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    Frontiers in Natural Product Chemistry presents recent advances in the chemistry and biochemistry of naturally occurring compounds. It covers a range of topics including important researches on natural substances. The book is a valuable resource for pharmaceutical scientists and postgraduate students seeking updated and critically important information on bioactive natural products.




    The chapters in this volume are written by eminent authorities in the field. In chapter 1, Mastino et al., discuss the traditional usage and the biological and pharmacological properties of various Cistus species, with particular emphasis on Cistus species growing in Sardinia. Yuan et al., in the second chapter, summarize the current knowledge regarding the phytohormone abscisic acid (ABA) in the regulation of fruit development and ripening, as well as in responses to environmental stresses. Gorai et al., in chapter 3 present the progress in the research on naturally occurring biflavonoids. Victório et al., in the next chapter of the book review the protective effects of plant metabolites on cell injury caused by radiation therapy against cancer and high doses of radiation exposure. Mammen in the last chapter presents a detailed overview of chemical perspective and drawbacks in flavonoid estimation assays that how plant metabolites may protect human cells against radiation-associated damage.




    I hope that the readers will find these reviews valuable and thought-provoking so that they may trigger further research in the quest for new and novel therapies against various diseases. I am grateful for the timely efforts made by the editorial personnel, especially Mr. Mahmood Alam (Director Publications), Mr. Obaid Sadiq (In-charge Books Department) and Miss Asma Ahmed (Senior Manager Publications) at Bentham Science Publishers.
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      Abstract




      Extracts obtained from many plants have recently gained popularity and scientific interest for their antibacterial, antifungal and antioxidant activity. Many results have been reported on the antimicrobial properties of plant extracts containing essential oils and different classes of phenolic compounds. In this chapter, we will discuss the traditional usage and the biological and pharmacological properties of various Cistus species, with particular emphasis on Cistus species growing in Sardinia. Cistaceae family is widespread in the Mediterranean region with several species, and it is known as a traditional natural remedy. Cistus genus grows in Sardinia with populations of C.monspeliensis, C.salvifolius, C. albidus and C. creticus subspecies: C.creticus subsp. creticus, C.creticus subsp. corsicus, and C.creticus subsp. eriocephalus. Despite being widespread, only a few phytochemical research has been reported for Cistus species growing in Sardinia. Moreover, C.creticus subsp. eriocephalus (Viv) Greuter & Burdet growing in Sardinia is characterized by an important polymorphism due to hybridization and occurrence of various ecotypes based on intermediate morphological characters. The recent studies have shown that the extracts of Cistus species may be used as therapeutic agents in a wide range of human diseases. The use of plant extracts for controlling postharvest fungal pathogens can enhance healthy fruit production. Further knowledge regarding the bioactivity of Sardinian Cistus species will be useful to verify their potential as profitable sources of functional ingredients in applications, such as food preservation, cosmetic, hygiene or medical device.
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      INTRODUCTION




      Plants have always been a source of nourishment and care for living beings. Their twofold task of producing nutrients and medicines has played a key role in the evolution (and co-evolution) of herbivorous and omnivorous organisms.




      Plants have the characteristic of being much richer in their biochemical diversity than animals. This phenomenon is probably because the plants are constrained to the ground and must evolve a multiplicity of adaptation mechanisms more than necessary for the animals, which have other means for their survival (for example, the move to search for food or escape for defense). The biologically active substances potentially usable in nutraceutical, phytotherapy, or as additives food are to be found among the secondary metabolites of plants or the products of metabolism that is not essential for the simple growth, development, or reproduction of the plant, such as mucilage, gums, glycosides, tannins, alkaloids, saponins, anthraquinones, flavonoids, essential oils, and others.




      These compounds are molecules with well-defined functional roles aimed to defend the plants against abiotic stress (temperature, light, water availability, etc.) and biotic stress (herbivores, fungi, bacteria, and viruses’ attacks) [1].




      In fact, although most of the latest drugs in the market are of synthetic origin, the natural substances, in particular, secondary metabolites, isolated and characterized by a large and varied number of species, have had a fundamental role in the research and development of new drugs.




      The chemical diversity that characterizes natural molecules makes the exploration of their biological characteristics not just one of the main sources of potential new compounds usable for the new drugs' realization but also a useful tool for the discovery of new mechanisms of action and the identification of plant species with the chemotaxonomy study.




      Therefore, phytochemical studies are in constant evolution and continuous progress, especially due to new techniques that have allowed us to achieve the desired objectives more easily and in less time; at the same time, studies of botany, ethnobotany, pharmacology, and medicine have endured an increment and today, due to this interdisciplinarity, it is possible to have much more information on medicinal plants and their rational use in medicine [1].




      The Mediterranean area is a peculiar geomorphologic, climatic and social environment in which the islands play a predominant role due to their characteristic by heavy changes in different seasons (from moderate to high temperatures and humidity). For this reason, the islands promote vegetal biodiversity and biological adaptation to this seasonal variability. In this context, the plants produce peculiar chemical compounds as secondary metabolites and therefore have been used in the past for medical purposes. Extracts obtained from many plants have recently gained popularity and scientific interest for their antibacterial and antifungal activity [2-4]. Many results have been reported on the antimicrobial properties of plant extracts containing different classes of phenolic compounds [5]. These compounds represent a rich source of biocides and preservatives, and many studies have pointed out the antimicrobial efficacy of certain classes of phenolic compounds, such as hydroxybenzoic acid derivatives [6], coumaric and caffeic acid derivatives [7, 8], flavonoids, and coumarins [9-11], catechin, epicatechin, proanthocyanidins, and tannins [12-14]. Moreover, some authors have studied the relationship between molecular structure and antimicrobial activity of some phenolic compounds [15, 16]. The antimicrobial properties of certain classes of polyphenols have been proposed either to develop new food preservatives [17] due to the increasing consumer pressure on the food industry to avoid synthetic preservatives or to develop innovative therapies for the treatment of various microbial infections [18, 19], considering the increase in microbial resistance against conventional antibiotic therapy. The antimicrobial activity of polyphenols occurring in vegetable foods and medicinal plants has been extensively investigated against a wide range of microorganisms. Among polyphenols, flavan-3-ols, flavonols, and tannins received the most attention due to their wide spectrum and higher antimicrobial activity in comparison with other polyphenols and to the fact that most of them can suppress several microbial virulence factors (such as inhibition of biofilm formation, reduction of host ligands adhesion, and neutralization of bacterial toxins) and show synergism with antibiotics [1].




      Many biological activities from secondary metabolites of plants can also be attributed to, Essential Oils (EO), which have been long recognized for their antibacterial, antifungal, antiviral, insecticidal, and antioxidant properties. They are widely used in medicine and the food industry for these purposes. The increased interest in alternative natural substances is driving the research community to find new uses and applications for these substances, as will be broadly described below.


    




    

      HISTORICAL BIOGEOGRAPHY OF SARDINIA




      Sardinia is an eco-region of the central Mediterranean with a biodiversity wealth unique in Europe, with over 2300 estimated spontaneous vascular plants. Nine hundred of them are known in various ways and used for the most disparate purpose, and 300 are endemic species [20].




      The first studies on the Sardinian flora dated back to the second half of the 1700s, but in the first years of the 1800s, a systematic investigation began throughout the Island territory due to Piedmont Doctor, Giuseppe Giacinto Moris. His work, entitled “Flora Sardoa”, although incomplete, was fundamental for the knowledge of the plant heritage of the Island and starting point for further and more detailed research. From that moment, the contribution of numerous botanists has allowed defining the state of the current knowledge of the Sardinian flora, as reported by Arrigoni [20].




      There are several factors that have contributed to characterize and differentiate the natural vegetal landscape of the island from other geographically close ones. For the first, the favor geographical position of Sardinia in the middle Mediterranean, and especially the conditions of isolation in which the island is found starting from the Miocene and that they have determined the genetic differentiation of species that are therefore unique. Another element that has decisively influenced the Sardinian floristic composition is the climate, given by the alternation of two seasons, a hot-arid and a cold-humid. The summer water deficit is the main limiting factor and forces the flora to a series of structural and functional adaptations.




