensing inhibitors. The 

possible binding interaction pattern of carnosic acid and carnosol on AgrA active site was 

investigated by means of docking simulations. The antimicrobial activity of the tested compounds 

was assessed through determination of the minimum inhibitory concentration (MIC). Carnosic 

acid was studied for the potential effect in altering the growth kinetics of bacteria. The interference 

with the quorum sensing signal in MRSA refers to the use of compounds that can inhibit or disrupt 

the quorum sensing system in MRSA. This can be achieved by targeting specific components of 

the system, such as the proteins that are involved in signal transduction or the genes that are 

regulated by the system. Different features make bioluminescence assay a valuable tool for 
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studying a wide range of biological processes. Bioluminescence assay is based on the ability of 

some organisms to produce light through a chemical reaction called bioluminescence. This 

reaction involves the conversion of a substrate, such as luciferin, into a product, such as 

oxyluciferin, in the presence of an enzyme called luciferase. The light that is produced by this 

reaction is typically in the blue or green part of the visible spectrum and is measured using a 

sensitive detector, such as a photomultiplier tube or a charge-coupled device (CCD) camera. 

Bioluminescence assay is a versatile and sensitive technique that has many applications in biology 

and biochemistry. It is commonly used to study the activity of enzymes, including the kinetics of 

enzyme-catalysed reactions and the effects of inhibitors on enzyme activity. It is also used to study 

the behaviour and function of cells, including their response to stimuli and their ability to interact 

with other cells. Bioluminescence assay is also highly sensitive, allowing researchers to detect 

very small amounts of light and to measure changes in bioluminescence over time. The 

interference with the quorum sensing signal in MRSA and the inhibition of the expression of 

virulence factors regulated by the agr-system have been studied. Interfering with the quorum 

sensing signal in MRSA can have several beneficial effects. By disrupting the ability of MRSA to 

coordinate its behaviour, it may be possible to reduce the virulence of the bacteria and to make 

them more susceptible to antibiotics and other antimicrobial agents. This could potentially lead to 

the development of new treatments for MRSA infections. Carnosic acid was also investigated for 

its specificity of Staphylococcus species. Moreover, the absence of cell toxicity for the possible 

use in clinical disease was established.   
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4.2 Material and methods 

 

4.2.1 Work flowchart 
 

 

 

4.2.2 Plant material 

Fresh aerial parts (351.5 g) of the ecotype Salvia rosmarinus Spenn. “Eretto Liguria”, grown in 

Albenga (Savona Italy) (Accession number 1, Table 2, Chapter 3) were collected in July 2021 

from plants from which the apical parts intended for the food market were taken. The methanolic 

extract (10.9 g) was then prepared from the dried biomass (113.3 g) as described in Chapter 3. 

Abietane diterpenoids (carnosol, C1; 7-O-methylrosmanol, C2; 12-O-methylcarnosic acid, C3; 

carnosic acid, C4), and a mixture of triterpenoids (ursolic and oleanolic acids) were then obtained 

from the methanolic extract following the procedure reported in Bisio et al. 180. 

 

4.2.3 Molecular docking 

The crystal structure of S. aureus AgrA LytTR domain (PDB code: 4G4K) 181 was obtained from 

the Protein Data Bank 62. Missing side chains and hydrogens were added and optimized using the 
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Protein Preparation Wizard embedded in Schrödinger Suite 2020-4, pH was set to 6.0 ± 1.0 value, 

optimizing the protonation states and the formation of disulphide bridges. Water molecules were 

removed, according to the protocol already described by Sastry et al. 182. The structure was then 

energy minimized using the OPLS3e force field to constrain heavy atoms. The binding site of 

AgrA was defined by us as previously described by Leonard et. al., as a common locus at the C-

terminal end of the LytTR domain, a site known to be important for DNA binding activity 181. The 

chemical structures of carnosic acid and carnosol were built with Maestro Build Panel and 

energetically minimized with LigPrep module using OPLS3e force field 148. 4-phenoxyphenol and 

9H-xanthene-9-carboxylic acid were used as controls. For each ligand, conformational search was 

performed considering all possible tautomers and protonation states at a pH of 6.0 ± 1.0. The 

generated conformers were then clustered by means of the clustering of conformer tool and the 

lowest energy conformer from each cluster, for each ligand, was considered for docking studies. 

The Receptor Grid Generation tool in the Glide module was used 72. The 35 Å3 grid box was 

defined as the AgrA active site (Ser231, Val232, Arg233, Asn234, Lys236, Lys237 and Ile238) 

where compounds were anchored. The Glide-SP and the Glide-XP flexible docking approaches 

were applied using the Schrödinger Suite 2020-4. For each ligand the two approaches resulted in 

agreement, proposing similar binding modes. The ligands interactions were analysed by the Ligand 

interaction diagram Maestro’s tool and detected with the Protein-Ligand Interaction Profiler 

(PLIP) tool 74.  
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4.2.4 Antimicrobial assays  

The antimicrobial assays were performed by Prof. Brun (University of Padova). 

Bacterial strains and growth condition. Methicillin-resistant Staphylococcus aureus (MRSA; strain 

number 33592) and Streptococcus mutans (strain designation NCTC 10449) were purchased from 

ATCC (LGC Standards; Milan, Italy). MRSA was maintained in Lysogeny broth or agar (LB; 

Fisher Scientific; Milan, Italy). S. mutans was maintained in Brain Heart Infusion broth or agar 

(BHI; Fisher Scientific). Before each experiment, cultures of MRSA or S. mutans were inoculated 

in fresh media (dilution 1:100) and grew for 16 hours at 37°C.  

Susceptibility test. The antimicrobial activities of the abietane compounds (C1-C4) and a mixture 

of ursolic acid, oleanolic acid and carnosic acid (C5), artificially created given the antimicrobial 

properties of these triterpenes in mixture 183 were assessed through determination of the minimum 

inhibitory concentration (MIC) standardized by the Clinical and Laboratory Standards Institute 184. 

Bacterial inoculum was grown in 10 mL of MHB (medium composed of milk, honey, and 

bromothymol blue 185 at 37°C for 16 h. The concentration of bacteria was adjusted to 0.5 

McFarland standard. Bacteria were diluted in MHB and dispensed in 96-well microtiter plates 

(final bacterial concentration 1×104 CFU/well). The tested compounds and C5 were added at final 

concentrations ranging from 0 to 5 mg/mL and plates were incubated at 37°C for 16 h. The plates 

were at first visually inspected. Bacterial growth was recorded using a microplate reader 

(MultiPlateReader VictorX2; Perkin Elmer) by quantifying the adsorption at 620 nm. At the end 

of incubation, bacteria were diluted and used to inoculate MH agar plates. Uninoculated control 

wells, wells inoculated without the compounds, and wells inoculated and incubated with the 

highest final DMSO concentrations were included as controls in each test. All experiments were 

performed in triplicate.  

Bacterial growth kinetics. Compounds and C5 were further evaluated for their potential effect in 

altering the growth kinetics of bacteria. Overnight cultures of MRSA and S. mutans were collected, 

centrifuged, and suspended in LB or BHI broth at 108 CFU mL-1. Bacteria were dispensed in sterile 

96-well microtiter plates at a final concentration 1x106 CFU/100 µL and cultured with DMSO or 

compounds at the MIC resulted from the susceptibility tests. Cultures were incubated at 37°C for 

16 hrs and bacterial growth kinetics were monitored by measuring the optical density at 620 nm 

at different time points using MultiPlateReader VictorX2.  

Assessment of anti-biofilm activities. Overnight cultures of MRSA were diluted 1:100 in fresh 

media and incubated at 37°C for 2 hrs. The bacterial suspensions were then diluted 1:1000 in LB 

broth and 200 µL/well were seeded into 96 well polystyrene microtiter plates. Cultures were 

incubated at 37°C under static conditions. To identify the time of incubation useful to obtain a 

mature biofilm, plates were incubated for 16, 24, 48, 72, or 96 hs. Then, the wells were emptied 

and washed three times with sterile PBS to remove planktonic cells. Adhering cells were incubated 

with resazurin 0.01% in the dark at 37°C for 20 min 186.The non-fluorescent resazurin (blue) was 



103 

 

reduced to highly fluorescent resorufin (pink) by dehydrogenase enzymes in metabolically active 

cells. The relative fluorescence units (RFU) of resorufin were measured using a fluorimeter (Ex = 

530– 570 nm, Em = 590–620 nm: Victor X2 Multilabel Microplate Reader).  

To assess the effect of the compounds and C5 on mature biofilms, cultures of MRSA or S. mutans 

were prepared as described above. The compounds and C5 were added at the MIC to the mature 

biofilms and cultures were incubated for 16 hrs at 37°C. At the end of incubation, the culture media 

were discarded, and wells were washed three times with sterile PBS to remove planktonic cells. 

Adhering bacteria were stained with 150 µl of 0.1% (w/v) Crystal violet (CV; Merck, Milan, Italy) 

solution for 15 min at room temperature. The plates were washed, air dried, and CV was 

solubilized in 125 µl of 30% (v/v) glacial acetic acid. The optical density was measured at 570 nm 

using a microplate reader (MultiPlateReader VictorX2). Bacteria incubated with DMSO assigned 

100% biofilm formation. All the experiments were performed three times with triplicate 

determinations for each condition.  

Bioluminescence assay. To assess the involvement of the Quorum Sensing system in the effects 

of the tested compounds, we set up screening assays using the biosensor Vibrio harveyi. MRSA 

(106 CFU mL-1) was cultured for 24 hrs at 37°C in LB broth supplemented with DMSO or 

compounds. At the end of incubation, cultures were collected by centrifugation (3.000 rpm, 6 min) 

and the conditioned media were sterile filtered to obtain bacteria free samples containing all the 

QS molecules released by MRSA, including AI-2 able to stimulate the V. harveyi bioluminescence. 

V. harveyi was grown in Marine Broth at 30°C for 16 hrs with shaking. Cultures of V. harveyi 

were collected and 1:5000 dilutions into fresh AB medium were prepared. Ninety μl of V. harveyi 

cultures were mixed with ten µl of sterile-filtered culture media of MRSA. The mixtures were 

seeded into sterile 96-well white microtiter plate (Costar). Plates were incubated overnight at 30°C 

and bioluminescence was quantified using MultiPlateReader VictorX2 187. The bioluminescent 

signal from V. harveyi cultures was normalized to bacterial growth determined using 

spectrophotometer (MultiPlateReader VictorX2) at OD 620 nm. MRSA cultures not exposed to 

any compound was used as positive control and its bioluminescence (normalized to bacterial 

growth) was arbitrarily set to 100% of the signal.  

Total RNA Isolation and Quantitative RT-PCR. MRSA was cultured in LB supplemented with 

DMSO or compounds for 16 hrs, a condition previously report to induce the maximal gene 

expression 187. Cultures were centrifuged and total RNA was isolated and purified from the 

bacterial pellets using the GRS Total RNA Kit – Bacteria (GK16.0100; GRISP Research Solution, 

Porto, Portugal) following the manufacturer’s instructions. Purified RNA was subjected to DNase 

I treatment to remove contaminating DNA. The RNA yield and purity were assessed by measuring 

the absorbance, and only samples with a ratio 260/280 nm in the 1.8-2 range were used. cDNA 

was generated using cDNA RT kit with an RNAse inhibitor (Applied Biosystems; Monza, Milan). 

Quantitative PCR (qRT-PCR) was performed using SYBRR green mixture (iScript One Step RT-
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PCR kit; Bio-Rad, Segrate, Milan) to determine transcript levels of genes using oligonucleotides 

listed in Table 1. The 16S and gyrB genes served as housekeeping genes. The data were analysed 

using the Ct method; the samples incubated with vehicle (DMSO) were used as the control. All 

the samples were assessed in triplicate.  

 

Table 1. Sequences of oligonucleotides used in the qRT-PCR experiments. 

16S fw 5’-AAACTCAAAKGAATTGACGG-3’ rv 5’-CTCACRRCACGAGCTGAC-3’ 

gyrB fw 5’-CAAATGATCACAGCATTTGGTACAG-3’ rv 5’-CGGCATCAGTCATAATGACGAT-3’ 

rnaIII fw 5’-TTCACTGTGTCGATAATCCA-3’ rv 5’-TGATTTCAATGGCACAAGAT-3’ 

agrA fw 5’-GCACATACACGCTTACAATTGTTG-3’rv 5’-ACACTGAATTACTGCCACGTTTTAAT-3’ 

hla fw 5’-ATGGATAGAAAAGCATCCAAACA-3’ rv 5’-TTTCCAATTTGTTGAAGTCCAAT-3’ 

psmα fw 5’-TATCAAAAGCTTAATCGAACAATTC-3’rv 5’-CCCCTTCAAATAAGATGTTCATATC-3’ 

cap1A fw 5’-AGGCATGTCATGAGCAAAAACT-3’ rv 5’-TGTCTTGTAGTAAGTGCGGCAT-3’ 

cap1C fw 5’-TTGCACATCCAGAGCGGAAT-3’ rv 5’-TGCGCATCTGAACCGATGAA-3’ 

 

Cell cytotoxicity and intracellular bacterial killing. A549 (ATCC® CCL-185TM) cell line and 

J774A.1 (ATCC® TIB-67™) cell line were cultured in Dulbecco’s modified Eagle’s medium 

(DMEM) supplemented with 10% heat-inactivated fetal bovine serum (FBS) and 1% 

penicillin/streptomycin (all purchased from ThermoFisher Scientific; Milan, Italy). THP-1 cells 

(ATCC® TIB-202TM) were maintained in RPMI 1640 supplemented with 10% FBS, Hepes (10 

mM), sodium pyruvate (1 mM; ThermoFisher Scientific) and β-mercaptoethanol (0.05 mM, 

Merck; Milan, Italy) and incubated at 37°C with 5% CO2 in a humidified incubator. Cells were 

grown to a density of 1×105 cells/ml. For differentiation to macrophage phenotype, THP-1 cells 

(1×105 cells/well) were added with phorbol 12-myristate 13-acetate (PMA, 50 nM; Merck) and 

cultured for 48 hrs. To assess cell availability, we incubated cells for 16 hrs at 37°C with the tested 

extract. Cell cultures were then added of MTT (3-(4,5-dimethylthiazol-2-yL)-2,5-

diphenyltetrazolium bromide, Merck) solution (5 mg/mL) for 4 hrs at 37°C. Formazan crystals 

were solubilized in 100 μL of SDS 10% w/vol HCl 0.01 N and the absorbance was recorded 16 

hrs later at 590 nm using a microplate reader (Victor X2 Multilabel Microplate Reader). Treatment 

using the highest final DMSO concentration was used as the control. 

For the intracellular bacterial killing, MRSA was cultured overnight in LB medium with the pure 

molecule or DMSO. Bacteria were then washed and incubated with differentiated THP-1 cells at 

the multiplicity of infection (MOI) 1:1. Culture plates were centrifuged at 500×g for 3 min to 

facilitate cell-bacteria contact and then incubated at 37°C in 5% CO2 for 1 hr to allow phagocytosis. 

At the end of incubation, cells were treated with lysostaphin (2 mg/mL, 15 min; Merck) to kill 

extracellular bacteria. To enumerate phagocyted bacteria, we disrupted cell membranes using 
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PBS/0.1% Triton-X-100. The collected cell lysates were serially diluted and seeded on LB agar 

plates for 16 hrs at 37°C.  