      The conditions of prolonged isolation due to the presence of geographic, ecological or biological barriers that prevent the dispersion and the diffusion of a given species have determined for many entities (especially the most polymorphic ones) morphological and genetic differentiation in response to environmental conditions, such as to produce speciation phenomena.




      The greater floristic affinities are shared with Corsica, with which until about 10.000 years ago constituted a single geographic entity, forming a great block that has often been considered as a microplate or microcontinent.




      Thirty million years ago, these land blocks began to move away from the European plate, from Provence, turning counterclockwise. Subsequently, the isolation was briefly interrupted by phenomena related to the closure of the Strait of Gibraltar (5.6 million years ago) and glaciations (the last glacial maximum dates to about 15,000 years ago), encouraging the development of indigenous species evolutions and entire biocenosis. Therefore, the Island is today characterized by typically Sardinian endemic species, and others shared with the nearby Corsica with which it constitutes the Sardinian-Corsican floristic Dominion (e.g.: Genista corsica, Crocus minimus, Colchicum corsicum, Silene velutina, Helleborus argutifolius, Cistus creticus corsicus).




      In Sardinia, the presence of a rich contingent of plant species with potential pharmaceutical interest has been highlighted: well over 390 species are recognized as medicinal [21, 22], and 20 are included in the XI Edition of the F.U.I. (Official Italian Pharmacopoeia) as they are recognized as officinal sensu stricto.




      In particular, the plants that constitute the “Mediterranean maquis” have been the subject of attention by researchers from quite different fields from each other, ranging from systematic botany to naturalistic engineering, phytochemicals, agronomy, ethnobotany, diet, and linguistics. Unfortunately, despite the presence of these species, the Mediterranean maquis nowadays is still considered invasive by the local populations. Knowledge of the biological, agronomic, and productive characteristics of these plants is an important step to allow the exploitation of their potential.




      The Mediterranean maquis is a type of woody vegetal formation, typical of the Mediterranean climate (littoral and sublittoral zone), mainly formed by shrubs usually evergreen and sclerophyllic, associated with liana plants also mainly xerophytic and often spinescent. Herbaceous plants, on the other hand, vegetate in clearings that are reduced in the closed or continuous scrub and more extensive in the discontinuous or open scrub. The shrubby species that make the Mediterranean maquis are about 150, but the main mass consists of only about forty of them [23].




      The Mediterranean scrub covers a substantial part of the Sardinian territory, and this ensures that the use of these plants are, and more over has been, of interest for a large part of the island’s population and that have covered all aspects of traditional uses constituting a wealth of knowledge maintained thanks to the knowledge handed down orally by the elderly population [24, 25].




      For all these reasons, the valorization of the Mediterranean maquis of Sardinia must be seen in a framework that considers the tradition and their potential for use in many fields. The research could range from environmental protection to sustainable exploitation of resources, from high-quality products (food and non-food) to new discoveries for human health. Of all the shrubs that deserve some attention stand out Cistus genus for his ethnobotanical use and for the wide availability of biomass.


    




    

      BOTANICAL STUDY




      

        Cistaceae Family




        The Cistaceae family belongs to the order of the Parietales or Cistales that includes shrub, sub-shrubs, or herbs both perennial and annual. They have simple leaves with entire margin, commonly opposite especially in the lower part of the stem, less frequently scattered; they can be stipulated or not, but in this case the petiole is dilated in the shape of a sheath and are mostly characterized by a tomentose garment of starry trichomes. Arrington and Kubitzki (2003) [26], report that there is different combination of hair types on calyx, stem, and leaf. Characteristic of the family glandular hairs (multicellular and capitate or elongate-uniseriate, rarely peltate scales) or no glandular (simple, tufted, stellate). Leaves of Cistaceae often possess cystoliths. Stomates are anomocytic, on one or both leaf surfaces. In the minor leaf veins, phloem transfer cells are present (e.g., Helianthemum) or absent (e.g., Cistus). Flowers are solitary or grouped in unilateral, scorpioid, or symmetrical cymose inflorescences. Flowers usually open only in full sunlight for a few hours, and the petals are typically ephemeral. Most flowers are pentamers and hermaphrodites. The fruit is a coriaceous or woody capsule, loculicid, surrounded by the persistent calyx with numerous, small, angular seeds.




        It is known that Cistaceae seeds have extremely hard seed coat that minimizes water loss and water uptake, this makes these seeds dormancy externally but endowed to a high viability. Moreover, Arrington and Kubitzki (2003) [26] cited other authors [27, 28], whom affirm that these properties have been interpreted as an adaptation to summer-dry and fire-prone Mediterranean climatic conditions.




        Some species of Cistus may lead environmental problems in wildfires because they are rich in resins [29]. Over the years, the classification of Cistaceae family has undergone remarkable modifications by many researchers, due to the polymorphism of the numerous species belonging to it and to their possibility of interspecific and intergenic hybridization.




        Currently, the division into 7 genera (Fig. 1), made by the German botanist Grosser [30] is accepted: Cistus, Fumana, Helianthemum, Tuberaria, Halimium, Hudsoni and Lechea within which some AA. next distinguishes the genus Crocanthemum for American species.




        These plants are mainly diffused in the Mediterranean basin and mainly prefer arid, sunny environments and, some species, have a marked predilection for the calcareous soils. However, they are present throughout the rest of Europe, North America, North Africa and West Asia.




        
[image: ]


Fig. (1))


        Classification of Cistaceae family according to Grosser.

      




      

        Cistus Genus




        Cistus L. (from the Greek κίστoσ), known also as rock rose, is a genus of perennial ever green shrub with hard leaves growing wild also in stony and infertile soils. Cistus genus is indigenous of the Mediterranean region, and it is considered a pioneer genus. Impenetrable masses of Cistus plants are formed as early successional stages following woodland disturbances such as fire and soil overturning.




        Morphological and physiological variation exists between populations of some Mediterranean species, both along large climate gradients [31]. Cistus species have a great ability to modify the structure and function on their leaves in the mid-term to cope with changing environmental conditions [31].




        In some species, seasonal dimorphism is observed, enabling the plants adaptation to drought conditions, which induces leaves to decrease in size and grow more hair [32] The adaptation of the genus in Mediterranean environments is evident from ecological characteristics such as fire-dependent seed germination, insect-dependent pollination, flower-dependent reproduction and “spring-dependent phenology”. A long history of human activities has favored distribution and abundance of Cistus species in the Mediterranean [32]. According to Guzman and Vargas (2005) co-occurring species of Cistus are frequent, particularly in mountain ranges composed by both acidic and basic soil [33]. Environmental specificity referring to substrate confers additional value to acidophilous and basophiles species as predictable indicators of woodland disturbance. In marked contrast to the detailed knowledge of ecological characteristic, understanding of the evolution of morphological characters and phylogenetic relationship within the genus is extremely limited [33]. Lo Bianco et al. (2017) reported that even if Cistus is a relatively small genus, includes several species distributed in the warm-arid and temperate Mediterranean regions (Fig. 2), it is complex because it shows significant morphological diversification, caused by polymorphism of many species and hybridization between related species [34].
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Fig. (2))


        Distribution map and number of Cistus species. Pie diagrams include proportions of white-flowers (white) and purple-flowers (dark grey) species in every country. Notice the highest species diversity in the western Mediterranean. The Mediterranean region shown in grey [33].



        Lo Bianco et al. (2017), reported that “indeed, hybridization has been reported to be an active process in the Cistus genus and many hybrid combinations within and among pink or white flowered species have been recorded based on intermediate morphological characters [34]. The taxonomy of Cistus has been traditionally based on vegetative (never number, shape and airiness of leaves) and reproductive (sepal number, petal color, style length and number of fruit valves) characters, although evolutionary mechanism responsible for the morphological diversity within the genus remains poorly understood.




        Several studies on the anatomical and morphological leaf traits of Cistus species have been published but there are few precedents of such studies for taxonomic purpose”. In this study [34], the authors have evaluated the intraspecific phenotypic differentiation of Cistus creticus L. subspecies and the interpopulation variability among five Cistus subsp. eriocephalus population based on seed character measurements from image analysis. The results of this work have demonstrated the capability of the image analysis system as highly diagnostic for systematic purpose and confirm that seeds in the genus Cistus have important diagnostic value.