 

4.3 Results and discussion 

4.3.1 Molecular docking  

The binding of carnosic acid and carnosol, the major extract constituents, on the conserved regions 

at the C-terminus of S. Aureus AgrA was investigated using the Schrödinger Suite 2020-4. 

According to Leornard 181 et al., the AgrA box was centered at residues from Ser231 to Ile238 188. 

In this region, carnosic acid catechol moiety was bound to Ile238 with two H-bonds (1.69 Å and 

1.68 Å). An additional H-bond (3.79 Å) with Ile238 has been observed. Carnosol was bound to 

Ile238 and Lys236 with two H-bonds, the terminal residue of the target protein. Ligands binding 

pose and interactions at the conserved AgrA active site are reported in Figure 1-2. Carnosic acid 

achieved the best Glide binding energy (-22.622 kcal/mol). 4-phenoxyphenol and 9H-xanthene-9-

carboxylic acid, described by Leonard et al., reported similar binding energy values in the same 

binding pocket, -22.191 kcal/mol and -20.841 kcal/mol, respectively. Carnosol reported similar 

binding energy value (-19.148 kcal/mol). 4-phenoxyphenol was bound to AgrA active site with 

the hydroxyl group. Carnosic acid and carnosol reported the same binding trend, thus explaining 

the importance of the catechol moiety. Recently, studies of S. aureus virulence mechanisms 

underlined different inhibitors directed toward the transcriptional activator AgrA-DNA and 

RNAIII 189. Moreover different residues have been reported for their remarkable role in the QS 

regulation 190, in particular those reported by Leonard et al. Targeting AgrA in MRSA refers to the 

use of compounds or other interventions that can specifically inhibit or disrupt the function of 

AgrA in MRSA. This can be achieved by blocking the ability of AgrA to bind to DNA, by 

inhibiting the activity of the enzymes that are required for AgrA to function, or by other means. 

These results pointed out the potential binding of the abietane diterpenes, carnosic acid and 

carnosol, with the response regulator AgrA in the obstacle of the phosphorylation cascade. 

Considering the binding energy results, carnosic acid was selected for antimicrobial investigation. 

In particular, the impact of carnosic acid on the expression of agrA and agrA-related virulence 

genes was evaluated. 
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Figure 1. Binding pose (a) and interactions (b) of carnosic acid at the conserved AgrA active site. a: the 

protein is reported as red-blue ribbons; the ligand is reported as purple capped sticks; H-bonds are presented 

as yellow dotted lines. b: the ligand is surrounded by the protein residues represented as follows: the 

negatively charged residues are indicated in red, polar residues are in cyan, hydrophobic residues are shown 

in green; H-bonds are depicted as purple arrows. 

 

 

 

 

 

 

Figure 2. Binding pose (a) and interactions (b) of carnosol at the conserved AgrA active site. (a): the protein 

is reported as purple/blue ribbons, ligand is reported in blue as capped sticks. H-bonds are presented as 

yellow dotted lines. (b): carnosol is surrounded by the protein residues represented as follows: the 

negatively charged residues are indicated in red, polar residues are in cyan, hydrophobic residues are shown 

in green. H-bonds are presented as purple arrows. 

  



107 

 

4.3.2 Antimicrobial assays  

Minimum inhibitory concentrations. As determined by the microdilution method, carnosol, 7-O-

methylrosmanol, 12-O-methylcarnosic acid, carnosic acid and C5 reported MIC values higher than 

5 mg/mL in MRSA. The compounds and the mixture showed no bactericidal activity. However, 

MIC values did not exclude any bacteriostatic effect or presence of cellular debris that interfere 

with the optical density (O.D.) value. Considering the susceptibility assays, we focused our studies 

on compounds 1-4 and on mixture 5 for following assays. 

Interference of compounds in the viability of MRSA. To further investigate the effects of 

compounds in growth kinetics in MRSA, bacteria were cultured in the presence of vehicle or 

nontoxic compounds at 0.5 and 0.05 mg/mL. The O.D. at 620 nm was monitored for 16 hrs to 

measure the microbial growth curve. Compounds and C5 had no significant effects on bacterial 

growth (Figure 3). At the same, the colony counting assay was not reduced by incubation with 

compounds for 16 hrs (Figure 4) indicating no bactericidal and no bacteriostatic activities. Indeed, 

compound 3 at 0.005 mg/mL was able to significantly increase the number of colonies in MRSA 

cultured for 16 hrs. In addition to compound 3, the mixture of triterpenoids (C5) increased the 

number of colonies at the lowest concentration.  

 

 

Figure 3. Effects of compounds 1-4 and of mixture 5 in the exponential growth phase of MRSA. Bacteria 

were incubated for 16 hrs and the growth kinetics were recorded every two hrs for 16 hrs at 620 nm. C1: 

carnosol; C2: 7-O-methylrosmanol; C3: 12-O-methylcarnosic acid; C4: carnosic acid; C5: mixture of 

triterpenoids (ursolic and oleanolic acids) with carnosic acid tested at 0.5 mg/mL, 0.05 mg/mL, 0.005 

mg/mL. Data are reported as mean ± st err of three independent experiments, each performed in triplicate. 

* denotes p<0.05 vs DMSO.  
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Figure 4. Colony counting assay in MRSA (strain number 33592) cultures incubated for 16 hrs. C1: 

carnosol; C2: 7-O-methylrosmanol; C3: 12-O-methylcarnosic acid; C4: carnosic acid; C5: mixture of 

triterpenoids (ursolic and oleanolic acids) with carnosic acid. *means p<0.05 vs DMSO. 

 

In S. aureus, the biofilm formation is considered a major virulence factor induced by quorum 

sensing activation. Our preliminary experiments reported that in cultures of MRSA the number of 

adherent bacterial cells increased following 24 hrs incubation, picked at 48 hrs, and then reduced 

at 72 hrs (data not shown). To evaluate the interference of compounds in biofilm formation, 

bacteria were added with 0.05 mg/mL of compounds and incubated for 48 hrs. Media and stimuli 

were renewed every 24 hrs. 

As reported in Figure. 4, carnosic acid significantly reduced biofilm formation as compared with 

cultures incubated with the vehicle alone (DMSO). No other concentrations of carnosic acid were 

able to reduce biofilm formation (data not shown). The effects of carnosic acid in the mature 

biofilm were assessed by adding 0.05 mg/mL C4 to MRSA biofilm growth for 8 hrs. Cultures were 

stopped 24 hrs later and biofilm was assessed by crystal violet staining.  

Figure 5. Study of the involvement of the QS system: screening tests with V. harveyi. C1: carnosol; C2: 7-

O-methylrosmanol; C3: 12-O-methylcarnosic acid; C4: carnosic acid. 
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To correlate the biofilm prevention activity of carnosic acid with the interference with the Quorum 

sensing system of MRSA, bacterial cultures were added with compounds 0.5 or 0.05 mg/mL. 

Conditioned filtered media were incubated with cultures of V. harveyi. We arbitrarily assigned a 

100% luminescence value to the signal produced by V. harveyi following incubation with MRSA 

+ vehicle (DMSO 0.05%). Data reported in Figure 5 revealed that only carnosic acid (C4) at 0.05 

mg/mL reduced the luminescence emission by more than 50%. The biofilm prevention occurs at 

the concentration of 0.05 mg/mL and no effect was shown at 0.5 mg/mL. This is probably due to 

the hormesis phenomenon, a dose-response effect characterized by a low-dose response that is 

opposite in effect to that seen at high doses. 

 

Figure 6. Expression of agrA, rnaIII, hla and psmα genes QS system. C4: carnosic acid. Data are 

reported as mean ± st err of three independent experiments, each performed in triplicate. *denotes P<0.05 

vs DMSO. 

 

We next investigated the impact of carnosic acid 0.05 mg/mL on the expression of agrA and agrA-

related virulence genes by comparing transcript levels obtained by qPCR from MRSA incubated 

with DMSO or compound 4. As reported in Figure 6, carnosic acid significantly downregulated 

the expression of the tested genes, namely agrA (the regulatory protein of QS in S. aureus), rnaIII 
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(one of the main intracellular effectors of the QS), hla (gene coding the α-hemolysin toxin), psmα 

(gene coding toxins involved in bacterial invasion).  

Figure 7. Effects of C4 on MRSA intracellular killing. MRSA was incubated for 16 hrs with C4 (0.05 

mg/mL) or DMSO. Bacteria were then incubated with differentiated THP-1 (MOI 1:1) to assess phagocytic 

activity. Viable bacteria were enumerated by seeding the samples on LB agar plates. C4: carnosic acid. 

Data are reported as meanst err of three independent experiments, each performed in triplicate. *denotes 

P<0.05 vs DMSO. 

As carnosic acid was the only effective compound in biofilm prevention at the concentration of 

0.05 mg/mL, it was added al T=0 during the biofilm development and at T=8 hrs (biofilm already 

formed). Carnosic acid reduced the biofilm formation when added at T=0, but it reported to be not 

effective in destroying formed and mature biofilm, thus confirming its efficacy as biofilm 

preventing agent (Figure 7).  

These selected compounds reported bactericidal activities at concentration below 0.5 mg/mL on 

S. mutans. To confirm the specific activity of carnosic acid with AgrA response regulator, 

luminescence screening with V. harveyi and with the O.D. value was carried out. Carnosic acid 

did not report any effects on S. mutans thus confirming the great species-specificity of the 

compound acting on MRSA (Figure 8). Furthermore, the compound toxicity on eukaryotic cells 

was evaluated. The MTT assay was used to measure cellular metabolic cytotoxicity on different 

cell lines: A549 (adenocarcinomic human alveolar basal epithelial cells), J774 (reticulum cell 

sarcoma) and THP1 (human leukemia monocytic cell line). Carnosic acid did not show toxicity 

effects on the different cell lines at 0.05 mg/mL (Figure 9). 

 

 

Figure 8. Specificity of C4: experiment on other bacterial species, S. mutans. C4: carnosic acid. 
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Figure 9. MTT assay to evaluate the absence of toxicity in cells. C4 at 0.05 mg/mL. C4: carnosic acid. 

 

4.4 Conclusions 

Abietane diterpenes are the most abundant compounds in S. rosmarinus and they are known for 

antibacterial and antioxidant properties. Among the different compounds, carnosic acid and 

carnosol were investigated for their interaction with AgrA response regulator through molecular 

docking simulations. The compounds reported several interactions with key residues in the binding 

pocket. Carnosic acid reported the best binding energy value in the AgrA active site. Carnosic acid 

showed to inhibit the biofilm formation in MRSA, to downregulate the agrA and agrA-related 

virulence genes expression, like rnaIII, one of the key effectors of the QS. Carnosic acid 

demonstrated to be species-specific to MRSA without any effect on S. mutans. Further research is 

needed to fully understand the mechanisms of AgrA and the agr locus in MRSA and to develop 

effective strategies for disrupting their function. 
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Chapter 5. 

Labdane diterpenoids from Salvia tingitana Etl. 

synergize with clindamycin against methicillin-

resistant Staphylococcus aureus 
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5.1 Introduction 

Salvia tingitana Etl. (Lamiaceae) is an aromatic woody perennial shrub originating from North 

Africa and the Middle East and is now cultivated as an ornamental plant in different parts of the 

world 191. S. tingitana has been described since the 17th century, often confused with other species, 

especially with S. sclarea 191. S. tingitana has recently been introduced in the cultivation of 

ornamental plants in Liguria, as a product of the identification activities of new species of 

ornamental value for the market of flowers and garden plants sold in pots. The main constituents 

of the aerial parts of the species are the labdane diterpenoids sclareol and manool (Figure 1).  

 

 

Figure 1. Labdane diterpenoids isolated from S. tingitana. 1: sclareol; 2: manool. 

Labdane type diterpenes have been described in tissues of fungi, insects, marine organisms, and 

in essential oils, resins, and tissues of higher plants. They have been isolated from several plant 

families, in particular from Lamiaceae, Asteraceae and Zingiberaceae, considered the most 

important sources of labdane diterpenoids 192. Labdane diterpenoids reported to achieve several 

biological activities such as antimicrobial, antiviral, anti-inflammatory, cytotoxic, antitumor, 

phytotoxic 193,194. Sclareol and manool are known to possess bacteriostatic and bactericidal 

activities 195.  

Sclareol (labd-14-ene-8, 13-diol) has been firstly isolated from the plant Salvia sclarea L., also 

existed in several other plant species, comprising Cistus creticus (Cistaceae), Nicotiana glutinosa 

(Solanaceae) and Cleome spinosa (Brassicaceae). Sclareol is widely used in fragrance industry and 

as starting material for the Ambrox® production 196. It has reported extensive activities against 

cancer via multiple signalling pathways involving cell proliferation, apoptosis and cell cycle arrest 
197. It also has showed significantly attenuated inflammatory severity, in particular sclareol 

decreased the productions of pro-inflammatory cytokines in y dermatitis and eczema 198. Different 

studies highlighted the anti-hypertensive and anti-diabetic effects, by the reduction of blood 

pressure and the inactivation of MAPKs and NF-κB pathway 199. The anti-microbial effect of 

sclareol against Candida yeasts, including C. albicans, C. glabrata, C. parapsilosis, and C. 
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tropicalis have been reported 200. Manool has been isolated from other Lamiaceae sources, i.e. the 

essential oil of Origanum scabrum 195, of Origanum dayi 201, and of Thymus fallax 202, as well as 

from other plant families as Asteraceae (i.e. Leuzea acaulis) 203, Cleomaceae (i.e. Cleome spinosa) 
204, Malvaceae (i.e. Kitaibelia vitifolia) 205, Solanaceae (i.e. Nicotiana longiflora) 206, Apiaceae 

(i.e. Arctopus spp.) 207. This labdane diterpenoid exhibited a considerable reduction in DXR-

induced chromosomal damage 208.  

Manool has been shown to be active against several bacteria associated with periodontitis 

(Bacteroids fragilis, Actinomyces naeslundii, Porphyromonas gingi-valis, Peptostreptococcus 

anaerobius, and Prevotella nigrescens) 209. In a previous study, labdane diterpenoids isolated from 

the aerial parts S. tingitana reported antimicrobial activity of against Gram-positive bacteria 210. 

Sclareol and manool reported an inhibition of ATP production of 70%, and 60%, respectively 210.  

The purpose of this work was to identify the species as a possible commercial source of these 

compounds and to verify the possibility of synergy of these compounds with antibiotics. Sclareol, 

previously reported as the main constituent (1.2%) of the dichloromethane extract of the aerial 

parts of S. tingitana 210, was investigated also in the total extracts of the aerial parts, the roots, and 

the flowers of this species, as well as in the in vitro cultured callus. Sclareol and manool were then 

studied to assess their antimicrobial activity as possible quorum sensing inhibitors (QSI) against 

MRSA.  

The speedy propagation of multi-drug resistant (MDR) strains, especially methicillin resistant S. 

aureus (MRSA), is a constraint to public health 162 and the treatment of these strains remains a 

challenge to this day. MDR is a worldwide concern that has a very bad impact on healthcare. Its 

development is extensive rise in the number of immunocompromised conditions 211. 