      




      

        Systematics of Cistus Genus




        In a review, Papaefthimiou et al (2014) [32], have reported that “taxonomic classification of Cistus was formed prior to 1800, but the first integrated separation was implemented in 1824 by Dunal, who described 28 species divided in 2 sections, Erythrocistus and Ledonia. Shortly thereafter, described 33 species also divided into Erythrocistus and Ledonia, where 3 additional species in section Erythrocistus and 7 species in section Ledonia were included. Spach separated them in 5 genera, named Ladanium, Rhodocistus, Stephanocarpus, Ledonia and Cistus, further divided into sections Rhodopsis, Eucistus, and Ledonella. The plant species divided in subgenera Erythrocistus and Ledonia were further separated into 7 sections: Macrostylia, Brachystylia, and Astylia in subgenus Erythrocistus and Stephanocarpus, Ledonia, Ladanium, and Halimioides in subgenus Leucocistus. Grosser, described 3 groups distributed into 16 species in 7 sections: Group A contained Rhodocistus, Eucistus, and Ledonella while Groups B and C, respectively, made up of Stephanocarpus and Ledonia, and Ladanium and Halimioides. Dansereau classified the species in subgenera Erythrocistus and Ledonia, according to Willkomm, and then separated them in 8 sections, with naming Macrostylia, Erythrocistus, and Ledonella for sections of subgenus Erythrocistus, and Stephanocarpoidea, Stephanocarpus, Ledonia, Ladanium, and Halimioides for sections of subgenus Leucocistus [32]. Demoly and Montserrat (1993), described the distribution of 12 species of genus Cistus that grow in Iberia. In this approach, 3 subgenera were classified: I. subgenus Cistus, containing C. albidus, C.creticus, C. crispus, and C. heterophyllus; II. subgenus Leucocistus, containing Ledonia with species C.monspeliensis, C. salviifolius, C. psilosepalus, and C. populifolius, and section Ladanium with C. ladanifer and C. laurifolius; and III. subgenus Halimioides containing C. clusii and C. libanotis. From this study, it became apparent that most Cistus species grow in western Mediterranean [35].




        A recent classification of Cistaceae [33], is based on combined nuclear (ncpGS, ITS) and plastidic (trnL-trnF, trnK-matK, trnStrnG, rbcL) DNA sequence comparisons, divides Cistus into 3 subgenera: the purple flowered subgenus Cistus and the white flowered subgenera Leucocistus and Halimioides” (Fig. 3).
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Fig. (3))


        Classification of three subgenus of Cistus genus based on analysis of tmF, maK and ITS sequences and plastid rbcL and tmL-tmF sequences.



        Camarda and Valsecchi (2008) [36], described the distribution of four species of genus Cistus that grow in Sardinia. This include large population of C.salvifolius L., C.monspeliensis L. (white flowers), C. albidus L. and C.creticus L. (purple flowers), this last includes three different subspecies, namely subsp. eriocephalus (Viv.) Greuter et Burdet., subsp. creticus L. and subsp. corsicus (Loisel.) Greuter et Burdet (the latter endemic in Sardinia and Corsica) [36].




        C.salvifolius (Fig. 4) is the most widely spread species of the genus Cistus around the Mediterranean basin. At least three intercontinental colonization are responsible for its wide distribution, leading to little geographical isolation with high genetic diversity within populations, but no genetic differentiation between the different populations of C.salvifolius [32]. The factors that caused the dispersion of C.salvifolius around the Mediterranean were mostly ecological, such as the climate and the soil.
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Fig. (4))


        C. salvivolius growing wild in Sardinia.



        It grows in siliceous and calcareous soils and occurs on sandy soils of a wide range of habitats, while it is often located within the understory in wooded areas [32]. In Sardinia it is present in most of the island except for the higher crests of the Gennargentu Mountain [36].




        C.monspeliensis (Fig. 5), also known as the Montpelier rockrose, is characterized by its aromatic leaves and its small white flowers. It also exhibits seasonal leaf dimorphism with alternating wide and thin late autumn/early winter and thicker late spring/early summer leaves with larger trichome density, while both types coexist on the same plant during early spring. Summer leaves have high leaf mass area and tissue density, low leaf surface area and thick adaxial cuticle, traits that contribute to plants endurance to drought conditions and resistance to fire. As expected, long-term experimental drought conditions during the transition to summer leaves can have significant effect on leaf functioning. In a relevant study, over-imposed drought resulted in early leaf litter and a reduction of spring-leaf lifespan, thus a shorter vegetative season, which can have a negative effect on C.monspeliensis survival in Mediterranean shrubland [36]. C.monspeliensis is spread from the western Mediterranean to the Canary Islands and Madeira where it seems to have occurred naturally without any human interferences. C.monspeliensis is dominant in evergreen garrigue vegetation, inhabiting acidic, limestone, silicolous and calcareous hills and colonizing areas that are rich in Quercus and Pinus trees compost or have been disturbed by fire. It has also been demonstrated to be a non-strict calcifuge [36].
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Fig. (5))


        C.monspeliensis growing wild in Sardinia.



        In Sardinia, C.monspeliensis lives on arid, sterile, stony, sandy soils, extending from the coastal zones to the mountain ones, up to about 1200 m of altitude. It is a species which prefers the siliceous substrata and only very rarely extends on the calcareous soil.




        C. albidus (Fig. 6) has bright purple flowers (June to August), it displays ecotypic differentiation, at least when growing in semi-arid climates, being able to adapt the growth of its branches and leaf dimensions, acquiring the greatest growth under plentiful water availability, while slowing growth and tending to phenotypically converge under drier environments. C. albidus grows in evergreen shrublands, is partially drought deciduous and a non-strict calcicole that prefers calcareous and basic soils and woodlands with plenty Pinus and Quercus compost, in dry areas with altitude up to 1200 m. Phylogenetic studies have shown that it is closely related to the endemic species forming the Canarian Cistus lineage, while still forming a monophyletic group with two other purple-flowered species exclusive in the Mediterranean basin, C.creticus and C. heterophyllus [36].




        In Sardinia Cistus albidus is present in the center of the Island, in the middle-mountain areas of Ortobene Mount, the mountains of Orune and of the Plateau of Bitti-Budduso, of Lerno Mount, where it forms extensive cistetus.
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Fig. (6))


        Cistus albidus growing wild in Sardinia.



        Among the Sardinian Cistus, C. albidus appears as the most mesophilic species; it lives in the stony zones from the sea level up to over the 1000 m of altitude, on the substrata preferably of siliceous nature, in sunny locations.




        Cistus creticus (Cretan rock rose) it is a small tree about a meter high; flowering occurs at the end of spring and its pink petals are creased. The leaves exhibit the phenomenon of seasonal dimorphism, as an adjustment mechanism for acclimatization to the Mediterranean climate. During summertime, when water is limited, brachyblasts are developed that have leaves five-times shorter than the ones in winter, with stomata located abaxially inside crypts. During wintertime, the newly developed dolichoblasts are fourteen times longer, bearing a bigger number of leaves with stomata distributed across the lower surface.




        Among the three C.creticus subspecies identified, subsp. corsicus (Fig. 7) is limited to the islands of Corsica and Sardinia [36].
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Fig. (7))


        C.creticus subsp. corsicus growing wild in Sardinia.



        It is a Sardinian-Corsican endemism, in Sardinia is present in the schistose areas around Baratz Lake, in the north-western part of the Island.




        More than twenty-five populations of C.creticus subsp. creticus (Fig. 8) are endemic to the coastal areas of Crete (Greece) [36], whereas, the areal of Cistus creticus is centralized mainly on the eastern Mediterranean, and the Sardinian-Corsican system would represent the western limit of its diffusion area [22, 57]. In Italy it is present in the southern regions and in Sicily, whilst in Sardinia it has been reported in the coastal calcareous areas of the central-eastern part.