Staphylococcus aureus is a Gram-positive human commensal widely associated with skin 

colonization and biofilm-related infections 174. It is associated with the development of numerous 

tissue infections, osteomyelitis, endocarditis, and toxic shock syndrome. Besides this, S. aureus 

developed resistance to almost all antibiotic drugs that are so far used and among them methicillin 

and vancomycin are the two drugs that have shown resistance 212. Bacteria produce signal 

molecules to communicate and to promote invasive infection and virulence in host tissues. Quorum 

sensing (QS) is a cell-to-cell communication system, population density dependent 174. Different 

processes are controlled by quorum sensing system, such as competence, virulence, biofilm 

formation and sporulation 213. A large repertoire of virulence genes is responsible of different 

diseases are associated with S. aureus infection 162. S. aureus rely virulence factors to establish 

and maintain infection, depending on its growth phase 214. Among these, the accessory gene 

regulator (agr) has also been implicated in biofilm formation and dissemination in S. aureus 159. 

The agr quorum sensing system has been suggested as an emerging and promising antimicrobial 

drug target because suppression of the agr system attenuates S. aureus virulence in animal models 
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of infection 189,215. The combination of QSI and antibiotics offers the best therapeutical option 

because their multiple targeted actions and low possibilities in occurrence of resistance 216. Agr 

quorum sensing system lead to the production of many signalling molecules and virulence factors 
214. This process is mediated by a phosphorylation cascade influences the activity of a DNA-

binding transcriptional regulatory protein called response regulators 217. Agr has been discussed as 

the paradigm of quorum-sensing regulator system in Gram-positive bacteria 170. Agr locus is 

composed of two divergent transcripts called RNAII and RNAIII, which are under the control of 

P2 and P3 promoters, respectively. The autoinducing peptide (AIP), encoded by agrD, binding 

induces a response of the AgrC and AgrA regulator pair, leading to phosphorylation of AgrA. 

When phosphorylated, AgrA, via an unknown mechanism, increases the concentration of RNAIII, 

thus activate the expression of secreted virulence factors (Figure 2) 218,169. The accessory gene 

regulator A (AgrA) is a response regulator of LytTR family of response regulators 175. It therefore 

regulates the expression of the gene involved in exotoxin synthesis and controls the production of 

virulence factor in S. aureus 178. The molecular interactions between the LytTR domain and DNA, 

have been elucidated, from the crystal structure of the DNA-bound complex of the LytTR domain 

of S. aureus (AgrA), which is a cell density (quorum) responsive global virulence-associated 218. 

QS has become an interesting target for the discovery and development of new therapeutic agents 

since it is involved in various pathologically pertinent events. Several studies have shown that 

using QS inhibitors significantly downregulates these virulence traits in vitro as well as in vivo 
219,169,215,220,221. Our study focuses on the AgrA receptor, and we describe a QSI (quorum sensing 

inhibitor) identified in Salvia tingitana Etl. that can be able to prevent AgrA binding to DNA. Plant 

natural products and specifically oxygenated terpenoids can be significant antibacterial actors 222. 

Particularly diterpenoids are reported as a good antibiotic enhancer against methicillin-resistant 

Staphylococcus aureus (MRSA) 223. 

Clindamycin belongs to the class of lincosamide antibiotics, which binds to the 50s ribosomal 

subunit of bacteria to inhibit the protein synthesis. This antibiotic is indicated as an alternative to 

the penicillins and cephalosporins for soft-tissue, musculoskeletal infections, septic arthritis, and 

osteomyelitis. Clindamycin represents the drug of choice, combined with penicillin, for severe 

infection due to MRSA 224. Unfortunately, antimicrobial agent resistance in S. aureus has become 

an ever-increasing problem. Efflux mechanisms lead to resistance to macrolide antibiotics but are 

not linked with lincosamides. The modification of the drug-binding site on the ribosome is 

responsible of MLSB (macrolides, lincosamides, and group B streptogramins) resistance 225. 

Recently, the resistance of S. aureus was highlighted so it became necessary to use drugs that work 

in synergy. The combination of antibiotics and herbal extracts could be a strategy to enhance the 

antibacterial effect of antibiotics 226. In this study, the synergy of studied compounds with 

clindamycin was investigated with a checkerboard assay. The antimicrobial activity of the 

compounds could be related to the S. aureus virulence, as reported for different natural products 
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isolated from plants and microorganisms with adjuvant activity on existing antibiotics 227. The 

mechanism could involve the blocking of the agr operon and preventing the binding AgrA 

phosphorylation cascade. Moreover, to predict ligand binding modes and to interpret binding 

processes, molecular docking simulations has been carried out. In silico studies allowed to better 

explore the compounds possible interactions in the AgrA active site.  

 

 

Figure 2. Schematic representation of the agr system. 
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5.2 Materials and methods  

5.2.1 Work flowchart 

 

 

The biotechnological experiments were the subject of the doctoral thesis of Dr. Roméo Arago 

Dougué Kentsop. During the present study, the re-elaboration was carried out.  

The antimicrobial assays were performed by Prof. Brun (University of Padova).  

 

5.2.2 Callus induction, viability, and biomass production 

Mother plant grow up the at CREA OF greenhouse in Sanremo, Italy. Leaves were slightly 

removed and washed with water, followed by a treatment with 1% of active chlorine supplemented 

with some drops of Tween20 for 15 min. After sterilization, the leaves were cut along the midrib 

and the fragments (1 to 1.5 cm in length) were inoculated onto different culture media. All types 

of culture media consisted of agarized Murashige and Skoog (MS) medium added with ascorbic 

acid 10 mg/L 228 to reduce medium oxidation and explant tissues necrosis, supplemented with 

different combinations of KIN and 2,4-D (Table 1). The media were adjusted to pH 5.7 ± 0.2 using 
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NaOH or HCl, the agar was then added (0.8% of plant agar). The media were autoclaved at 121°C 

and 1 atm for 20 min and poured into polystyrene Petri dishes, 90 mm diameter (25 mL of 

medium/dish). For each medium, three Petri dishes containing 6 leaf explants were prepared and 

sealed with Parafilm. Two cultural conditions were investigated: light condition with a 

photoperiod of 16 h of light at 30 μE m-2s-1 and 8 h of dark or dark condition 24/24. The 

experiment was carried out for 4 weeks at 23 ± 2 °C, after this period quantity and quality data 

were recorded. The frequency of callus induction was calculated according to the following 

formula:  

Callus induction frequency (%) = 
No.  of  explants producingcallus 

No.  of explants
 X 100 

After these 4 weeks, a sample part of the new-formed callus was transferred to the respective 

culture medium without 2,4-D in the same cultural conditions for possible development of somatic 

embryos. The viability test was performed using fluorescein diacetate (FDA). The stock solution 

of FDA was prepared by diluting FDA in acetone (5 mg/mL) and stored at -18°C. A final solution 

(50 μg/mL) with distilled water was prepared. Living callus underwater with a drop of this solution 

for 30’ in dark condition. The material was observed with the fluorescence microscopy (LEICA 

DM 4000 B with GFB filter cube: excitation range blue, excitation filter BP 470/40, dichromatic 

mirror 500, suppression filter BP525/50) and the pictures were taken with LEICA DFC 350 FX. 

Three concentrations of KIN (0.46, 2.32 and 4.65 µM) in combination with 2,4-D (2.25 and 4.53 

µM) and medium without hormone “MS0” as a control (Table 1) were used. All media were 

supplemented with ascorbic acid 10 mg/L. Six Petri dishes were prepared for each combination 

and the fresh and dry weights were evaluated after 35 days of culture only in dark condition and 

at temperature of 23 ± 2°C. In a further step, three cytokinins at equimolar level (2.32 μM), namely 

kinetin, benzyl adenine, and meta-Topolin, were combined with 2,4-D 4.52 μM supplemented with 

ascorbic acid 10 mg/L. In other to find the best auxin, kinetin 2.32 μM was combined with 

equimolar concentration (4.52 μM) of 2,4-D or NAA, supplemented with ascorbic acid 10 mg/L. 

Four Petri-dishes were prepared for each combination. The fresh and dry weights were evaluated 

after 35 days of culture in dark condition and at temperature of 23 ± 2 °C. To develop a growth 

curve of the callus, pieces of 2 g of fresh callus were inoculated onto 25 mL solid MS medium 

supplemented with KIN 2.32 µM, 2,4-D 4.52 µM and 10 mg/L of ascorbic acid named MC 

medium (MC) in dark and at 23 ± 2 °C. Eighteen Petri dishes were prepared. Every one-week 

interval up to five weeks, three Petri-dishes were randomly chosen and analysed for fresh and dry 

weight. The callus was then cultured onto Petri-dishes containing 25 mL of MC medium. The 

medium was changed every 5 weeks for 14 months to reach a large biomass amount. The final 

biomass yield was obtained by culturing 80 Petri-dish containing the same medium composition 

and initially charged with fresh callus about 3.55 g of into 25 mL of medium. The cultures were 

incubated in the growth chamber at 23 ± 2 °C in dark for 5 weeks. The total biomass was harvested, 

and the fresh and dry weights were determined. 
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Table 1. Combinations of growth regulators (µM) used to induce callus from leaf explants of S. tingitana.a. 

 
 

 

 

 

a KIN: kinetin, 2,4-D: 2,4-dichlorophenoxyacetic acid. 

 

5.2.3 Phytochemical analysis 

The fresh aerial parts, the inflorescences, the flowers, and the roots of a commercial specimen of 

Salvia tingitana were obtained from CREA OF in Sanremo, Italy. The plant material was identified 

by Prof. Ammar Bader, and a voucher specimen (UQU-IT-2019/1) was deposed in the Laboratory 

of Pharmacognosy at Umm Al-Qura University, Saudi Arabia. The fresh aerial parts (516.9 g), the 

inflorescences (154.0 g), the flowers (158.7 g), the roots (209.0 g) and the dried callus (26.62 g) 

of S. tingitana were extracted with methanol affording 8.3 g, 2.5 g, 9.2 g, 24.0 g and 7.5 g of 

ground extracts, respectively. The extract of the inflorescences was fractionated by Si gel MPLC 

(Merck Kiesegel 60, 230-400 mesh, 200 g) (Merck, Darmstadt, Germany) eluting with n-

hexane/CHCl3/CH3OH at concentrations varying from 100:0:0 to 0:0:100 (1.7 L) to obtain 15 

fractions. Fraction 6 (30.5 mg) (eluted with CHCl3 from 0.84 to 0.99 L) was purified by semi-

preparative RP HPLC affording a mixture of ursolic and oleanolic acids and 1 (1.2 mg). The extract 

of the roots was fractionated by Si gel MPLC (Merck Kiesegel 60, 230-400 mesh, 200 g) (Merck, 

Darmstadt, Germany) eluting with n-hexane/CHCl3/CH3OH at concentrations varying from 

100:0:0 to 0:0:100 (1.7 L) to obtain 11 fractions. Fraction 2 (87.6 mg) (eluted with n-

hexane/CHCl3from 0.15 to 0.33 L) was purified by semi-preparative RP HPLC affording 3 (1.2 

mg) and 4 (5.2 mg). Fraction 3 (310.1 mg) (eluted with CHCl3 from 0.33 to 0.36 L) was purified 

by semi-preparative RP HPLC affording 5 (3.5 mg), 6 (3.5 mg), and 7 (11.0 mg). Fraction 4 (730.0 

mg) (eluted with CHCl3 from 0.36 to 0.39 L) was purified by semi-preparative RP HPLC affording 

6 (1.5 mg), 8 (2.4 mg), 9 (2.0 mg), and 3 (2.0 mg). Fraction 5 (770.7 mg) (eluted with CHCl3 from 

0.39 to 0.42 L) was purified by semi-preparative RP HPLC affording 8 (1.8 mg), 7 (2.4 mg), 6 

(3.1 mg) and 2 (5.4 mg). Fraction 6 (120.7 mg) (eluted with CHCl3 from 0.42 to 0.54 L) was 

purified by semi-preparative RP HPLC affording 10 (2.3 mg), and 1 (1.2 mg). Fraction 7 (183.7 

mg) (eluted with CHCl3 from 0.54 to 1.14 L) was purified by semi-preparative RP HPLC affording 

11 (2.1 mg). Fraction 8 (167.7 mg) (eluted with CHCl3/CH3OH from 1.14 to 1.23 L) was purified 

by semi-preparative RP HPLC as above affording 12 (1.8 mg) and 13 (2.0 mg). The extract of the 

callus was fractionated by Si gel MPLC (Merck Kiesegel 60, 230-400 mesh, 200 g) (Merck, 

Darmstadt, Germany) eluting with n-hexane/CHCl3/CH3OH at concentrations varying from 

100:0:0 to 0:0:100 (1.7 L) to obtain 13 fractions. Fraction 4 (40.5 mg) (eluted with CHCl3 from 

 
2,4-D (µM) 

0 2.26 4.52 22.62 

KIN 

(µM) 

0 0; 0 0; 2.26 0; 4.52 0; 22.62 

0.46 0.46; 0 0.46; 2.26 0.46; 4.52 0.46; 22.62 

2.32 2.32; 0 2.32; 2.26 2.32; 4.52 2.32; 22.62 

4.65 4.65; 0 4.65; 2.26 4.65; 4.52 4.65; 22.62 
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0.48 to 0.72 L) was purified by semi-preparative RP HPLC affording 2 (2.3 mg). Fraction 6 (40.5 

mg) (eluted with CHCl3 from 0.96 to 1.14 L) was purified by semi-preparative RP HPLC affording 

a mixture of ursolic and oleanolic acids and 1 (1.2 mg).  

 

2α,3α,12α,23-tetrahydroxyolean-28,13β-olide (13). 