        Subspecies eriocephalus (Fig. 9), where the young branches, the floral peduncles and sepals are covered by long silky white hairs, is exclusive to the Mediterranean area-mainly located on the islands of Corsica, Sardinia, and Crete [36]. Indifferent to the pedological substratum, it lives on any type of soil, from the sea level to over the 1000 m. It spreads in the zones with hot-arid climate and becomes part of the formations of the coastal or hilly spots and of the coastal garrigues, where it forms low felt tufts. In relation to the different environments, it has a great variability in the shape of the leaves, in the abundance of the hairy coating.
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Fig. (8))


        C.creticus subsp. creticus growing wild in Sardinia.
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Fig. (9))


        C.creticus subsp. eriocephalus growing wild in Sardinia.

      


    




    

      BIOLOGICAL ACTIVITIES




      Modern scientific research has focused on the isolation and identification of compounds present in extracts, and resins from various species of Cistus. Studies have also analyzed their biological and pharmacological activity, which elicit healing properties. Phytochemical studies using chromatographic and spectroscopic techniques have shown that Cistus is a source of bioactive compounds, mainly phenylpropanoids (flavonoids, polyphenols) and terpenoids. These compounds determine the medicinal properties of Cistus such as anti-inflammatory, antibacterial, antifungal, antiviral, anti-allergic and strengthening the body’s resistance and an analgesic effect which allows their use as therapeutic agents in a wide range of diseases [37].




      According to Bouamama et. al. (2006) [38], we report in a recent paper, that the ancient ethnobotanical uses reveal that Cistus plants extracts are an excellent remedy for various microbial infections and are also well known and used as anti-inflammatory and antiulcerogenic, wound healing and vasodilator remedies [38, 39].




      The inhibition of low-density lipoprotein (LDL) [40] and the possible protection against coronary heart diseases and strokes have also been described [41].




      Several studies carried out using different Cistus species extracts demonstrated many pharmacological activities, such as: gastroprotective effect (Cistus creticus subsp. eriocephalus (Viv.) Greuter & Burdet and Cistus laurifolius); anti-inflammatory activity (Cistus creticus subsp. eriocephalus (Viv.) Greuter & Burdet); protective effect on DNA cleavage and dose-dependent free-radical scavenging capacity for (Cistus creticus subsp. eriocephalus (Viv.) Greuter & Burdet and Cistus monspeliensis); cytotoxic activity against several human leukemic cell lines in vitro (Cistus creticus L. subsp. Creticus and Cistus monspeliensis) and anticarcinogenic activities [42].




      Currently, numerous manufacturers offer in the market some Cistus infusions (“Cistus tea”) as useful antioxidant supplements to prevent chronic diseases [39].




      Some researchers point out that extracts of various Cistus species are a source of compounds with high antioxidant potential and can be used in therapy for many diseases caused by oxidative stress and can be useful in the prevention and treatment of Alzheimer’s disease [37]. For example quercetin, with its antioxidant activity, improve memory impairment that accompany Alzheimer’s disease. Furthermore, the use of Cistus tea as a biological antibacterial mouth rinse, contributed to the prevention of biofilm induced diseases in the oral cavity by decreasing the number of bacteria and reducing the initial bacterial adhesion [42].




      The aqueous extracts of C.salvifolius (L.) and C.monspeliensis (L.) have antinflammatory and both central and peripheral analgesical properties, supporting the traditional use of those plants in the treatment of inflammatory ailments [43]. In addition, was investigated the capacity of C.salvifolius and C.monspeliensis extracts to inhibit α-glucosidase enzyme and their significant inhibition of α-amylase indicate that they may be effective therapeutic agents for controlling hyperglycemia [44].




      Scientific research indicates and confirms in many plants, including Cistus sp., the presence of compounds with anticancer properties. The anti-cancer compounds cause changes in the cancer cell cycle invoking a mechanism in the cell whose main element is the apoptotic pathway [45, 46]. The observed changes are a decrease in the proliferation index (cytostatic effect), and a decrease in cell survival resulting from the induction of apoptosis (cytotoxic effect) [37]. Moreover, Papaefthimiou et al. in the article published in 2014 [32], cited other authors [47, 48], whom affirm that cytotoxic activity of shoot extracts from C.creticus subsp. creticus shoot, in an in vitro culture of human HeLa cells, was shown. Shoot extracts (rich in labdane diterpenes) were able to exert cytotoxic activity on HeLa (cervix), MDA-MD-453 (breast), and FemX (melanoma) cancer cells. The labdane-type diterpene sclareol, which is used today as a certified drug, has antitumor activity against human breast cancer cell lines and enhances the activity of known anti-cancer drugs. Three flavonoids were also tested against eleven leukemic cell lines. Myricetin had no activity while a myricetin ether, that was isolated from the hexane extract of C.monspeliensis, exhibited significant cytostatic and cytotoxic activities while its 3′,5-diacetyl derivative (synthesized), had lower cytotoxic activity.




      Research indicates that Cistus purified extracts can complement human cancer treatment. However, this assertion requires further research to understand its effects and its interaction with the recommended drugs [37].




      The results of a recent study [49] showed that the use of Cistus extracts to controlling postharvest fungal pathogens can enhance healthy fruit production to avoid diseases caused from chemical residues used in storage.




      Several studies have been carried out on the possible use of various Cistus species in phytoremediation [50, 51]. Some species showed variable accumulation patterns for metals at different soil concentration. This difference was also noted between parts of the same plant suggesting that whole plant–soil interactions should be considered when choosing plant species for developing and utilizing phytoremediation methods [52]. It is known that C. albidus displayed strong tolerance to Pb and accumulated large quantities of Pb and Cd in its roots; C. libanotis accumulated large quantities of Pb and Cd in its above ground parts and for this reason was classified as a Pb and Cd accumulator species. The studies result showed that C. albidus is suitable for phytostabilization of Pb-contaminated soils, while C. libanotis can be used for phytoextraction of both Pb and Cd [53].


    




    

      ESSENTIAL OILS




      Among the secondary metabolites of plant, the most known are the essential oils. They are usually volatile and fragrant substances with an oily consistency mostly liquid at room temperature but few of them may be solid or resinous. They are synthesized in all plant organs and stored in special cells, cavities, canals, epidermal cells or glandular trichomes. Several techniques are used to extract EO but the most known is extraction using water or steam distillation.




      All Cistus species secrete essential oils in different amounts that are mostly composed of monoterpene, sesquiterpene, and diterpene compounds, but not all of them are fully characterized [39].




      For example, Paolini et. al. (2008) reports the complete characterization of the essential oil of C. albidus, which showed a high content of sesquiterpenes bearing the bisabolene and cadinene skeleton [54].




      As already reported in our previous work. [39] “various reports have demonstrated the strength and effectiveness of the antimicrobial activity of Cistus essential oils. The antimicrobial activity of the essential oil of C.salvifolius, of C.creticus, and of C. ladanifer has been fully documented and scientifically proven. The responsible for the antimicrobial capacity of Cistus EO, seems to be mostly terpenes [55]. Cistus essential oil is now officially approved by the Food & Drugs Administration (USA) and by European Commission as a food additive and flavorings agent. C. ladanifer L. essential oil is hypothesized could be used as an herbicide because the oil showed herbicidal activity in in vitro bioassays. Research by Loizzo et al. (2013), indicated that EO of the species C.creticus, C.salvifolius, C. libanotis, C.monspeliensis and C. villosus exhibit antioxidant properties. Particularly C.monspeliensis and C. libanotis EO, have been shown the greatest antioxidant activity [56].




      Here following we report the results obtained in our study, Mastino et al. (2016), carried out on EO deriving from all Cistus species growing in Sardinia. All EOs have been analyzed and has been characterized many constituents [39].




      In this study are reported the differences found in six different profiles of EOs characteristic of each species and subspecies. Sardinian C.salvifolius showed a high quantity of norisoprenoids, absent in the other analyzed Cistus Eos. The most important components were ionones and β-damascenone with the presence also of cistodiol and clerodane diterpene [39]. The main component of this oil was manoyl oxide. The concentration of diterpenes is also very significant in the Eos of C.salvifolius growing in Tunisia and Sicily [56].