1H NMR (600 MHz, CDCl3):  = 4.20 (br s, 1H, CH (12)), 4.02 (m, 1H, CH (2)), 3.68 (d, J = 3.1 Hz, 1H, CH 
(3)), 3.51 a (1H, CH2 (23)), 3.49 a (1H, CH2 (23)), 2.35 (m, 2H, CH2 (21)), 2.30 (m, 1H, CH2 (11)), 2.17 a (1H, CH2, 
(19)), 2.16 a (1H, CH2, (16)), 2.03 a (1H, CH2, (19)), 2.02 a (1H, CH, (18)), 1.93 a (1H, CH2, (15)), 1.91 a (1H, CH, 
(9)), 1.79 a (1H, CH2, (11)), 1.74 a (1H, CH2, (1)), 1.70 a (1H, CH, (5)), 1.67 a (1H, CH2, (7)), 1.63 a (2H, CH2, (22)), 
1.43 a (1H, CH2, (6)), 1.41 a (1H, CH2, (6)), 1.42 (s, 3H, CH3, (27)), 1.36 (m, 1H, CH2, (21)), 1.31 a (1H, CH2, (1)), 
1.29 a (1H, CH2, (7)), 1.28 a (1H, CH2, (16)), 1.26 a (1H, CH2, (15)), 1.20 (s, 3H, CH3, (26)), 1.00 (s, 3H, CH3, (29)), 

0.96 (s, 3H, CH3, (25)), 0.90 (s, 3H, CH3, (30)), 0.71 (s, 3H, CH3, (24)) ppm. 13C NMR (150 MHz, CDCl3):  = 
175.9 (C=O, C28), 92.2 (C-O, C13), 79.2 (CHOH, C3), 71.7 (CH2OH, C23), 66.9 (CHOH, C2), 65.2 (CHOH, C12), 
52.4 (CH, C18), 46.2 (C, C17), 45.0 (CH, C9), 44.5 (C, C14), 42.9 (C, C8), 42.8 (CH, C5), 41.9 (CH2, C1), 41.5 (C, 
C4), 40.2 (CH2, C19), 38.2 (C, C10), 34.4 (CH2, C7), 33.8 (CH2, C21), 33.7 (CH3, C29), 32.5 (C, C20), 29.9 (CH2, 
C11), 29.5 (CH2, C15), 25.3 (CH2, C22), 24.1 (CH3, C30), 21.8 (CH2, C16), 20.7 (CH3, C27), 19.3 (CH3, C26), 18.6 
(CH3, C25), 17.7 (CH2, C6), 17.6 (CH3, C24) ppm (a = overlapped signals; assignments were confirmed by COSY, 
1D-TOCSY, HSQC and HMBC experiments). HRESIMS m/z 505.3512 [M + H]+ (calcd. for C30H49O6 505.3529) 

 

5.2.4 Determination of the content of sclareol and manool 

High resolution LC-MS analyses were carried out to quantify sclareol (1) and manool (2) in the 

different extracts, using an LTQ-orbitrap spectrometer coupled with an Accela UHPLC (Thermo 

Fisher Scientific). Pure compounds were used to set up and validate the method. Mass spectra were 

acquired in positive high resolution single ion monitoring (hrSIM) mode, to maximize selectivity 

and sensitivity. Ions 291.2685 [sclareol-H2O+H]+ and 273.2582 [manool-H2O+H]+ were 

monitored for the two compounds. Chromatography was performed on a Kinetex C8 column 

(100x2.1 mm, 1.7 µm; Phenomenex) using a mixture of 0.1% formic acid in water (Eluent A) and 

methanol (Eluent B) as mobile phase. Compound elution was achieved through a gradient from 55 

% to 85 % of B over 7 minutes. Using this method, a Lower Limit of Detection (LLOD) of 0.1 

µg/mL was measured for both compounds, whereas the Lower Limit of Quantization (LLOQ) was 

0.2 µg/mL, and the response was linear over a 0.3-6 µg/mL concentrations range (Figure 3). 

Different samples were analysed in triplicate, injecting 10 µL of each 1 mg/mL extract. 
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    (1)       (b) 

Figure 3. Calibration curves obtained for the LC/MS/MS analysis of sclareol (1) and manool (2) using pure 

compounds. 

 

5.2.5 Antimicrobial assay 

Methicillin-resistant S. aureus (MRSA; ATCC33592) was purchased from ATCC (LGC 

Standards; Milan, Italy). MRSA was maintained in Lysogeny broth (LB; Fisher Scientific; Milan, 

Italy). The day before the experiment, MRSA cultures were inoculated in fresh LB (dilution 1:100) 

and grew for 16 hours at 37°C. Before the synergism assays, the minimal inhibitory concentrations 

(MIC) of the extracts and the elected antibiotic clindamycin were determined for MRSA. Cultures 

of MRSA were collected, centrifuged, and dispensed in 96-well microtiter plates at 1x106 

CFU/well final concentration. Plant extracts were added to bacterial cultures at final 

concentrations ranging from 0 to 200 μg/mL; clindamycin was added at final concentrations 

ranging from 0 to 2 μg/mL. The plates were incubated at 37°C under continuous shaking for 24 

hours. Bacterial growth was quantified 24 hours later by measuring the optical density at 620 nm. 

The concentrations (MIC) that inhibited MRSA growth were recorded, and the MIC 90% was 

calculated. One-fourth of the MIC 90% was considered as the sub-inhibitory concentrations 229 of 

the plant extracts or clindamycin and used in the synergism assays. Data were confirmed by plating 

the bacterial cultures on LB agar plates; growth colonies were enumerated. All the experiments 

were repeated at least three times with duplicate determinations for each condition. To check the 

synergy of plant extracts with clindamycin, we set up checkerboard assays to calculate Fractional 

Inhibitory Concentration (FIC) values as previously described by Rabadia et al. 230. MRSA 

cultures (106 CFU/well) were added to 96-well plates where clindamycin was serially diluted along 

the ordinate and plant extracts were diluted along the abscissa. Plates were incubated for 16 hours 

at 37°C and the optical density was measured to evaluate bacterial growth. The FIC values were 

calculated as follows: 

 

where FICA is the MIC of drug A (clindamycin) in the combination/MIC of drug A (clindamycin) 

alone, and FICB is the MIC of drug B (plant compound) in the combination/MIC of drug B (plant 

compound) alone. FIC values were considered as follows 209: synergy <0.5; antagonism >4; 

FIC= FICA + FICB (1) 
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additive or indifference 0.5-4. All the experiments were repeated three times with single 

determinations for each condition. 

 

5.2.6 Molecular docking 

The crystal structure of S. aureus AgrA LytTR domain (PDB code: 4G4K) 181 was obtained from 

the Protein Data Bank 62. Missing side chains and hydrogens were added and optimized using the 

Protein Preparation Wizard embedded in Schrödinger Suite 2020, pH was set to 6.0 ± 1.0 value, 

optimizing the protonation states and the formation of disulfide bridges. Water molecules were 

removed, according to the protocol already described by Sastry et al. 182. The structure was then 

energy minimized using the OPLS3e force field to constrain heavy atoms. The binding site of 

AgrA was defined by us as previously described by Leonard et. al., as a common locus at the C-

terminal end of the LytTR domain, a site known to be important for DNA binding activity 181. The 

Receptor Grid Generation tool in the Glide module was used to set up a grid that allowed the 

prepared ligands, to bind into the receptor pocket. The structure was then energy minimized using 

the OPLS3e force field to constrain heavy atoms. The binding site of AgrA was defined by us as 

previously described by Leonard et. al., as a common locus at the C-terminal end of the LytTR 

domain, a site known to be important for DNA binding activity. The Receptor Grid Generation 

tool in the Glide module was used to set up a grid that allowed the prepared ligands, to bind into 

the receptor pocket. The box was defined as a region placed at the active site (Ser231, Val232, 

Arg233, Asn234, Lys236, Lys237 and Ile238) where compounds were anchored. Ligands were 

docked with the Glide docking tool, by applying both the standard precision (SP) and the extra 

precision (XP) modes checking if converging. The chemical structures of sclareol (1), manool (2), 

4-phenoxyphenol and 9H-xanthene-9-carboxylic acid were built with Maestro Build Panel and 

energetically minimized with LigPprep module using OPLS3e force field 148. For each ligand, 

conformational search was performed considering all possible tautomers and protonation states at 

a pH of 6.0 ± 1.0. The generated conformers were then clustered by means of the Clustering of 

conformer tool and the lowest energy conformer from each cluster, for each ligand, was considered 

for docking studies. A 20 Å3 grid box was centred at the active site defined by Leonard et al.181, 

from residue Ser231 to Ile238 and by using a search box that was large enough to include also 

His200, Arg218, Tyr229. Ligands were docked with the Glide docking tool, by applying both the 

standard precision (SP) and the extra precision (XP) modes checking if converging. The Glide-SP 

and the Glide-XP flexible docking approaches were applied. For each ligand the two approaches 

resulted in agreement, proposing similar binding modes. The interaction pattern of the selected 

ligands molecules was analysed by the Ligand interaction diagram Maestro’s tool and detected 

with the Protein-Ligand Interaction Profiler (PLIP) tool 231. 
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5.3 Results and discussion 

 

5.3.1 Callus induction, viability, and biomass production  

Labdane diterpenoids featured antimicrobial activity against MDR strains 232. Sclareol and manool 

were isolated from the lipophilic extract of the plant surface of S. tingitana 210. Sclareol was 

described in several Salvia species, as well as other labdanes, and it has been described as 

antimicrobial compound of the plant surface 233. In Salvia sclarea, sclareol is produced mainly 

(97%) in flower spikes, and specifically in the calyces 234. The present study also provides a 

protocol for induction and production of callus of S. tingitana. Callus growth from leaf explants 

was conditioned by growth regulators and the incubation condition. The providing of growth 

regulators in addition with endogenous plant hormones in essential to sustain cell growth and 

development. Results showed the highest frequency of callus induction (94.4%) recorded sin dark 

condition in two media, i.e., the first supplemented with kinetin (KIN) 2.32 µM and 2,4-

dichlorophenoxyacetic acid (2,4-D) 2.26 µM, and the second with KIN 4.65 µM and 2,4-D 4.52 

µM. Induction and callus quality were higher in the dark than in light conditions. In light condition 

the highest frequency (61.1%) has been reported with the combination of KIN 4.65 µM and 2,4-

D 4.52 µM. However, at the highest concentration of 2,4-D (22.62 µM), no induction was also 

detected, thus highlighting the decisive contribution of 2,4-D in the induction of callus of S. 

tingitana 235. In both culture conditions, the explants didn’t show callus induction has been 

obtained without PGR and on all media supplemented only with KIN as PGR, as reported for the 

explants of Salvia leriifolia 236. The percentage of callus formation at different concentrations of 

plant growth regulators (PGRs) in dark and light conditions after 4 weeks of culture is reported in 

Table 2.  
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Table 2. Callus induction from leaf of S. tingitana on MS medium supplemented with different levels and 

combinations of PGRs (KIN: 0, 0.46, 2.32, 4.65 and 2,4-D: 0, 2.26, 4.52, 22.62 µM) in light and dark 

conditions.a. 

MS + Ascorbic 

acid 10 mg/L + 

PGRs (µM) 

photoperiod (h of light) 

16 h 0 h 

KIN 2,4-D % Induction callus behaviour % Induction callus behaviour 

0 0 0 - 0 - 

0 2.26 11.1 * Whitish green 55.6 * Whitish 

0 4.52 16.7 * Whitish green 38.9 * Whitish 

0 22.62 0 - 5.6 * Whitish 

0.46 0 0 - 0 - 

0.46 2.26 44.4 ** Whitish green 83.3 *** Whitish 

0.46 4.52 16.7 ** Whitish green 77.8 ** Whitish 

0.46 22.62 0 - 33.3 *Whitish 

2.32 0 0 - 0 - 

2.32 2.26 22.2 ** Brown 94.4 *** Whitish 

2.32 4.52 27.8 ** Brown 50 ** Whitish 

2.32 22.62 0 - 22.2 * Whitish 

4.65 0 0 - 0 - 

4.65 2.26 33.3 ** Whitish green 77.8 *** Whitish 

4.65 4.52 61.1 *** Whitish green 94.4 ** Whitish 

4.65 22.62 0 - 44.4 * Whitish 
 

a Data reported after 28 days; PGRs: Plant Growth Regulators; *: Quality of callus; KIN: kinetin, 2,4-D: 2,4-

dichlorophenoxyacetic acid. 

 

The viability of calli was verified by fluoresceine diacetate (FDA) staining (Figure 4).  

 

(a)     (b) 

Figure 4. FDA staining of S. tingitana callus.  

a: fluorescent observation; b: bright field observation (40×). Green arrows mean living cell while red mean 

dead cells. FDA: fluoresceine diacetate. Bars = 200 µm. 

The influence of the presence and of the different combinations of PGRs was evaluated, and a 

significant increase of growth was observed in the presence of PGR, while no significant difference 

was observed between the various PGR combinations (Figure 5).  

The culture medium containing the combination of KIN 2.32 µM and 2,4-D 4.52 µM 

supplemented with ascorbic acid 10 mg/mL was then selected for the biomass production. The 
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combination of 2,4-D and KIN at various concentrations is necessary to maintains cell division 

and growth 237;228. The type of cytokinin, namely KIN, 6-benzylaminopurine (BA) and meta 

Topolin (mT) (2.32 µM), did not statistically influence the biomass production of callus after 35 

days of culture (Figure 6). 
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(a)   (b)   

 

Figure 5. Effect of different combination of plant growth regulators to S. tingitana callus biomass 

production.  

a: fresh weight; b: dry weight. Data are reported as mean of six replicates ± SE, n=6. Different letters 

identify values which differ at p ≤ 0.05. 

Figure 6. Effect of equimolar concentration of different cytokinins on callus growth. KIN: kinetin: BA: 6-

benzylaminopurine; mT: meta Topolin. Values represent the mean ± standard error (SE) n=4. 

However, medium with KIN and mT tended to favorite biomass growth in dark condition. As 

observed on S. fruticosa callus cultures, S. tingitana fresh callus growth on MS medium 

supplemented with 4.5 mM 2,4-D and 4.5 mM KIN 238. Figure 7 shown a slight growth rate during 

the first four weeks with and an exponential increase during the last week reaching a maximum.  
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Figure 7. Growth curve of the callus of S. tingitana on MS medium supplemented with KIN 2.32 µM and 

2,4-D 4.52 µM and ascorbic acid 10 mg/L (average ± SE) n=3. FW: Fresh weight; DW: Dry weight. 

 

5.3.2 Phytochemical analysis 

The phytochemical analysis of the methanolic extracts of the roots, the inflorescences and the 

callus of S. tingitana reported the presence of both sclareol 239 and manool 240 in the roots and in 

the callus, while only 1 was detected in the inflorescences. The roots of S. tingitana showed the 

presence of common abietane diterpenoids of Salvia species 241, and of pentacyciclic triterpenoids 

(11-13) characterized by -lactone moiety between C-13 and C-17. The analysis of the root extract 

afforded also the abietanes royleanone (3) 245, 246 abieta-8,11,13-triene (4) 247, cryptojaponol (5) 
246, abieta-8,11,13-trien-7-one (6) 248, ferruginol (7) 245, 12-hydroxyabieta-8,11,13-triene-6,7-

dione (hypargenin C) (8) 249, horminone (9) 245, 246, and 7-O-methylhorminone (10) 245, 250 (Figure 

8). Pentacyclic triterpenoids are shown in Figure 9 2α,3β,12α,23-tetrahydroxyolean-28,13β-olide 

(cleistocalyxolide B) (11) was previously isolated from Cleistocalyx operculatus (Myrtaceae) 251 

(Figure 8) . (2α,3β,12α)-trihydroxy-olean-28,13β-olide (12) (2α,3β,12α)-trihydroxy-olean-

28,13β-olide (12) was identified by comparison of their spectroscopic data with those reported in 

the literature, previously described in 2013 252 as a semi-synthetic 12-oxo derivative of oleanolic 

acid, obtained from lactonization of maslinic acid and it is isolated from a plant source for the first 

time. The NMR data of compound 13 (Figures 10-15) suggested the same planar structure of 

compound 12. The analysis of the chemical shifts and the coupling constants in the 1H NMR 

spectrum (specifically 13: H 3.68 (d, J = 3.1 Hz, 1H, C-3), 11: H 3.22 (d, J = 9.5 Hz, 1H, C-3) 
255 allowed to define a different relative configuration at C-2 and C-3, as 2α,3α,12α,23-

tetrahydroxyolean-28,13β-olide 13 (Figure 9).  
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Figure 8. Abietane diterpenoids isolated from the roots of S. tingitana. 3: royleanone; 4: abieta-8,11,13-

triene; 5: cryptojaponol; 6: abieta-8,11,13-trien-7-one; 7: ferruginol; 8: 12-hydroxyabieta-8,11,13-triene-

6,7-dione (hypargenin C); 9: horminone; 10: 7-O-methylhorminone 

 

Figure 9. Pentacyclic triterpenoids isolated from the roots of S. tingitana. 
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Figure 10. 1H NMR (600 MHz, CDCl3) spectrum of compound 13. 

 
 

 
Figure 11. HSQC (600 MHz, CDCl3) spectrum of compound 13. 
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Figure 14. HMBC (600 MHz, CDCl3) spectrum of compound 13. 
 

 

 
Figure 15. COSY (600 MHz, CDCl3) spectrum of compound 13. 
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5.3.3 Determination of the content of sclareol and manool 

Sclareol (1) and manool (2) were then quantified in all the plant extracts, including leaves, flowers, 

inflorescences, and roots, and in the callus (Table 3). 

Table 3. Concentration (ppm) of sclareol (1) and manool (2) in the methanolic extracts of leaves, flowers, 

inflorescences, roots, and callus of S. tingitana. 

Plant biomass Sclareol (1) Manool (2) 

leaves 14 329 

flowers 15 ND 

inflorescences 1241 ND 

roots 72 1644 

callus 97 19 

Sclareol demonstrated to be most abundant in the flower spikes of S. tingitana, with a considerable 

difference between its content in the flowers and in the inflorescences. The concentrations ranged 

from 14 to 1241 ppm, with the maximum concentration in the inflorescences. Manool is the major 

labdane of the roots of S. tingitana, and it was also abundant in the leaves, while it was completely 

absent in the flowers and inflorescences extracts.  

 

5.3.4 Antimicrobial assay 

Various plant extracts of medicinal herbs have received growing attention as effective QS 

inhibitors 256. The two compounds reported an anti-MRSA activity at concentrations below 32 

μg/mL when tested alone. The sub-inhibitory concentrations of sclareol (1) and manool (2) against 

MRSA are reported in Table 4. Sclareol reported the lowest antimicrobial concentration, excluding 

the possibility of a direct antibacterial effect. A checkerboard assay showed a synergism of sclareol 

with clindamycin, used for the treatment of severe staphylococcal infections, like in multi-resistant 

S. aureus strains. The Fractional Inhibitory Concentration (FIC) reported by 1 was 0.4, while 2 

showed a FIC value of 1.1.  

Table 4. Sub-inhibitory concentrations (μg/mL) of clindamycin and sclareol (1) and manool (2). 

Stimulus sub-inhibitory concentration 

clindamycin 0.25 

1 70.0 

2 81.5 
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MRSA cultures were incubated with different concentrations of 1 and 2 (range 0-200 µg/mL) or clindamycin (range 

0 to 2 μg/mL). Bacterial growth was quantified 24 hours later by measuring the optical density at 620 nm. One-fourth 

of the MIC 90% was considered as the sub-inhibitory concentrations. 

 

5.3.5 Molecular docking 

Several studies reported in silico analysis based on the LytTR domain of the apo AgrA structure 

from S. aureus (PDB code 4G4K) per-formed by Leonard and co-workers 181, near a previous 

study (PDB code: 3BS1) 257, that reported the crystal structure of the DNA-binding domain of S. 

aureus AgrA complexed with a DNA pentadecamer duplex. The present study considered the apo 

structure of the protein, the one most likely to represent the real target interacting with the 

compound, with the best resolution of this structure (1.52 Å) (PDB:4G4K). AgrA displays the 

same sequence in all four subgroups, potentially emerging as an optimal therapeutic target 258. 

Blocking the interaction between AgrA with P2/P3 promoters have been reported as a strategy to 

reduce the virulence of S. aureus 189. In particular, the unique role of LytTR active site in S. aureus 

allowed us to consider this target useful for developing specific antibiotic therapies for S. aureus 

infections, as discussed by Parai et al. 190. His169, Asn201 and Arg233 key residues showed to 

establish direct interactions with DNA. The binding of small molecules to this domain may prevent 

AgrA activation upon phosphorylation and may inhibit RNAIII expression and thus the virulence 

factor establishment. Different natural compounds demonstrated the suppression of QS, and it is 

able to prevent agr signaling. ω-hydroxyemodin, a natural product from the fungus Penicillium 

restrictum, have been reported to bound to the the side chains of residues His200, Arg218, Tyr229 

and Val232, recently identified as major contributors to optimum AgrA activity 259. Recently, a 

high throughput screening, highlighted savirin (S. aureus virulence inhibitor) able to inhibits RNA 

III levels in S. aureus, but not S. epidermidis 169. This compound showed the inhibition of S. aureus 

biofilm in vitro growth, with enhanced inhibitory activity when combined with antibiotics. The in 

silico study, reported savirin docked to S. aureus AgrA with Tyr229, adjacent to Cys228 (a residue 

critical for AgrA folding), and Arg218 near the DNA binding interface. Morin was described to 

interact with DNA, engaged in H-bonds with residues located in the conserved region located from 

Ser231 to Ile238 260. Palaniappan et al. 219 studied the binding of diuretic drugs bumetanide, 

diflunisal, axitinib and dantrolene sodium successfully repurposed, to AgrA domain. In particular, 

bumetanide interacted with the conserved Tyr-229 of AgrA. In the present docking study, sclareol 

and manool demonstrated interesting interactions with the studied targets and a positive alignment 

with the ligands studied by Leonard 181, 4-phenoxyphenol (compound A), 9H-xanthene-9-

carboxylic acid (compound B). These compounds were found to fit well in AgrA protein 

interacting with the amino acid residues (Arg198, Asn201, Ile210, Ile213, Arg233, Asn234, 

Ile238) which are responsible for AgrA-mediated QS regulation. This pocket has the peculiarity 
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to exhibit 100% identity among 211 Staphylococcal strains as evidenced by Leonard and co-

workers 181. In this region, manool (2) complex was stabilized by a double H-bond interaction with 

Ile238 and several van der Waals interactions with Ile210 and Ile 238. Sclareol (1) resulted bound 

to Arg233 and Asn234 key residues, which are involved in direct interactions with DNA. In detail, 

the pentenyl side chain oxygen atom made three H-bonds with Arg233 side chain guanidine 

moiety, Asn234 backbone nitrogen and side chain carboxamide group. Sclareol performed 

hydrophobic interaction with Arg198, close to that Cys199 residue involved in the redox 

mechanism leading AgrA-DNA interaction 261 (Figure 16-17). As reported in literature 181, 4-

Phenoxyphenol performed H-bond interactions with its oxygen atoms and residues Arg198 and 

Asn201 while Arg233 was engaged in a cation-pi interaction with the planar ring (Figure 18). The 

same interactions with Arg198 and Asn201 displayed by 4-phenoxyphenol, were also confirmed 

for 9H-xanthene-9-carboxylic acid, which showed an additional H-bond interaction with the key 

residue Asn234. This predicted binding mode was further stabilized by a salt bridge between the 

carboxylic acid group of the compound and Arg233 side chain and by a cation–pi interactions with 

Arg198 and Arg233 (Figure 19). Extra precision docking mode confirmed the results obtained 

with the standard procedure. Sclareol and manool showed better binding energies than 4-

phenoxyphenol and 9H-xanthene-9-carboxylic acid. Sclareol achieved the best binding energy 

value (-23.294 kcal/mol), followed by 4-phenoxyphenol (-22.191 kcal/mol) and 9H-xanthene-9-

carboxylic acid (-20.841 kcal/mol) while manool was scored at -15.747 kcal/mol. Ligand binding 

energies and interactions are listed in Table 5. 

 

Table 5. Docking interaction parameters of the studied compounds. 

Ligand molecules 

Glide binding 

energy 

(kcal/mol) 

H-bond interacting 

amino acids 

Hydrophobic 

interactions 

Sclareol -23.294 Arg233, Asn234 Arg198 

Manool -15.747 Ile238 Ile210, Ile213 

4-Phenoxyphenol -22.191 Arg198, Asn201 Arg233 

9H-Xanthene-9-carboxylic 

acid 
-20.841 Asn201, Asn234 

Arg198, Asn201, 

Arg233 
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Figure 16. Binding pose (a) and interactions (b) of sclareol at the conserved AgrA active site. (a): the 

protein is reported as light brown ribbons, sclareol is reported in cyan as capped sticks. H-bonds are 

presented as purple lines. (b): sclareol is surrounded by the protein residues represented as follows: the 

negatively charged residues are indicated in red, polar residues are in cyan, hydrophobic residues are shown 

in green. H-bonds are presented as purple arrows. 

 

Figure 17. Manool and sclareol interactions with the key residues into the binding cavity. a: manool 

interactions; b: sclareol; blue lines: H-bonds; broken grey lines: Van der Waals interactions. 

 

 

Figure 18. Binding poses and ligand interaction plots of 4-phenoxyphenol at the conserved AgrA active 

site. a: binding poses interaction plot; b: ligand interactions plot. 
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Figure 19. Binding poses and ligand interactions plots of 9H-Xanthene-9-carboxylic acid at the conserved 

AgrA active site. a: binding poses interaction plot; b: ligand interactions plot. 

 

5.4 Conclusions 

S. tingitana inflorescences showed abundance of sclareol, while manool was more abundant in the 

root extract. The two labdane diterpenoids demonstrated to bind S. aureus AgrA response 

regulator, thus preventing the DNA-AgrA binding. This might be a practical approach to 

inhibit/reduce S. aureus virulence. Results obtained support the hypothesis of a potential inhibitory 

activity of the bacterial quorum sensing by plant natural compounds. Sclareol synergize with 

clindamycin to block AgrA phosphorylation and the bacterial ability to cause infection and disease. 

According to microbiological data, sclareol reveals a higher binding energy in the protein active 

site than manool. The AgrA signaling pathway serves as a transcriptional activator of virulence 

factors in S. aureus. The formation of the AgrA-sclareol complex leads to the disability of AgrA 

signal receptor. The association of multiple compounds is effective in inhibiting the QS in Gram-

positive bacteria, resulting in multi-target therapy for the treatment of bacterial infections 216. 
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Chapter 6.  

Abietane diterpenoids from the hairy roots of Salvia 

corrugata 
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6.1 Introduction 
 

Salvia corrugata Vahl. is a Mexican species of flowering plant (Lamiaceae) characterized by 

abietane and abeo-abietane diterpenoids. The species is native to Mexico, Central America, and 

parts of South America, and is commonly known as the wrinkled sage. The plant is known for its 

distinctive, wrinkled leaves and small, blue-purple flowers that bloom in the summer. It is used in 

traditional medicine for its anti-inflammatory and antioxidant properties and has potential 

applications in the treatment of a variety of conditions, including cancer and diabetes 262, 263.  

Like S. tingitana, also this species has been recently introduced in the Ligurian cultivations of 

ornamental plants, and it has been studied by our laboratory from the phytochemical point of view 

during previous projects. The major diterpenoids of the exudate of the fresh aerial parts of S. 

corrugate are fruticuline A and demethylfruticuline A, that showed significant antibacterial 

activity and inhibited in vitro the synthesis of biofilm of multiresistant strains of Staphylococcus 

and Enterococcus 264. Additionally, to identify efficient in vitro methods of production of these 

compounds, a protocol for micropropagation and for induction of adventitious shoots from the 

leaves of S. corrugata was also developed 228. Callus showed to produce only traces of the two 

main icetexane diterpenoids characteristic of this species, while regenerated shoot and 

micropropagated plant methanolic extracts contained the two icetexane as well as seven other 

diterpenoids, one icetexane and six abietanes 228. 

As the literature did not provide information on the presence of these compounds in the 

transformed hairy root biomass, the aim of the present work was the establishment of a protocol 

for hairy roots production, to complete the chemical analysis of the species and to evaluate the 

presence of abietane diterpenoids also in the hairy roots, the analysis of the methanolic extract of 

the obtained biomass as well as of the untransformed roots. 

Hairy root culture is a plant tissue culture method that involves the cultivation of transformed roots 

that have a hairy appearance due to the overproduction of lateral rootlets. Hairy root culture is 

commonly used in plant biotechnology research, and it has potential applications in the 

pharmaceutical and agricultural industries. This practice is right now considered a successful 

organ-based tissue culture system to produce bioactive secondary metabolites in a shorter time 

than in vivo harvesting or other in vitro techniques 265. This technique is typically achieved by 

infecting plant tissue with Agrobacterium rhizogenes, a soil bacterium that causes the plant cells 

to overproduce auxin, a hormone that stimulates cell growth and division. The result is a mass of 

highly branched, hairy roots that can be propagated and used for various purposes, such as the 

production of secondary metabolites or the study of plant growth and development. Hairy root 

cultures can represent a promising source of these bioactive molecules 266. In vitro culture 



138 

 

technologies can also represent efficient systems of production of secondary plant antiviral 

metabolites 267.  

The biotechnological experiments were the subject of the doctoral thesis of Dr. Roméo Arago 

Dougué Kentsop. During the present study, the re-elaboration was carried out. 

 

6.2 Materials and methods 

 

6.2.1 Plant material  

Fresh aerial parts and roots of S. corrugata were obtained from plants grown in field and open air 

at the Agricultural Research Council Unit CREA-OF located in Sanremo (Italy). The species was 

identified by Dr. Gemma Bramley and a voucher specimen is deposited at Kew Herbarium (K) 

(Kew, Surrey, UK). 

6.2.2 Establishment of hairy root cultures 

Apical and nodal explants of S. corrugata were sterilized washing with tap water for 15 min 

followed by treatment with 1% of active chlorine supplemented with few drops of Tween 20 for 

15 min. The explants were rinsed three times with sterile distilled water for 10’ each. The sterile 

shoots were grown onto solid MS Murashige & Skoog 268 base medium, 30 g/L of sucrose and 8 

g/L plant agar. The medium pH was adjusted using KOH and HCl to 5.7 before autoclaving at 1 

atm and 121°C for 20’. The shoots were grown at 23 ± 2 °C under day-night illumination regime 

(photoperiod 16:8) by white fluorescent Philips Master TL-D 36 W/840 lamp flux density 35 

µE.m-2.s-1 and the medium was renewed monthly. In order to obtain shoot multiplication for 

maintaining the genotype in vitro, 0.3 mg/L of Benzyl adenine (BA) was added to the base medium 
269.The transformation was performed using two strains of A. rhizogenes: A. rhizogenes wild type 

ATCC 15834 (glycerol stock from CREA-OF Sanremo (IM), Italy) and the hypervirulent A. 

rhizogenes strain LBA 9402 (a gift from Prof. Laura Pistelli, University of Pisa, Italy), selected on 

the basis of literature data 270-273. The bacteria were grown respectively onto semi-solid medium 

(1.5% agar) NB and YMB 274 in dark. For each strain, a single bacterial colony was selected and 

transferred into 50 mL sterile polypropylene conical tube containing 10 mL of the same medium 

without agar for overnight growth at 28 °C and under agitation at 120 rpm. Optical density was 

measured by spectrophotometer (O.D.600nm = 0.3 for ATCC 15834 and 0.35 for LBA 9402). The 

leaves of the second and third node of the shoots of S. corrugata, grown in MS hormone-free 

medium for 4 weeks, were isolated, gently wounded on both sides of the leaf tissue and on the 

central rib, immersed into 5 mL of the previous bacterial suspension and swirled for 20 min at 

24°C. The control of the experiment was carried out by treating explants with sterile distilled water 

for the same time and temperature. All sub-cultured explants were laid horizontally on sterile Petri 

plates with solid hormone-free MS medium and incubated at 24°C in dark for 3 days. The explants 
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were then transferred every 15 days onto MS medium containing cefotaxime (100 mg/L of 

cefotaxime was added for the strain ATCC 15834 while 500 mg/L was used for strain LBA 9402). 