      In Cretan C.salvifolius Eos the most abundant constituents were cis-ferruginol, manoyl oxide, and 13-epi manoyl oxide [56, 57] and sesquiterpenes hydrocarbons were well represented. In Eos of C.salvifolius growing at Aeolian Islands (Sicily) it is possible to find a high concentration of sesquiterpenes (hydrocarbons 12.5% and oxygenated 31.5%) close to that detected in Cretan population.[56] Leaves and flowers of C.salvifolius from Jordan give an oil reach in esters and in oxygenated and hydrocarbon diterpenes, the major components were E-ethyl cinnamate, Z-ethyl cinnamate, and manoyl oxide [58]. Finally, the essential oils of Cistus salvifolius from a polluted area of Elba Island showed different profiles in comparison with those from not polluted area. Ambroxide and ambrial were the most important compounds in the essential oil from C.salvifolius harvested in a polluted area of Elba Island while nonanal and tridecanal were the main compounds in Eos from non-polluted area [59].




      In Eos of C.monspeliensis growing wild in Sardinia have been identified a total of 40 constituents [39]. The main fraction of the oil was represented by linear hydrocarbons, and heneicosane was the principal compound. Several hydrocarbons such as: heptacosane, nonacosane, pentacosane, and tricosane were also found in Eos from C.monspeliensis growing in the South of France, Greece, and Tunisia [56, 60-62]. The monoterpene α-terpineol is the only isolated in small quantities from Sardinian C.monspeliensis. While carvacrol was a major constituent of Tunisian C.monspeliensis leaves and essential oils [60, 63]. Moreover, carvacrol and α-terpineol were the only monoterpenes isolated from leaf essential oil of C.monspeliensis plants found in Crete (Greece) [62, 64]. In Tunisian and French plants the major components of essential oils of C.monspeliensis were hydrocarbons and oxygenated monoterpenes [56, 60, 65]. Sesquiterpenes are also present in good amount in Sardinian C.monspeliensis [39], so that in Tunisia has been found an accountable amounts of oxygenated sesquiterpenes and sesquiterpene hydrocarbons [56]. Also in C.monspeliensis growing wild in France and Greece were isolated several sesquiterpenes [61, 65]. It is noteworthy that in essential oils from aerial parts of C.monspeliensis grown in Greece has been revealed several clerodanes [62, 66-68].




      In the essential oils produced by French, Greek and Tunisian C.monspeliensis, the norisoprenoids (E)-β-damascenone and ionones, were identified [56, 57, 60-64]. Several other carbonylic compounds as epi-13-manoyl oxide, kaur-16-ene and nonanal were the principal constituents of C.monspeliensis EO from Algeria [69], while C.monspeliensis EO from Croatia is characterized by the dominance of labdane-type diterpenes [70].




      Essential oil composition of C. albidus growing in Sardinia showed high content of sesquiterpenes where β-caryophyllene, β-bourbonene, ar-curcumene are the major constituents. Moreover, several oxygenated sesquiterpenes were also identified; cis-cadin-4-en-7-ol and T-cadinol were the principal ones [39]. C. albidus essential oils from North-eastern Spain, France and Italian peninsula showed high content of sesquiterpenes, as β-sesquiphellandrene, β-caryophyllene, β-bourbonene, α-zingiberene, and germacrene D [54, 61, 71, 72]. Ormeño et al. (2007), observed that in C. albidus growing in competition with other wild Mediterranean species “germacrene D, ar-curcumene and allo-aromadendrene constitute the highest content of emissions from leaves”. [73] The principal compound of C. albidus collected in Spain, was zingiberene [74], also essential oil of C. albidus obtained from Provence (France) is characterized by a high content of sesquiterpenes as α-zingiberene [64, 71]. In Cistus genus α-Zingiberene is present only in Cistus albidus therefore this compound may be considered characteristic for this species [75]. The presence of several monoterpenes, including α-pinene and limonene, was observed in C. albidus grown in Catalonia, Spain [72]. Only a small proportion of oxygenated monoterpenes but no monoterpene hydrocarbons, was identified in C. albidus leaves growing wild in France [54]. Diterpenes were found only in C. albidus plants collected in South France and Spain [54, 57], the largest concentration was measured for the labdane-type compound 13-epi-manoyl oxide [49]. In C. albidus collected from southern Catalonia, Spain are present docosane, octacosane, and tetracosane [72]. Linear hydrocarbons including n-tetradecane and n-hexadecane, were identified exclusively in essential oil extracted from the of C. albidus growing in Italy in late spring [71], as well as aliphatic aldehydes including octanal, nonanal, decanal and the keton 6-methyl-5-hepten-2-one were identified only in the pollen [71]. Nonanal, decanal, undecanal, and dodecanal were detected also in the essential oil of C. albidus plants growing wild in France [54].




      Twenty components were identified in essential oil of C.creticus subsp. creticus grown in Sardinia [39], representing 99.26% of the total oil. Labdane-type diterpenes were a significant fraction of metabolites identified with manool and manoyl oxide being the most abundant [39]. Small concentration of monoterpenes were detected in essential oil of Cretan C.creticus subsp. creticus [76, 77]. studies conducted on Cretan plants revealed the presence of several sesquiterpenes and oxygenated sesquiterpenes and labdane-type diterpenes produced in Cistus by trichome- specific [78]. Similar chemical composition was reported from C.creticus subsp. creticus collected in Croatia [70]. Abu-Orabi et al. (2020), described that there are differences in chemical composition between the two organs, leaves, and flower buds in plants from Jourdan: oil extracted from leaves is characterized by oxygenated diterpenes and diterpenes hydrocarbon whereas the oil extracted from flowers shows an high content of oxygenated diterpenes [58].




      Mastino et al. (2016) studied the essential oil of C.creticus subsp. corsicus (37 components, amounting to 94.6% of the total composition of the oil) that is the only Sardo-Corse endemic species [39]. the principal components are diterpenes which are present in good quantity, several hydrocarbon sesquiterpenes and oxygenated sesquiterpenes were identified; T-cadinol being the most abundant [39]. The essential oils distilled from of C.creticus subsp. corsicus from Corsica were qualitatively similar, but different in the percentages of major components [79]. In the study of Mastino et al. (2016) was also carried out an analysis of principal components (PCA) In (Fig. 10) are reported the score plot (a) and the loading plot (b). The Score plot shows a cluster formed by the three C.creticus subspecies. C.salvifolius remains very close to that cluster [39]. These results suggest possible hybrid origin of C.creticus subsp. eriocephalus with C. salvifolius. In the loading plot is noteworthy the distribution of the essential oils' components that are in mostly agreement with the position of the Cistus species in the score plot (Fig. 11b).
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Fig. (10))


      PCA of essential oil of Cistus species grown in Sardinia [72].



      In essential oil of Sardinian C.creticus subsp. eriocephalus, studied by Mastino et al. (2016) [39], where identified thirty-seven constituents, representing 94.15% of the total. Characteristic of this essential oil is the presence of a consistent quantity of labdane-type diterpenes as manoyl oxide, which represent the most abundant component that is considered chemotaxonomic markers and were found abundant also in C.creticus subsp. Corsicus [79]. In Cretan C.creticus subsp. eriocephalus leaf extract high concentration of labdane-type compounds manoyl oxide and 13-epi manoyl oxide was observed. The sesquiterpene fraction was the largest in the essential oils of C.creticus subsp. eriocephalus endemic in the Cretan flora in Greece [76]. Maggi et al. (2016) have found these compounds only in scant amounts [80]. Paolini et al. (2009) reported that no essential oil was obtained from the samples of C.creticus subsp. eriocephalus from different regions of Corsica and North Sardinia. This subspecies differs from C.creticus subsp. creticus and C.creticus subsp. corsicus for the absence or poorness of glandular trichomes This could be the reason why it does not produce any essential oil [79]. On the other hand, in our study [72] essential oil was obtained from a sample collected in the Central Eastern Sardinian region. Maggi et al. (2016), analyzed the essential oil obtained from the aerial parts of C.creticus subsp. eriocephalus collected in central Italy (Umbria and Marche Apennines) [80].