The transformation efficiency after 30 days from the co-culture was determined as the percentage 

of the number of explants that developed putative hairy root to the total number of explants used 

for transformation. Single roots were excised from the leaf explants and transferred to single Petri 

dish with agarized MS medium containing the amount of cefotaxime for each bacterial strain, 100 

mg/L for ATCC 15934 and 500 mg/L for LBA 9402. Among the different roots developed, only 

those with specific phenotypic characteristics of hairy roots (i.e., rapid branching, missing 

geotropism, fast growth rate and development of white hairs after the growth on hormone-free 

medium) were considered as putative HR material, selected, and maintained for further studies. 

After 30 days, the selected clones of root derived from ATCC 15834 and LBA 9402, based on 

length and number of branching were transferred on fresh MS medium containing cefotaxime 

concentration reduced respectively to 50 mg/L and 300 mg/L for 30 additional days; in the further 

transfer of the material, the cefotaxime was eliminated. Root clones were sub-cultured onto the 

same solid medium every month. After two months of sub culturing without antibiotic, the axenic 

hairy roots were transferred to MS0 liquid medium and tested for liquid adaptability. The root 

viability was performed using calcein acetoxymethylester (AM) and fluorescein diacetate (FDA). 

An aliquot of the calcein AM stock solution 33.33 mg/mL (53.54 mM) was diluted 50 times with 

distilled water to obtain a solution of about 1 mM. The solution of FDA stock solution was 

prepared by diluting FDA in acetone (5 mg/mL) and stored at -18°C. Immediately before staining, 

a sample of this solution was diluted 100 times with distilled water to make the final solution (50 

µg/mL) and laid over the fresh material. Living hairy roots were immersed in a drop of these 

solutions and kept for 15’ (FDA) and 30’ (calcein AM) at room temperature and in dark condition. 

The material was mounted on the microscopic glass slides and observed with the bright field and 

fluorescence microscopy (LEICA DM 4000 B with GFB filter cube: excitation range blue, 

excitation filter BP 470/40, dichromatic mirror 500, suppression filter BP525/50) and the pictures 

were taken with LEICA DFC 350 FX). To detect the presence of terpene inside the diverse 

structure of plant tissues the Nadi protocol was used 275, 276. Nadi specifically stains lipids in blue 

and terpenes in purple. The dye was prepared using α-naphthol (0.5 mL 1% v/v in 40% ethanol) 

and dimethylphenylenediamine-HCl (0.5 mL 1% v/v) in sodium phosphate buffer pH 7 (5 mL 50 

mM). Few minutes after immersion in tube containing the dye, the fragment of hairy root was 

picked up, mounted on glass slides, and observed under the microscope. 

6.2.4 Confirmation of transformation 

Detection of Ri T-DNA integration. Genomic DNA of selected clones of putative hairy roots and 

of a negative control from non-transformed roots (normal root from in vitro plant) was extracted 

from 100 mg of plant tissue by Dneasy Plant Mini Kit (Qiagen®). The DNA concentration was 

quantified using a NanoDrop® 2000 Spectrophotometer (Thermo Scientific) 277, 278. Positive 
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control was represented by plasmid DNA of Agrobacterium rhizogenes strain ATCC 15834 carried 

out according to the Klimyuk method 279. DNA samples were used as a template for PCR to 

determine the presence of the rolC gene in the T-DNA (i.e., root transformation) and virC1 gene 

(i.e., presence/absence of bacterial contamination). The PCR was achieved in BIO RAD T100TM 

Thermal cycler and was used to detect the Ri T-DNA integration in the plant genome. The analysis 

was performed to target two specific genes of A. rhizogenes, namely rolC and virC1. The eventual 

amplification of virC1 gene fragment indicates the presence of contamination of A. rhizogenes 

bacterial cells or the residual presence of bacterium in the plant tissues; this was detected by 

amplification of a 326 bp using virC1-specific primers (PVIRC2775 5 ′ -

CTCGCTCAGCAGCAGTTCAATG-3 ′  and PVIRC3101 5 ′ -

GACGGCAAACGATTGGCTCTC-3′) 280. The presence of the rolC gene was checked by PCR 

amplification of a 514 bp fragment (forward Primer (5 ′ -

CGACCTGTGTTCTCTCTTTTTCAAGC-3 ′ ) and reverse primer (5 ′ -

GCACTCGCCATGCCTCACCAACTCACC-3′)). Each reaction for the amplification of 514 bp 

fragment of the rolC gene, and 326 bp fragment of the virC1 genes was performed with plant DNA 

diluted 1:2 with distilled water and specific primer. The PCR reaction was performed in a final 

volume of 25 µL with 1 µL of DNA solution, 3 µL of PCR Rxn buffer (-MgCl2), 0.9 µL of MgCl2, 

0.6 µL of dNTPs, 0.5 µL of each primer, 0.3 µL of platinum® Taq (DNA polymerase) and 18.2 

µL of water. The rolC PCR condition gene followed Scorzas’s cycling program 281 modified as 

follows: initial denaturation at 94˚C for 1’, 35 cycles at 94˚C for 30’’ denaturation, 65˚C for 30‘’ 

annealing, 72˚C for 1’ elongation and final elongation step of 5’ at 72˚C. The absence of bacterial 

contamination of plant tissue was confirmed after PCR amplification of 326 bp fragment of the 

virC1 gene using the same PCR program. Amplification products of these genes were detected 

after electrophoresis analysis on agarose gel 1.5% in TAE buffer and stained with ethidium 

bromide.  

6.2.5 Growth of hairy root cultures 

The experiments of plant material growth were performed on the lines confirmed with 

morphological and molecular evidence as hairy root. Firstly, the effect of medium composition 

has been evaluated, then the effect of initial sucrose concentration was tested. To optimize the 

suitable culture medium for growth of hairy roots, three common culture media formulations were 

tested, namely MS, B5 282 and WPM 283 at full concentration or at half strength: ½ MS, ½ B5 and 

½ WPM. Hairy roots were cultivated in 0.5 L TIS bioreactor RITA® containing 150 mL of the 

hormone-free liquid basal medium supplemented with 30 g/L sucrose. Cultivation was performed 

with immersion frequency of 3 min flooding every 3 hours of stand-by periods in the dark at 23 ± 

2°C for 30 days. 3 g of fresh weight biomass was used for each bioreactor. For each treatment, 

four independent biological replicates were used. At the end of the culture period of 30 days, the 

growth rate of each culture was determined (FW, DW). 3 g of hairy roots were used as inoculums 
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in 0.5 L TIS bioreactor RITA® containing 150 mL of MS hormone-free liquid medium 

supplemented with 2%, 3% and 4% (i.e., 20, 30, 40 g/L) sucrose, respectively, with immersion 

frequency of 3 min flooding every 3 hours of stand-by periods in the dark at 23 ± 2°C, as already 

described above. For each treatment, four independent biological replicates were used. After 30 

days of culture, the biomass produced was harvested and analysed. The growth curve of fresh and 

dry weight was carried out on clone FA8 for 42 days. The experiment was done in 250 mL glass 

vessel with transparent cap. Twenty-one replications were prepared at T0, each by inoculating 1 g 

of fresh hairy root accurately weighed into 50 mL of MS hormone free medium, incubated at dark 

condition under rotation at 120 rpm. At intervals of 7 days, three samples were randomly chosen 

and analysed for fresh and dry weight (FW, DW) evaluation, pH and conductivity. Fresh hairy 

roots were filtered, blotted with tissue paper, and the fresh root weight was measured. For dry 

weight measurement, the fresh hairy roots were dried in oven at 60°C for 12 h and then weighed. 

The experiment was made in batch culture without changing or filling the medium. The three-step 

culture sequence (Petri dish, glass vessel, 0.5 L bioreactor) was applied for biomass production. 

Growth units in bioreactors containing 150 mL of MS0 medium were prepared with 5 g-aliquots 

of material produced in the glass vessels step. A total number of 13, 4 and 1 bioreactors for the 

FA13, FA8 and FL7 clones respectively could be produced. The liquid medium MS0 was 

completely renewed every 10 to 15 days with fresh one. Three months after culture into the 

bioreactors, the total biomass in bioreactor was harvested and stored at -80˚C before lyophilization. 

6.2.6 Phytochemical analysis 

The dried untransformed roots (219.3 g) and hairy roots (clone SCO-HR-FA8, 46.0 g) of S. 

corrugata were exhaustively extracted with methanol, affording 17.4 g and 16.9 g methanolic 

extract, respectively. Determination of the content of demethylfruticuline A and fruticuline A in 

the in vitro biomass. LC/MS/MS analyses were carried out to reveal and eventually quantify 

fruticuline A and demethylfruticuline A in the different extracts. Pure compounds were used to set 

up and validate the method. Mass spectra were acquired in positive multiple reaction monitoring 

(MRM) mode, to maximize selectivity and sensitivity. The transitions 325.3 - 241.0 and 311.2 - 

227.0 were selected for fruticuline A and demethylfruticuline A, respectively. Chromatography 

was performed on a Kinetex C18 column (50x2.1 mm, 1.7 µm; Phenomenex) using a mixture of 

0.1% formic acid in water (Eluent A) and 0.1% formic acid in acetonitrile (Eluent B) as mobile 

phase. Compound elution was achieved through a gradient from 30 % to 70 % of B over 5 minutes. 

Using this method, a Lower Limit of Detection (LLOD) of 0.1 µg/mL was measured for both 

compounds, whereas the Lower Limit of Quantization (LLOQ) was 0.3 µg/mL and the response 

was linear over a 0.3-30 µg/mL concentrations range. Different samples were analysed in 

triplicate, injecting 3 µL of each 1 mg/mL extract. 

The methanolic extract of the roots was fractionated by Si gel MPLC eluting with n-

hexane/CHCl3/CH3OH at concentrations varying from 100:0:0 to 0:0:100 to obtain 12 fractions 
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(I–XII). Fraction III (59.8 mg) (eluted with CHCl3, from 0.66 to 0.75 L) was purified by semi-

preparative RP HPLC to obtain 1 (2.5 mg). Fraction VI (280.0 mg) (eluted with CHCl3, from 0.75 

to 0.84 L) was purified by semi-preparative RP HPLC to obtain 2 (12.6 mg) and 3 (17.5 mg). 

Fraction V (1.5 g) (eluted with CHCl3, from 0.84 to 1.02 L) was further purified Si gel MPLC 

eluting with n-hexane/CHCl3/CH3OH at concentrations varying from 100:0:0 to 0:0:100 to obtain 

29 fractions (Ii–XXIXi). Fraction Xi (166.6 mg) (eluted with CHCl3, from 0.84 to 0.93 L) was 

purified by semi-preparative RP HPLC to obtain 2 (15.0 mg) and 4 (13.6 mg). Fraction XIi (70.7 

mg) (eluted with CHCl3/CH3OH 95:5, from 1.32 to 1.41L) was purified by semi-preparative RP 

HPLC to obtain 2 (4.4 mg) and 4 (3.3 mg). Fraction VI (1.5 g) (eluted with CHCl3/CH3OH 95:5, 

from 1.02 to 1.20 L) was purified by semi-preparative RP HPLC to obtain a mixture of ursolic and 

oleanolic acid (94.0 mg).  

The methanolic extract of the hairy roots was fractionated by Si gel MPLC eluting with n-

hexane/CHCl3/CH3OH at concentrations varying from 100:0:0 to 0:0:100 to obtain 14 fractions 

(Iii–XIVii). Fraction IIIii (107.6 mg) (eluted with CHCl3, from 0.848 to 0.54L) was purified by 

semi-preparative RP HPLC to obtain 1 (4.5 mg) and 5 (7.7 mg).  

6.2.7 Determination of the content of agastol and ferruginol  

Quantification of ferruginol and agastol in the extract of the hairy roots was carried out following 

the reverse-phase HPLC analytical method of Okamura et al. 284 with slight modifications. The 

mobile phase was a mixture of water–methanol containing 0.1% formic acid. Gradient separation 

started from 25% methanol all the way to 100% in 30 min, and stayed at 100% for another 20 min. 

The flow rate was 0.4 mL/min. The column temperature was kept at 25°C and the injection volume 

was of 20 μL. The acquisition wavelength used for both the compounds was 220 nm. The analysis 

time was 50 min. The retention times of agastol and ferruginol were 40.45 and 41.19 min, 

respectively. No interfering peaks were detected at the retention times of the analytes. Calibration 

curves were constructed over the concentration range (0.1-1.0 mg/mL). Standard solutions of 

agastol and ferruginol in methanol were prepared at five different concentrations (0.1, 0.2, 0.3, 

0.5, 1.0 mg/mL). Calibration curves were linear (R2 values were 0.9977 and 0.9983, respectively) 

and detection and quantitation limits (computed according to the equations LOD = 3.0δ/b, LOQ = 

10.0δ/b) adequate for the purposes of the study (agastol: LOD = 0.0010 mg, LOQ = 0.0085 mg; 

ferruginol: LOD = 0.0012 mg, LOQ = 0.0098 mg). Quantitative results, expressed as substance 

relative amount (% w/w) in the methanolic extract, are reported as 95% confidence intervals. 
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6.3 Results and discussion 

 

6.3.1 Establishment of hairy root cultures 

A productive hairy root culture process requires the development of an appropriate hairy root clone 

line that enhance both growth and rate and product yield 285. The definition of hairy root is related 

to morphological aspects: the inverse geotropism and the abundant branching in absence of auxine 

in the medium and the molecular evidence of integration. The integration of T-DNA region with 

its genes in the plant genome is necessary for hairy root induction 286. After the infection of S. 

corrugata explants with A. rhizogenes strains ATCC 15834 and LBA 9402 (Figure 1), the putative 

roots were observed at the damaged site of the explants after 10 to 14 days after inoculation (Figure 

2).  

Figure 1. Scheme for obtaining the hairy roots of Salvia corrugata by transformation with A. rhizogenes. 

1. apical sterilization and in vitro growth, 2. suspension of A. rhizogenes, 3. isolation and damage of the 

leaves – joint incubation with A. rhizogenes for 20 min - co-culture on solid MS medium - after 3 days 

transfer on solid MS supplemented with cefotaxime, 4. formation of hairy roots, 5. clone selection, 6. 

growth in glass vessel containing liquid medium, 7. transfer into TIS bioreactors with constant renewal of 

the medium, 8. harvest of fresh biomass, 9. final biomass after lyophilization. 

 

 

(a)   (b) 

Figure 2. Hairy root induction.   
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After 30 days sub-culture, explants infected with strain ATCC 15834 achieved the highest 

frequency of root induction (n. of fragment showing root development, 75%), although the 

hypervirulent strain LBA 9402 induced putative roots in 38% of treated fragments. 14.3% of 

untreated fragments (control) showed root development probably due to specific internal hormonal 

balance (Table 1).  

 

Table 1. Induction of roots by different strains of A. rhizogenes vs non treated control, 30 days after 

inoculation.a 

A. rhizogenes strain N° of treated explants 

N° of explants 

producing roots and 

relative percentage 

ATCC 15834 16 12 (75%) 

LBA 9402 21 8 (38.1%) 

Control 21 3 (14.3%) 

a Only viable fragments that give rise to root neo-organogenesis are reported 

 

In this study, the percentage of root induction from S. corrugata leaf explants treated with the wild 

type A. rhizogenes ATCC 15834 was almost double of that obtained by the hyper virulent strain 

A. rhizogenes LBA 9402. Each fragment showed the development of several roots; different clones 

were obtained by excision and isolation of putative roots from the mother leaf explants. Twenty-

six and eight clones were isolated from A. rhizogenes strains ATCC 15834 and LBA 9402, 

respectively, and one clone from the control (Table 2).  

 

Table 2. Root selection after 30 days of induction from leaves explants of S. corrugata. 

A. rhizogenes strain Total 

number 

of roots 

Mean number of 

roots per explants 

Number of roots excised 

and transferred 

ATCC 15834 16 2.7 26 

LBA 9402 21 2.6 8 

Control (-) 21 1.7 1 

 

These roots were grown separately on 3 cm Petri-dish containing 3 mL solid hormone-free MS 

medium supplemented with cefotaxime (100 mg/L) for 30 days to investigate the daily increases 

of length and branching index. FA8 and FA13 clones, induced from wild type A. rhizogenes ATCC 

15834, showed a daily increase in length of 1 mm and branching of 0.20 and 0.13, respectively 

(Table 3).   
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Table 3. Daily increases of length of the principal root and branching index (number of branches in 1 

month/30) of different clones from wild type ATCC 15834. 

A. rhizogenes 

 ATCC 15834 

Increase 

(30 days later) 

Daily increase Missing of 

geotropism 

clones branch 

number 

length 

(mm) 

branching 

index 

length 

(mm) 

SCO-HR-FA1 2 20 0.07 0.67 ++ 

SCO-HR-FA2 1 30 0.03 1.00 +++ 

SCO-HR-FA3 1 0 0 0.00 0.00 - 

SCO-HR-FA4 1 0 0 0.00 0.00 - 

SCO-HR-FA5 1 30 0.03 1.00 - 

SCO-HR-FA6 1 0 0 0.00 0.00 - 

SCO-HR-FA7 1 0 0 0.00 0.00 - 

SCO-HR-FA8 2 6 30 0.20 1.00 +++ 

SCO-HR-FA9 1 1 0.03 0.03 - 

SCO-HR-FA10 1 0 0 0.00 0.00 - 

SCO-HR-FA11 0 0 0.00 0.00 - 

SCO-HR-FA12 0 10 0.00 0.33 + 

SCO-HR-FA13 2 4 30 0.13 1.00 +++ 

SCO-HR-FA14 1 0 0 0.00 0.00 + 

SCO-HR-FA15 0 15 0.00 0.50 + 

SCO-HR-FA16 0 2 0.00 0.07 - 

SCO-HR-FA17 1 0 0 0.00 0.00 - 

SCO-HR-FA18 1 0 0 0.00 0.00 - 

SCO-HR-FA19 3 29 0.10 0.97 ++ 

SCO-HR-FA20 1 0 0 0.00 0.00 - 

SCO-HR-FA21 2 16 0.07 0.53 + 

SCO-HR-FA22 0 1 0.00 0.03 - 

SCO-HR-FA23 1 0 0 0.00 0.00 - 

SCO-HR-FA24 1 1 0.03 0.03 - 

SCO-HR-FA25 0 12 0.00 0.40 + 

SCO-HR-FA26 1 18 0.03 0.60 + 
1 Died clones after 1 month. 
2 Selected clones. 

 

FL7 clone, induced from strain LBA 9402 (Table 4), showed a maximum daily increase in length 

of 0.70 mm and branching of 0.33. The root clone from the control explants considerably slowed 

down the growth once excised from the mother explant. In fact, transferred to the new medium 

had a daily increase of 0.07 mm reaching 2 mm in a month and had no branches formation. 

However, not all the isolated putative hairy root (HR) clones of S. corrugata displayed both a HR 

phenotype and a vigorous growth. Indeed, during this period, some of them stopped their growth 

and died. Root viability was assessed by the observation of green fluorescence at the top of the 

root after calcein acetoxymethylester (AM) and fluorescein diacetate (FDA) staining. (Figure 3).  
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Table 4. Daily increases of length of the principal root and branching index (number of branches in 1 

month/30) of different clones strain LBA 9402. 

A. rhizogenes 

ATCC 15834 

Increase  

(30 days later) 
Daily increase 

Missing of 

geotropism 
clones 

branch 

number 

length 

(mm) 

branching 

index 

length 

(mm) 

SCO-HR-FL1 0 3 0.00 0.10 - 

SCO-HR-FL2 1 28 0.03 0.93 + 

SCO-HR-FL3 0 1 0.00 0.03 - 

SCO-HR-FL4 8 21 0.27 0.70 + 

SCO-HR-FL5 0 10 0.00 0.33 + 

SCO-HR-FL-6 1 24 0.03 0.80 +++ 

SCO-HR-FL7 2 10 21 0.33 0.70 +++ 

SCO-HR-FL-8 1 0 0 0.00 0.00 - 
1 Died clones after 1 month. 
2 Selected clones. 

 

 

 

 
Figure 3. Viability of hairy roots.  

Bright field and fluorescence micrographs of stained hairy roots: (a) and (b): Calcein AM; (c) and (d): 

FDA. (10×). Bar = 200 µm  

 

The lateral hairs were slightly reactive to calcein AM and were observed only under the bright-

field option. The hairs were very well visible under both bright-field and florescent light following 

the FDA stain. Non-viable cells inside the root stained pale or didn’t show any fluorescence. 

Microscopical observations permitted to define a root mean diameter of 200 µm. Nadi reagent, 

specific for terpenoids, displayed a strong positive response (Figure 4). 

 

 

Figure 4. Terpene content of hairy roots. 

Bright field micrographs of hairy roots of S. corrugata stained with Nadi reagent, showing the presence of 

terpenes (purple) and lipids (blue) droplets. (60×). Bars = 10 µm  

 

(a)  (b)   (c)   (d) 
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6.3.2 Confirmation of transformation 

To assess the genetic status of the hairy roots and confirm the integration of T-DNA from A. 

rhizogenes into the hairy root genome, PCR was used to target the A. rhizogenes rolC gene 

(fragment of 514 bp) located on independent T-DNAs (TL-DNA) of Ri plasmid. Three putative 

HR clones (FA8, FA13 and FL7) were confirmed positive to rolC gene by the presence of the 

expected 514 bp amplification band. Non-transformed root and blank solution (negative controls) 

were correctly detected negative (Figure 5). The eventual bacterial contamination was detected by 

PCR amplification of a 326 bp fragment of the virC1 gene. The amplification band of the virC1 

gene was detected positively only in the A. rhizogenes sample (positive control) while all the 

putative HR clones, non-transformed root and the solution without DNA were detected negative 

to virC1 gene. The contemporary presence of PCR amplification of 514 bp fragment of rolC gene 

and the absence of 326 bp fragment of the virC1 gene showed that all the selected clones FA8, 

FA13 and FL7contained the transgene into their genome and they were not contaminated. 

 

  

(a) (b) 

Figure 5. Agarose gel electrophoresis of PCR amplification of genes in putative transformed roots. (a) The 

expected 514 bp rolC fragment; (b) the expected 326 bp virC1 fragment. M= marker 1kb plus; FA8, FA13 

and FA25: respectively clone of hairy root FA8, FA13 and FL7; C(-); not-transformed root (negative 

control); C(+) plasmid DNA of A. rhizogenes ATCC 15834 (positive control); W solution without DNA. 

 

6.3.3 Growth of hairy root cultures 

HR clone FA8 grown in ½ WPM medium showed the best tissue production in term of fresh weight 

(47.3 ± 2.0 g/L) (Figure 6). However, the dry biomass weight in ½ WPM medium was not 

statistically significant compared to other culture media. Sucrose concentration had a significant 

influence on the growth of transformed roots. The medium containing 30 g/L sucrose showed the 

fastest growth (40.7 ± 4.0 g/L fresh weight; 3.7 ± 0.5 dry weight). (Figure 7). To set up the growth 

curve, the HR cultured in MS0 medium were sampled at 7 days interval, and a typical sigmoid 

curve was determined after the growth kinetics assessment based on the fresh and dry weights 

evaluation (Figure 8).  
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(a) (b) 

Figure 6. Effect of different medium formulations on hairy root growth in bioreactor. 

(a) Fresh weight; (b) Dry weight. Values represent the mean ± standard deviation (SD), n = 4;  

different letters identify values which differ at p ≤ 0.05. 
 

 

 

 

 

   

(a)      (b) 

Figure 7. Effect of sucrose concentration on hairy root growth. 

(a) Fresh weight; (b) Dry weight. Values represent the mean ± standard deviation (SD), n = 4; different 

letters identify values which differ at p ≤ 0.05. 
 

 

 

 

 

 

Figure 8. Growth curve of S. corrugata hairy roots.  

Culture of clone FA8 in MS0 liquid medium in the dark at 120 rpm. FW (fresh weight) and DW (dry 

weight); 1 g of fresh hairy root was cultured in 250 mL glass vessels with 50 mL of MS0 liquid medium 

for 6 weeks and sampled at an interval of one week.  
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The fresh hairy roots showed a latent phase (lag phase) in the first week, then a logarithmic phase 

(week 2 to 4), owing to the rapid cell division and excess of nutrients (exponential phase), and 

finally a plateau (week 5 to 6). After 6-weeks of culture, the hairy roots showed a dense net and a 

high biomass production. At this period, about 2.81 ± 0.27 g FW and 0.28 ± 0.03 g DW of hairy 

roots were harvested. The dry to fresh mass ratio (~10 %) indicated a high accumulation of dry 

matter. A dark brown colour at the biomass centre indicated a senescent core while a clearly vital 

biomass was present in the external part. The medium showed a light brown colour. Considering 

the lag phase as the more active stage of the HR culture, it is possible to assume that 21-day-old 

hairy roots at the intermediate growth stage were favourable for elicitation. The conductivity of 

the tissue culture medium which corresponds to the concentration of total components, decreased 

in this culture from the beginning (T0:5.60 mS/cm) to the 5th week (4.95 mS/cm) and increased 

during the last week (5th to 6th week) (5.24 mS/cm) (Figure 9).  

 

 

 (a)      (b) 

Figure 9. Medium conductivity. 

(a) Evolution of medium conductivity and pH at different stages of growth. Determinations were recorded 

every 7 days. (b) Decrease of medium conductivity in relation to the increase of hairy root fresh weight 

during the 5 first weeks of culture. 

 

The decrease of conductivity could be related mainly to the consumption of nutrients for growth 

and the production of secondary metabolites, in fact an indirect correlation between the medium 

conductivity and the HR fresh weight was evidenced. The pH evolution of the medium showed a 

triphasic curve; a decrease from 5.12 to 4.02 from T0 to the 3rd week, with a severe decrease during 

the first week; an increase to 4.56 from the 3rd to the 5th week; a certain level of stability during 

the last week (Figure 9). The culture in bioreactor permitted to develop a high amount of biomass. 

After three months of cultivation a non-homogeneous distribution of the tissues was recorded. The 

external part of the hairy root net was alive and white/yellowish in colour, while the central part 

was dark, with a dense net clump of senescent root tissue that hampered a block of liquid medium 

flow and thus limited oxygen availability. The culture medium began to turn brown, a sign of aging 
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of the hairy roots. At this time, the hairy roots were harvested, weighted, and freeze-dried. The 

data of the biomass produced by the different clones FA8, FA13 and FL7 are reported in Table 5.  

 

Table 5. Biomass production in bioreactor. a 

Clones Number of 

bioreactors 

(total liquid 

volume) 

FW (g) / 

bioreactor 

(FW/L of total 

MS used) 

DW (g) / 

bioreactor ) 

(DW/L of total 

MS used) 

Total FW 

produced (g) 

Total DW 

produced (g) 

SCO-HR-

FA8 

13 (15.6 L) 37.5 ± 2.3a 

(31.23 ± 1.9) 

3.5 ± 0.1 b 

(2.9 ± 0.1) 

487.8 46.0 

SCO-HR-

FA13 

4 (4.8 L) 35.4 ± 2.4 a 

(29.5 ± 2) 

4.16 ± 0.38 c 

(3.5 ± 0.3) 

143.4 16.5 

SCO-HR-FL7 1 (1.2 L) 23.3 2.4 23.3 2.4 

a Values are presented as means ± standard deviation. Different letters indicate significant differences between groups at p ≤ 0.05)  

 

The number of bioreactors obtained for the three clones tested was markedly different (13, 4 and 

1 for FA8, FA13 and FA7, respectively), as well as the total biomass and this suggested that the 

materials produced were subjected to heterogeneous growth rates. The best growth index was 

obtained with line FA8 which was cultured in flask and in bioreactor. In our study, after 42 days 

of the scale up process, the hairy root showed dark brown colour in the centre, due to viability loss, 

and clear and vital roots that begun to turn brown externally. This behaviour could be related to 

the decrease of nutritive compounds in the medium that bring to ageing and/or cell death; this is 

also observed by Kuzma et al. 287 for the hairy roots of S. sclarea after 30 days culture. 

 

6.3.4 Phytochemical analysis 

Mass spectrometry-based analyses were performed on the extracts obtained from the three hairy 

root clones, to detect and quantify fruticuline A and demethylfruticuline A. Unfortunately, in all 

the samples analysed the two compounds were not present, or their amount was lower than the 

LLOD (0.1 µg/mL). Moreover, the LC-MS/MS analysis of the methanolic extracts of the three 

clones did not show notable differences in phytochemical composition. The chromatographic 

separation of the methanolic extract of the roots of S. corrugata afforded four pure abietane 

diterpenoids, namely ferruginol (1) 288, 289, 7-O-acetylhorminone (2) 289 and 7-O-methylhorminone 

(3) 250, horminone (4) 250, 289-291, as well as a mixture of ursolic and oleanolic acid 292. The 

methanolic extract of the hairy roots showed the presence of ferruginol (1) 288, 289, agastol (5) 293, 

294 (Figure 10), and a mixture of ursolic and oleanolic acid 292. The quali-quantitative analysis by 

HPLC-DAD showed that the relative amounts of 1 and 5 (% w/w) in the extract were 31.2 ± 3.3% 

and 33.6 ± 2.8%, respectively, corresponding to theoretical extractive yields of 10.8% and 11.6% 

from the hairy root biomass, respectively.  
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Figure 10. Chemical structures of abietane diterpenes isolated from the untransformed roots and hairy root 

of. S. corrugata.  