      The sample showed a very low essential oil yield (0.03%), which was consistent with that reported for Greek populations [76].




      The absence or the essential oil in C.creticus subsp. eriocephalus reported by Paolini et al. (2009) was not in accordance with our results, for this reason we thought necessary to enlarge the study on more stations of C.creticus subsp. eriocephalus growing wild representative of all Sardinia Island [81]. For this reason, we carried out a study on representative shrubs of C.creticus subsp. eriocephalus growing in seven sites differing in altitude and soil (Fig. 11).
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Fig. (11))


      Collection station for C. creticus subsp. eriocephalus[81].



      The essential oils ranging from 5.05 mg/100 g to 128.70 mg/100 g of the fresh weight. No essential oil was obtained from the sample collected in Bonnanaro [81]. The different yields in essential oil may be due to different ecological and geographic factors. Carrying out an analysis of principal components (PCA), on the analytical data derived from essential oil, we demonstrated the existence of a high interpopulation variability within the essential oils of C.creticus subsp. eriocephalus growing in Sardinia (Fig. 12) [81]. Sardinian population showed appreciable variations in their chemical composition, rather than well-defined different chemotypes. Very interesting is the population of C.creticus subsp. eriocephalus of Bonnanaro, where no essential oil was detected. The plants grew totally isolated from other species belonging to the same genus, consequently, the hybridization with other Cistus species was not possible. For this reason, we suppose that this station (Bonnanaro) represents the place, where was possible to find the putative progenitor of C.creticus subsp. eriocephalus, this observation suggests that the data related to the samples collected in the other Sardinian stations would be the results of hybridizations [81], however, our fieldwork in Sardinia does not reveal relevant morphological variability within the studied populations.
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Fig. (12))


      PCA analysis of PCA of essential oil of studied populations [81].

    




    Our data suggest that the basis of variation in the volatile composition of seven C.creticus subsp. eriocephalus populations depends more on the genetic background and less on geographical factor as demonstrated by the samples of groups 2 and 3 (Fig. 12), which were qualitatively rather similar in chemical composition, also if the geographic places are far off [81].




    

      PHENOLIC COMPOUNDS




      Daglia (2012) [83] reports that “polyphenols are secondary metabolites ubiquitously distributed in all higher plants, which have important roles as defense against plant pathogens and animal herbivore aggression and as response to various abiotic stress conditions, such as rainfall and ultraviolet radiation. Over the course of the last years, polyphenols have been studied for their potential involvement in the prevention of chronic diseases, such as cardiovascular diseases, cancer, osteoporosis, diabetes mellitus, and neurodegenerative diseases” [82]. The phenolic fraction of Cistaceae is very important for its antioxidant and antibacterial characteristics as described in some publications [52, 83-85]. Several studies suggest that the principal components of Cistus species are phenolic compounds [86]. Particularly, Danne et al. (1994) report the presence of monomeric flavonoids belonging to the flavan-3-ols [87], whereas Santagati et al. (2008), note the presence of catechins family (catechin, gallocatechin, gallocatechin-3-gallate) together with oligomeric procyanidin B1 and B3. Several flavonoids, including quercetin, myricetin, kaempferol, apigenin and their derivatives, were isolated from leaves and resin of Cretan C.creticus subsp. creticus (C.c.creticus) [86]. The same compounds were also detected in aerial parts of Spanish C.salvifolius (C.s.) [32]. The antioxidant polyphenolic flavonoids catechin, gallocatechin and several of their derivatives, as well as other flavonols, flavanols, flavonoid glycosides and proanthocyanidin compounds have been identified in C. albidus (C.a.) leaves [32].




      Studies on Cistus species leaves shown the presence of different flavonoid aglycones and glycosides belonging to the flavonols family, with proanthocyanidins and biogenetically related dihydroflavonols, as well as shikimic acid, epicatechin-(4→6)-catechin, dimeric prodelfinidins and further polyphenols [87, 88]. In several parts of Cistus incanus (C.i.) has been reported that the existence of monomeric and polymeric flavanols, gallic acid, rutin and diterpenes [89]. Polyphenols due to their potential beneficial health effects are of considerable interest. Loizzo et al. (2013), cited by Stępien et al. (2018), indicated that the leaves extract of C.s. (was characterized by a high inhibitory activity against the AChE enzyme. This activity is probably due to the high content of anthocyanins in the C.s. leaves extract that may have a significant effect on the inhibition of this enzyme [37, 56].




      Mastino et. al. (2018, 2021), with the aim to characterize polyphenolic composition studied all the Sardinian Cistus species and subspecies [42, 86]. The polyphenolic compounds of C.c. subspecies growing wild in Sardinia were very similar among them. As shown in Fig. (13) C.c.corsicus and C.creticus subsp. eriocephalus (C.c.e) have many compounds in common, even though the relative percentages are different [42]. According to our data, we can affirm that some differences are evident between the chemical profile of polyphenols in the C.c.creticus and the other two subspecies; these data can be used to support the botanic classification in subspecies [42]. (Fig. 14) reports a score plot deriving from a Principal Component Analysis (PCA) where it is clearly shown differences between the studied Cistus subspecies[140].




      Mastino et. al. (2021), to complete their research also characterized the polyphenolic fraction of C.s., C.m. and C.a. that are the other three species growing wild in Sardinia [86]. In Fig. (15) are reported data on these analyses, it is possible to note that C.s. is the richest in polyphenolic compounds with respect to the other Sardinian Cistus species and subspecies, moreover an interesting point it is the presence of some bioactive compounds, such as oleuropein, olivil 9-O-E-D-xyloside and salvianolic acid G, which are not present in the other studied species and subspecies [86]. C.a. has the less quantities of phenolic compounds found also in the other studied species [86].
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Fig. (13))


      Cistus creticus subspecies: polyphenols composition.
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Fig. (14))


      Score plot from PCA statistical analyses of polyphenol compounds in the three different Cistus creticus subspecies [42].
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Fig. (15))


      Cistus salvifolius, Cistus monspeliensis and Cistus albidus: polyphenols composition.



      All the studied species, even in their diversity, are characterized by a high content of phenolic acids and their glycosidic derivatives. Rosmarinic acid and its derivatives, and dicaffeoyl quinic acid are present in great quantity, as well as flavonols, including quercetin and derivatives are present in good quantities. C.s. is the richest in polyphenols with respect to the other Sardinian Cistus species and subspecies. Some components of the catechin family were detected in all species and subspecies of Sardinian Cistus but not in significant amount compared with previous studies on Cistus species collected in other Mediterranean areas [42, 86].


    




    

      ANTIMICROBIAL ACTIVITY




      Previous pharmacological investigations showed that Cistus leaf extracts possess significant antimicrobial properties against many bacteria and fungi responsible of human infections [38]. The study that have conducted by Mahmoudi et al. (2016), and Rebaya et al. (2016), carried out on different Cistus species, evidenced antibacterial and antifungal activities for C.s. and C.m. from Tunisia [84, 85]. Karim et al. (2017) and Talibi et al. (2012), have reported that the aqueous extracts of C.m. growing in Morocco, inhibited the fungal growth of Geotrichum candidum (G.c.) [49, 92] Other works report the effectiveness of ethanol extract of C.s. growing in Spain and found effects against E. coli and S. aureus (E.c.; S.a.) [93]. Bouamama et al. (2006) in their study determined that organic and aqueous leaf extracts of C.m., and C.v. (=incanus), growing naturally in Morocco and Tunisia, inhibits the growth of S.a., Enterococcus hirae (E.h.) Pseudomonas aeruginosa (P.a.), and the yeast Candida glabrata (G.g.) [38]. As reported by Sassi et al. (2007), “flower extracts of C.m. were active against gram-positive bacteria species of genus Staphylococcus and had significant growth-inhibitory effects on S. epidermis (S.e.) [94]. The available literature reports chemical studies on the composition of extracts of Cistus species, obtained by different solvents. Catechin related compounds were identified on the aqueous extracts of C.m. In C. ladanifer (C.l.), the most abundant group was ellagic acid derivatives with punicalagin gallate being the most abundant phenolic compounds. These compounds (i.e., ellagitannins) could be related to the strong inhibition of C.a., C.g. and C. parapsilosis (C.p.) growth [84].




      Extracts obtained from many plants have recently gained popularity and scientific interest for their antibacterial and antifungal activities [86]. The use of antimicrobials derived from plants is increasingly replacing the use of chemical products not only in the pharmaceutical field but also in food, cosmetic and hygiene industries. These naturally occurring compounds are considered a therapeutic alternative to the use of synthetic antibiotics, entailing a low risk of microbial resistance occurrence. Important advantages related to environmental impact are also offered using plant-derived compounds [43]. Many studies have been reported on the antimicrobial properties of plant extracts containing different classes of phenolic compounds [86]. Moreover, the antimicrobial activity of polyphenols occurring in vegetable foods and medicinal plants has been extensively investigated against a wide range of microorganisms. Among polyphenols, flavan-3-ols, flavonols, and tannins received most attention due to their wide spectrum and higher antimicrobial activity in comparison with other polyphenols, and to the fact that most of them are able to suppress a number of microbial virulence factors (such as inhibition of biofilm formation, reduction of host ligands adhesion, and neutralization of bacterial toxins) and show synergism with antibiotics [81]. The antimicrobial properties of certain classes of polyphenols, due to the increasing consumer pressure on the food industry to avoid synthetic preservatives, have been proposed either to develop new food preservatives [90] or to develop innovative therapies for the treatment of various microbial infections [19, 91] considering the increase in microbial resistance against conventional antibiotic therapy [86].




      Phenolic compounds present in extracts from C.l. aerial tissues displayed antifungal activity against Candida species in a dose-dependent manner. Strong antimicrobial activity against gram-positive bacteria was also demonstrated for C.l., and against gram-negative bacteria for C. populifolius (C.p.) [32].




      We carried out a study to obtain preliminary information on antibacterial, antifungal and antioxidant activity of Cistus species growing wild in Sardinia to verify its potential in applications such as food preservation, cosmetics, hygiene or phytoterapeutic [42, 86]. The antimicrobial activity, using either EOs and polyphenolic extracts, was measured using two different bacterial strains, which are widely used as models for Gram-positive and Gram-negative bacteria such as S.a. and E.c., and four different Candida species for the antifungal activity. All the used oils didn’t show antibacterial or bacteriostatic activity (data not reported), while, using the polyphenolic extracts interesting data were obtained.




      Regarding C.c. subsp., the obtained results revealed that all extracts showed similar antibacterial and antifungal activity with specific differences, according to the plant extract and the test microbial strain. The Minimum Inhibitory Concentration (M.I.C.) values ranged between 1.25 to 24.8 mg/mL. In more detail, butanol extracts showed the highest antimicrobial activity essentially against S.a. (M.I.C. 1.25 mg/mL). Also, ethyl acetate extracts showed the highest inhibition activity against S.a. (M.I.C. 1.25 mg/mL and 2.5 mg/mL for C.c.corsicus and C.c.e.). As far as E.c. is concerned, C.c.corsicus showed the lowest MIC (1.25 mg/mL), whereas C.c.creticus and C.c.e. showed the highest M.I.C. (5 mg/mL). In the case of Candida species, growth inhibition was only observed for the highest tested concentration (5 mg/mL), confirming the low susceptibility of these species to Cistus extracts. Finally, aqueous extracts of all C.c. subspecies showed the highest M.I.C. values against E.c. (M.I.C. 24.8 mg/mL) and Candida species (M.I.C. 24.8 mg/mL), proving to be less active in terms of the examined extracts; these results were also confirmed by the tests performed on P.a. (data not reported). Due to this low activity of aqueous extracts, their M.I.C. values against S. aureus were relatively high (6.2 mg/mL). As already explained in our previous work [86], the extracts obtained from C.s., C.m., and C.a. showed different antibacterial and antifungal activities depending on the evaluated plant species and microbial strain. For instance, the MIC values of the butanol extracts of C.s. and C.m. showed the highest antimicrobial activities against S.a. (MIC 1.25 mg/mL), while that of C.a. was less but still high (2.5 mg/mL). For the ethyl acetate extracts, the three plants showed the strongest activity against S.a. (MIC 1.25 mg/mL). E.c. was inhibited by the C.a. (MIC 1.25 mg/mL) and C.s. (MIC 2.5 mg/mL) ethyl acetate extracts, while the MIC was not significant for the C.m. extracts (>5 mg/mL). The butanol and ethyl acetate extracts were not effective against the Candida strains, with MICs ranging from 5 to 10 mg/mL. No interesting inhibitory effects were observed for the aqueous extracts against the investigated bacterial strains and fungal species. We only observed a low activity against S.a. using the water fraction (WF) of extracts of C.m. and C.s. (MIC 6.2 mg/mL). Among the procedures utilized, methanol acidified extraction followed by repartition in ethyl acetate led to the most effective extract, which showed inhibitory effects against S.a. and E.c. The results obtained, in agreement with the previous studies [95, 96], revealed that Gram-positive bacteria are more sensitive to the plant extracts than Gram-negative bacteria, which is due to the presence of hydrophobic lipopolysaccharides in the outer Gram-negative membrane (which provides protection against several agents).




      Comparing the antimicrobial data of our Cistus extracts we found that aqueous extracts of C.i. and C.m. clearly differed in their antimicrobial activities. In particular, C.v. extracts exhibited stronger activity compared to C.m. when tested on S.a. (M.I.C. 0.8 mg/mL) and C.g. (M.I.C. 0.2 mg/mL) [42]. Moreover a study reported antimicrobial activity against S.a. and E.c. of C.l. (M.I.C. 0.154 mg/mL and 0.9 mg/mL, respectively) and C. populifolius (C.p.) (M.I.C. 0.344 mg/mL and 0.123 mg/mL, respectively) aqueous extracts [89]. A research on C.s. and C.m. revealed that the ethanol extracts tested showed the strongest activity against S.a. (M.I.C. 1.562 mg/mL) whereas the M.I.C. values against E.c. were found to be 12.5 mg/mL [85]. Finally, M.I.C. values are reported of C.s. and C.m. ranging from 3.1-25.0 mg/mL and 6.3- 12.5 mg/mL respectively [84].




      Concerning plant extracts, their activity is significant if the M.I.C. values are below 100 µg/mL for crude extract and moderate when M.I.C values range between 100 and 625 µg/mL [31]. Therefore, the activity recorded in our experiments with butanol and ethyl acetate extracts can be considered moderate for all Cistus species. Aligiannis et al. (2001), proposed a classification for plant extracts effects against Candida species based on the M.I.C. values obtained: strong inhibitors (M.I.C. up to 0.5 mg/mL); moderate inhibitors (M.I.C. between 0.6 and 1.5 mg/mL); and weak inhibitors (M.I.C. above 1.6 mg/mL). According to that distribution, all our extracts failed to inhibit Candida species [97].




      These antibacterial and antifungal activities of the Cistus extracts may be indicative of the presence of a broad spectrum of antibiotic compounds [98] and may be attributable to the presence of phenolic compounds as previously explained. Moreover, the preliminary microbial activity of Sardinian Cistaceae extracts observed in our study deserves further investigation to determine the compounds or combinations of compounds that are mainly responsible, as well as the potential mechanisms and their activities against other bacterial strains.