 

The research in hairy root production of secondary bioactive metabolites in Salvia spp. is still little 

developed 295. Apart from many papers in the literature concerning the establishment of hairy root 

culture of S. milthiorrhiza and their elicitation to produce tanshinones 273, 296-307, only few other 

species were investigated so far. To the best of our knowledge, hairy roots were obtained for S. 

austriaca 308-310, S. broussonetii 311, S. bulleyana 312, S. castanea 297, 313, S. eremophila 314, S. 

macrosiphon 314, S. multicaulis 314, S. nemorosa 314, S officinalis 270, S. reuteriana 314, S. sclarea 
315, 316, S. tomentosa 317, S. verticillata 314, S. virgata 314, S. viridis 318, and S. wagneriana 271. 

Common metabolites of the roots of Salvia species are diterpenoids with abietane skeleton 106, 241, 

319-335, that are known to have role in plant chemical defence 336, 337 and display a wide spectrum 

of biological properties 106. Chemical analysis of the hairy roots of S. austriaca, S. broussonetii, S. 

castanea, S. miltiorrhiza, S. sclarea highlighted the presence of abietane diterpenoids. Compounds 

with 11,12-ortho-quinone abietane skeleton (tanshinone I, tanshinone IIA, tanshinone IIB, 

dihydrotanshinone I, cryptotanshinone, tetrahydrotanshinone) are characteristic of species 

belonging to Subg. Glutinaria Raf. 338 (Salvias.l. clade IV 339). Other abietanoids are ascribed to 

species included in Salvia s.s. clade I-C 339, specifically compounds with 7,9(11),13-abietatriene-

12-one moiety (taxodone, 6,11-dihydroxyabieta-7,9(11),13-trien-12-one), 7,9(11),13-

abietatriene-6,12-dione moiety (taxodione, 7-(2’-oxohexyl)-taxodione), 5(6),7,9(11),13-

abietatetraene-12-one moiety (15-deoxy-fuerstione), abieta-8,11,13-trienes (iguestol, 11-hydroxy-

12-methoxyabietatriene, ferruginol, 1-oxo-ferruginol, sugiol, cryptojaponol, inuroyleanol, 

demethylcryptojaponol, pisiferal, 14-deoxycoleon U, 6R-hydroxydemethylcryptojaponol, 7-
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oxodehydroabietane), abietatrien-20-7-lactones (carnosic acid, deoxocarnosol 12-methyl ether), 

11,12-orthoquinone diterpenoids characterized by the 4,5-seco abietane skeleton (aethiopinone, 1-

oxo-aethiopinone), 11,14-p-12-hydroxyquinone diterpenoid (salvipisone) and dimeric abietane 

diterpenoids (broussonetone A and broussonetone B). Icetexane diterpenoids 340 were described 

only for S. broussonetii (brussonol and demethylsalvicanol). Hairy root cultures have the ability 

to produce a metabolite pattern similar to untranformed roots 341. The secondary metabolites 

produced by the hairy roots can be in higher amounts than in non-transformed ones, and sometimes 

they are new in comparison to host plants 266 because of disturbance of metabolism caused by the 

natural transformation or by the insertion of specific genes for specific metabolic pathways 342-344. 

In the present work abietane diterpenoids, belonging to the same chemical class of compounds 

isolated from the aerial parts of S. corrugata 263, were found in the roots and hairy roots of this 

species. The abeo-abietane compounds (icetexanes) isolated from the aerial parts 262, 263 as well as 

regenerated shoots and micropropagated plants of S. corrugata 228 were not found in the roots nor 

in the hairy roots. The analysis of the methanolic extract of the hairy roots of S. corrugata in 

comparison to the roots from field-grown plants showed that only one abietane diterpenoid, 

namely ferruginol (1), was contained in both the extracts, while agastol (5) was undetected in the 

untransformed biomass. Our work showed that hairy roots of S. corrugata can represent a suitable 

source of ferruginol 273. Agastol, also named agastanol 294, was first isolated from Agastache 

rugosa 293, 294. To the best of our knowledge, this is the first report of the presence of this 19(4→3)-

abeo-abietane diterpenoid in hairy root biomass tissue. 

 

6.4 Conclusion 

In conclusion, this is the first study on the establishment of hairy root cultures of S. corrugata. The 

results indicate that the types of A. rhizogenes and the election of hairy root clones represent an 

important factor to have a huge final biomass accumulation. Additionally, the biomass production 

is influenced both by the medium composition in term of formulation and the sucrose amount. The 

modulation of conductivity during the growth period could give information of the state of culture. 

The chemical composition of their methanol extracts in comparison with untransformed roots was 

evaluated. Ferruginol (1) was contained in both extracts, while agastol (5) was produced only by 

hairy root culture. The quantitative analysis that the hairy roots of S. corrugata can be considered 

a source of these bioactive molecules. Abietane diterpenoids, also with rearranged skeletal types, 

have been described for the aerial parts and the roots of many Salvia species 241, mainly European 

and Asian species 345, while their presence is commonly described as limited to the roots of the 

New World species 346, 347. These compounds are also referred to be produced from hairy root 

cultures of some of these plants 266, 295, 346, 348. Abietane diterpenoids exhibit several interesting 

biological activities including antimicrobial, antifungal, anti-leishmanial, antiplasmodial, 

antiviral, antioxidant, antitumour, cytotoxic and anti-inflammatory activities 106, 241, 349-352. 
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Ferruginol is one of the most studied abietane diterpenoids and it shows many of these important 

bioactivities 106, 351, 353-356, including the antiviral activity of 357, and interestingly against 

coronaviruses 358, 359. High oxidized and rearranged abietane diterpenoids, as abeo-abietane 

compounds, show the same biological activities 340, 360-363. Agastol, an abeo-abietane diterpenoid, 

showed cytotoxic activity 294, immunomodulatory effect 364 and significant inhibitory effects 

against human immunodeficiency virus type 1 (HIV-1) protease activity 365. Further studies will 

be conducted to evaluate whether elicitation can increase the production of bioactive compounds 
266, as the use of elicitors is one of the most common strategies to induce the accumulation of a 

bioactive secondary metabolites 366, 367. 
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Chapter 7.  

Phytochemical investigation of Salvia somalensis leaf 

surface constituents 
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7.1 Introduction 

The study on the isolation and characterization of both S. somalensis leaf surface constituents and 

in vitro callus culture extract was continued at the Departement Pharmazeutische Wissenschaften, 

University of Basel (CH), under the supervision of Prof. Potterat. 

Salvia somalensis Vatke is a perennial shrub, native to Somalia, and recently introduced in the 

Ligurian cultivations of ornamental species for the ease of growth in the Ligurian climate, the 

fragrance, and the color of the flowers. Previous research conducted in our laboratory showed that 

the species is a good producer of abietane diterpenoids (i.e. carnosic acid and derivatives), 

described as the major constituents of extracts of rosemary and Salvia officinalis (data not shown). 

The aim of this project was the identification and structural elucidation of the minor secondary 

metabolites in addition to the main abietane diterpenoids that characterize the cuticular mixture of 

the species. 

Plant surfaces are known to play critical roles in the physiology of the plant and in resistance to 

biotic and abiotic stresses 368. The leaf surface of a plant is the outer layer of the leaf, which is 

exposed to the environment. It consists of the upper and lower epidermis, as well as other tissues 

such as the cuticle, stomata, and trichomes. The upper and lower epidermis are layers of cells that 

form the outermost covering of the leaf. They are composed of tightly packed cells that are mostly 

transparent, allowing light to pass through to the photosynthetic cells inside the leaf. The cuticle 

is a waxy layer that covers the surface of the leaf and helps to prevent water loss. The stomata are 

small pores that allow gases, such as carbon dioxide and oxygen, to enter and exit the leaf. The 

trichomes are tiny hair-like structures that can be found on the leaf surface, and they play various 

roles, such as protecting the plant from pests and regulating temperature. Overall, the leaf surface 

plays a crucial role in the plant's ability to photosynthesize, breathe, and protect itself from the 

environment. The plant leaf surface is bounded to a cuticle, an extra-cellular layer continuous with 

ecological and protective functions. This matrix of cutin (hydroxy and hydroxyepoxy fatty acids) 

and waxes is organized in a bilayer cuticular membrane 369. The plant leaf surface has different 

roles as physical-mechanical barrier, regulation of water loss/uptake and gas exchange, defence 

against pathogens and more others 370. The cuticle may act as a fixative for proper compounds 

enabling them to stay further on the surface and to exert their biological functions 371. From a 

physi(ologi)cal point of view, all apolar organics with sufficient lipid solubilities, including a wide 

variety of primary and secondary metabolites, are involved in this transport system pathway of 

small molecules to the leaf surface 372. Several secondary metabolites present on the leaf surface 

reported antimicrobial properties and thus prevent settlement by microorganisms 373. The 

investigation of the chemical constituents of the cuticular layer is therefore important because it 

allows the identification of metabolites of plant defense, especially against microorganisms, and 

therefore may have potential use as antimicrobials. 
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7.2 Materials and methods 
 

7.2.1 Plant material 

The fresh aerial parts of a commercial specimen of Salvia somalensis were obtained from the 

Centro Regionale di Sperimentazione ed Assistenza Agricola (CERSAA), Albenga (SV), Italy. 

The plant material was identified by G.L.C. Bramley, and a voucher specimen (INTERREG III 

ALCOTRA, Progetto N° 074 “Sviluppo a Scopi Commerciali delle Potenzialità del Genere Salvia 

L) was deposited at the Kew Herbarium (K). 

 

7.2.2 Phytochemical Analysis.  

For the isolation of leaf surface constituents, fresh aerial parts of Salvia somalensis (3.7 kg) were 

immersed in CH2Cl2 for 20 s, preventing the extraction of inner cell wall components. After 

filtration, the extraction solvent was removed under reduced pressure. The extract (40.7 g, 1.1 % 

w/w of fresh plant) was partitioned with n-hexane to afford an n-hexane-soluble (30.3 g) and an 

n-hexane-insoluble portion (7.8 g). The n-hexane-soluble portion was chromatographed in aliquots 

of 1.0 g on Sephadex LH-20 columns (53 x 2.5 cm), using CHCl3/CH3OH (7:3) as an eluent. The 

eluate fractions (20 mL each) were combined according to TLC controls to give five fraction 

groups (I-IV): group I (1.8 g) (up to 180 mL) with waxy compounds; group II (6.2 g) (from 180 

to 220 mL); group III (7.4 g) (from 220 to 240 mL), and group IV (8.2 g) (from 240 to 320 mL). 

Group I was fractionated by Si gel MPLC eluting with n-hexane/CHCl3/CH3OH at concentrations 

varying from 100:0:0 to 0:0:100 to obtain 13 fractions (I1-I13). Group II was fractionated by Si 

gel MPLC eluting with n-hexane/CHCl3/CH3OH at concentrations varying from 100:0:0 to 

0:0:100 to obtain 13 fractions (II1-II13). Group III was fractionated by Si gel MPLC, eluting with 

n-hexane/CHCl3/CH3OH at concentrations varying from 100:0:0 to 0:0:100 to obtain 18 fractions 

(III1-III18). Group IV was fractionated by Si gel MPLC, eluting with n-hexane/CHCl3/CH3OH at 

concentrations varying from 100:0:0 to 0:0:100 (a: 3.0 L; b: 1.5 L) to obtain 15 fractions (IV1-

IV15).  

 

7.2.3 Chromatographic and spectroscopic techniques 

HPLC-PDA-CAD-ESIMS or APCIMS was conducted on a LC-MS 8030 chromatographic system 

(Shimadzu, Kyoto, Japan) consisting of a degasser, auto-sampler, quaternary pump (LC-20AD), a 

column oven (CTO-20AC), a PDA detector (SPD-M20A), a triple quadrupole MS, and a Dionex 

Corona Veo RS CAD detector (Thermo-Fisher Scientific, Germering, Germany).  

NMR data were recorded on a Bruker Avance III NMR spectrometer operating at 500.13 MHz for 

1H, 125.77 MHz and for 13C nuclei. 1H, 13C, COSY, HSQC, HMBC, and NOESY NMR spectra 

were recorded in MeOD (ARMAR isotopes, 99.8 atom% D) or DMSO-d6 (ARMAR isotopes, 
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99.9 atom% D) at 23°C on a 5 mm BBO probe with a z-gradient. ESIHRMS spectra recorded on 

a LTQ Orbitrap XL hybrid ion trap−Orbitrap mass spectrometer (Thermo-Fisher Scientific, 

Massachusetts, MA, USA).  

 

7.3 Preliminary results 

 

The phytochemical analysis of the surface exudate of aerial parts of S. somalensis afforded one 

new compound and several known compounds, identified by spectroscopic NMR analysis, 

including DEPT, TOCSY, HSQC and HMBC experiments. Group I afforded identified as betulin 

(1) (0.8 mg), uvaol (2) (1.1 mg), pisiferol (3) (0.5 mg), betulinic acid (4) (0.7 mg). Fraction II10 

(352.8 mg): rosmanol (5) (2.8 mg), 12-O-methylcarnosic acid (6) (2.5 mg), oleanolic acid (7) (7.1 

mg), ursolic acid (8) (9.3 mg). Fraction III7 (232.2 mg) 12-O-methyl-acetylcarnosate (12-

methoxy-11-hydroxy-8,11,13-abietatrien-2-oic acid methylester) (9) (0.4 mg), 7,13-E-labdadien-

15-ol (10) (3.1 mg). Fraction III9 (166.9 mg), apigenin-7,4’-dimethyl ether (11) (1.0 mg). Fraction 

IV3 (8.1 mg): 11-hydroxy-12-methoxyabieta-8,11,13-triene (12) (0.3 mg). Fraction IV4 (350.1 

mg): (-)-7-epi-isojunenol (13) (1.5 mg). Fraction IV7 (983.2 mg): (+)-ent-epicubenol (14) (0.4 

mg). Fraction IV8 (586.4 mg): 20-deoxocarnosol (15) (1.5 mg), ferruginol (16) (0.4 mg), 7,13E-

labdadien-15-ol (10) (1.0 mg). Fraction IV9 (51.3 mg): -chaenocephalol (17) (1.7 mg). Fraction 

IV10 (144.3 mg): galdosol (18) (1.4 mg), 14-hydroxy-7-O-methylrosmanol (19) (0.4 mg), 12-O-

methylcarnosol (20) (0.4 mg). Fraction IV13) (157.1 mg): demethylsalvicanol (21) (10.2 mg). 

Fraction IV15 (136.5 mg): 3,11-dihydroxy-3,7,11-trimethyldodeca-1,6,9-triene (22) (1.3 mg), 

teucladiol (23) (3.0 mg), formosanoxide (24) (1.4 mg), pisiferol (3) (4.7 mg).  
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Figure 1. Chemical structures of compounds 1-24 isolated from the surface exudate of aerial parts of S. 

somalensis. 
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7.4 Conclusion  

The preparative and semi-preparative HPLC and HPLC-MS separations of S. somalensis leaf 

surface exudate afforded known terpenoids, and specifically sesquiterpenoids, diterpenoids, 

triterpenoids, and flavonoids. Currently, additional isolated compounds are under NMR and MS 

investigation and ECD calculations. The isolated compounds will be subsequently submitted to 

antimicrobial assays. These types of compounds are promising as antimicrobials towards several 

crop diseases as well as human pathogens. In addition, in silico analysis will be carried out on 

different protein targets in order to predict the compounds binding modes.  
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