    




    

      ANTIOXIDANT ACTIVITY




      Potential sources of antioxidant compounds have been searched in several types of plant materials such as vegetables, fruits, leaves, oilseeds, cereal crops, barks and roots, spices and herbs, and crude plant drugs [99]. To understand the several positive and negative effects of antioxidants a definition of these compounds is necessary. Plant-derived antioxidants are molecules, which donate electrons or hydrogen atoms. These compounds can form less reactive antioxidant-derived radicals, which are efficiently quenched by other electron or hydrogen sources to prevent cellular damage. Furthermore, plant-derived antioxidants are hypothesized to be protective against oxidative stress events [63]. Phenols are antioxidants with redox properties, which allow them to act as reducing agents, hydrogen donators, and singlet oxygen quenchers [100]. They also have metal chelation properties [95]. Flavonoids and other plant phenols, such as phenolic acids, stilbenes, tannins, lignans, and lignin, are especially common in leaves, flowering tissues, and woody parts [99]. They are important in the plant for normal growth development and defense against infection and injury. Cistus species are a rich source of natural compounds with antioxidant properties, mainly flavonoids [32]. In one review Stępien [37] was confirmed that C. laurifolius (C.Lau.)is characterized by antioxidant properties. In the extract from leaves and small branches of C.lau. was determined the presence of 16 bioactive compounds by 1 H and 13C NMR techniques and EI-MS mass spectrometry. The following compounds from C.lau. have shown the ability to capture free radicals: 3-O-methyl quercetin, 3,7-O-dimethyl quercetin, ellagic acid, quercetin 3-O-α-rhamnoside, 1-(4-hydroxy-3-methoxyphenyl)-2-[4-(3-α-L-rhamnopyranoxy propyl)-2methoxyphenoxy]-1,3-propanediol, olivil 9-O-β-D-xyloside, berchemol 9-O-rhamnoside and (7S,8R)-dihydrodehydrodiconiferyl alcohol 9’-O-α-L-rhamnoside (major isomer) [101]. Extracts of C.i. and C. parv. shown high activity of scavenging free toxic radicals [102], as well as Cl., and C.pop. which has higher antioxidant activity than C.l. because of its higher phenolic contents [89, 103].




      C.i. and C.m. contain numerous compounds potentially antioxidant, among polyphenols [104]. This antioxidant activity is due to the presence of phenols, flavonoids and tannins of the obtained ethanol, hexane and water extracts from the leaves. The highest antioxidant activity was found for ethanol extracts from both Cistus species.




      Research on Cistus EOs carried out by Loizzo et al. (2013), analyzed the acetylcholinesterase and butyrylcholinesterase (BChE) inhibitory activity of C.c., C.s., C. libanotis, C.m. and C.v. C.s. was characterized by the highest activity against AChE [56], while C.lib., C.c., C.s. had good inhibitory activity against BChE. C.c. is one with the most extensive accumulation of phenolic compounds in its leaves [105].




      Recently, we compared the polyphenol composition and antioxidant properties of all Cistus growing wild in Sardinia [86]. To investigate the antioxidant activity of the extracts, we compared three complementary assays (DPPH, ABTS, and FRAP).




      In our research [86], the results showed that “the extracts derived from C.s. showed the highest antioxidant activity. The EC50 values from the DPPH radical scavenging assay were 3.233 μgd.w./mL for the butanol fraction, 7.083 μgd.w./mL for the ethyl acetate fraction, and 14.866 μgd.w./mL for the water fraction. In contrast, the extracts derived from C.a. showed lower antioxidant activities, with DPPH assay EC50 values of 31.93 μgd.w./mL for the butanol fraction, μgd.w./mL for the ethyl acetate fraction, and 33.235 μgd.w./mL for the water fraction. In general, the DPPH EC50 values were in the range of 3–33 μgd.w./mL, and those for the ABTS assay were in the range of 13–108 μgd.w./mL. The ability to reduce Fe3+ as determined by the FRAP assay ranged from 0.312 to 1.654 mmolFe2+/gd.w.




      To adequately measure the antioxidant potential, the ABTS and DPPH assays were considered the most appropriate as they were in good agreement with the concentrations of phenolic derivative. The results of the DPPH antioxidant activity experiments are shown in Fig. (16).
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Fig. (16))


      DPPH test on extracts from Sardinian Cistus species (ETAF= Ethylacetate; BF = Butanol; WF = Water).



      The results showed that all fractions are likely to exhibit excellent activity. In all cases, the Cistus fractions exhibited significant DPPH radical scavenging activities higher than that of BHT and sometimes higher than that of quercetin (0.054 and 0.01 mg/mL, respectively). The highest antioxidant activity, three times higher than that of quercetin and eighteen times that of BHT, was observed in the C.s. fractions. As shown in Figs. (17-19), the different distributions of polyphenols strongly influence the antioxidant capability of the extracts. The water partitions were not very efficient due to their minor contents of flavonoids and cyanidins, with only C.s. showing good antioxidant efficiency in the water. The ethyl acetate and butanol fractions, on the other hand, were highly effective.




      The potential of compounds contained in the different fractions of Cistus extracts suggests a possibility to use they, in the food industry to make more appealing food and to increase shelf life by inhibiting oxidation. We think that the best extracts are that coming from C.s. fractions.


    




    

      STATISTICAL ELABORATION OF DATA




      Using multivariate statistical techniques and principal component analysis (PCA), we elaborated [86] on the data for all Cistus species vegetating in Sardinia. We collected analytical data related to metabolomics in the last several years [42, 81, 86] and combined them with the polyphenol data to find relationships between the different species of Cistus growing in Sardinia and their biological activities.
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Fig. (17))


      EC50 in DPPH test and HPLC profile of butanolic partitions (BF) of Cistus species vegetating in Sardinia (1 = Cistus creticus creticus; 2 = Cistus creticus corsicus; 3 = Cistus creticus eriocephalus; 4 = Cistus salvifolius; 5 = Cistus monspeliensis; 6 = Cistus albidus).
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Fig. (18))


      EC50 in DPPH test and HPLC profile of Ethyl acetate partitions (ETAF) of Cistus specie vegetating in Sardinia (1 = Cistus creticus creticus; 2 = Cistus creticus corsicus; 3 = Cistus creticus eriocephalus; 4 = Cistus salvifolius; 5 = Cistus monspeliensis; 6 = Cistus albidus).
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Fig. (19))


      EC50 in DPPH test and HPLC profile of Water partitions (WF) of Cistus species vegetating in Sardinia (1 = Cistus creticus creticus; 2 = Cistus creticus corsicus; 3 = Cistus creticus eriocephalus; 4 = Cistus salvifolius; 5 = Cistus monspeliensis; 6 = Cistus albidus).



      The score plot (Fig. 20) shows the correlation between the secondary metabolites in the investigated plants and their antioxidant properties. Considering the harmonic mean of the EC50 values corresponding to the antioxidant capacity of all fractions of the Cistus species growing in Sardinia, the PCA assembles the species into two distinct groups: one with EC50 below 0.006 mg/mL and one with EC50 higher than 0.02 mg/mL, except for C.c. (EC50 0.008 mg/mL). On this basis, a model can be established to act as a guide to choose between the different species for use as antioxidants. Furthermore, in the score plot, the three subspecies of C.c. are positioned in the right quadrant, while the other species are in the left quadrant. Notably, C.s. remains close to the subspecies of C.c., particularly C.c.e. Therefore, the statistical results derived from the secondary metabolite contents support the results reported by Vogt et al. (1987), who suggested a possible hybrid origin of C.c.e. with C.s [107].
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Fig. (20))


      PCA score plot of Cistus species secondary metabolites and graphic variation of the harmonic mean of DPPH antioxidant capabilities.

    




    

      CONCLUDING REMARKS




      Species of the genus Cistus exhibit several medicinal properties due to the presence of compounds with biological activity. These compounds represent a rich source of biocides and preservatives, and many studies have pointed out the antimicrobial efficacy of phenolic compounds, which are generally involved in oxidative stress prevention. The antimicrobial properties of polyphenols have been proposed to develop new food preservatives that can be utilized in innovative therapies for the treatment of various microbial infections. Several studies carried out on different Cistus species have shown effectiveness in health care, exhibiting gastroprotective effects, anti-inflammatory activity, protective effect on DNA cleavage, dose-dependent free-radical scavenging capacity, and cytotoxic activity against several leukemic cell lines in vitro.




      This draws attention to the possibility of using extracts and biologically active compounds isolated from Cistus in the treatment of several diseases, like senescence, Alzheimer’s disease, cardiosclerosis, stenocardia, and cancer. In Sardinia, Cistus is traditionally used as a natural remedy in folk medicine. The results of our research on the Sardinian Cistus species indicated that these plants possess antioxidant, antibacterial, and antifungal properties.
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