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Abstract
Caper (Capparis spinosa) is a plant of significant socio-economic importance in the Mediterranean region which is traditionally used to fight various metabolic diseases. It has indeed long been recognized for its medicinal properties, notably attributed to its rich nutritional content and potent antioxidant activity due to phenolic compounds and other secondary metabolites. However, the commercial production of relevant secondary metabolites requires innovative approaches improving the biosynthesis of these metabolites to fulfill the industrial demand and mitigate the overexploitation of natural resources. For this end, different techniques such as cell suspension culture, hairy roots culture, biotic and abiotic elicitors supply as well as genetic engineering could be used to enhance the production of caper-derived secondary metabolites. In addition, omics tools including genomics, transcriptomics, metabolomics and proteomics can help to elucidate the biosynthetic pathway and altering the production of targeted metabolites. While this review first highlights the phytochemistry, ethno-pharmacological uses, and biological activities of caper, it also discusses the significance of in vitro culture systems, omics tools and metabolic engineering approaches to improve the production of caper-derived bioactive compounds.
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1. Introduction
Capparis spinosa (C. spinosa) is a perennial thorny bush belonging to the Capparaceae family. The genus Capparis comprises approximately 150 species, with C. spinosa being represented by 12 subspecies (POWO, 2021). Taxonomic revisions have been conducted multiple times (Fici, 2017, 2015, 2014; Inocencio et al., 2006), but the precise taxonomic classification of this genus remains a subject of debate. C. spinosa, which is predominantly found in the Mediterranean area (Fici, 2014), exhibits plesiomorphic traits (Fici, 2001) and significant heterogeneity (Mahmodi et al., 2022). Due to its numerous therapeutic properties, C. spinosa holds a primary place in traditional medicine, particularly in the treatment of diabetes (Bousta et al., 2014; Hachi et al., 2016; Kachmar et al., 2021; Karous et al., 2021; Katiri et al., 2017) and other ailments such as fever (Karous et al., 2021; Tlili et al., 2011a), digestive disorders (Mahboubi and Mahboubi, 2014; Motti, 2021), rheumatism, inflammatory disorders (Darwish and Aburjai, 2010; Ramdane et al., 2015), hypertension (Sher and Alyemeni, 2010; Tahraoui et al., 2007), anti-hemorrhoidal effects (Altundag and Ozturk, 2011; Mahboubi and Mahboubi, 2014), cancer (Jaradat et al., 2016; Moghadamnia et al., 2019; Taibi et al., 2021), and renal diseases (Ramdane et al., 2015).
[bookmark: _Hlk150862393]Phytochemical studies have revealed that C. spinosa is rich in bioactive substances, including tetraterpenes, alkaloids, polyphenols, and fatty acids (Alkhaibari and Alanazi, 2022; Al-Tamimi et al., 2019; Mollica et al., 2019; Ouhammou et al., 2022; Saberi et al., 2022; Stefanucci et al., 2018; Tlili et al., 2011a, 2010; Yahia et al., 2020). Furthermore, pharmacological investigations have demonstrated its wide array of biological effects, and notably antioxidant activity, immune system modulation, and health benefits (Assadi et al., 2021; Darwish and Aburjai, 2010; Grimalt et al., 2022; Kalantari et al., 2018; Kirkan et al., 2021; Ouhammou et al., 2022; Rad et al., 2021; Rajhi et al., 2021), antidiabetic potential (Assadi et al., 2021; Hachi et al., 2016; Saleem et al., 2021; Vahid et al., 2017; Wojdyło et al., 2019), antibacterial activity (Di Lodovico et al., 2022; Rajhi et al., 2019; Ramdani et al., 2020; Zhu et al., 2022), anti-inflammatory effects (El Azhary et al., 2017; Hamuti et al., 2017; Kernouf et al., 2018; Rahimi et al., 2020; Zhou et al., 2010), cytotoxicity (Alkhaibari and Alanazi, 2022; Rakhshandeh et al., 2021; Saleem et al., 2021), gastroprotective properties (Al-Zubaidy and Khalil, 2022), neuroprotective effects (Tlili et al., 2017), as well as insecticidal and larval development inhibitory actions (Alkhaibari and Alanazi, 2022; Yan et al., 2022).
[bookmark: _Hlk150863204]The objective of this review is to comprehensively explore the chemistry, pharmacology, and biotechnology of C. spinosa providing insights into potential avenues for development and guiding future research. 
2. Botanical description
C. spinosa is a perennial bush, a creeping dicotyledon that can reach heights of up to 1 meter (Legua et al., 2013). The plant bears deciduous or semi-evergreen leaves, which are simple, alternate, leathery, oval, or elliptical in shape, measuring 2-5 cm in length. The leaves have a mucronate, obtuse, or emarginate apex and a rounded base, displaying an intense green color (Peter, 2006). The adaxial surface is glabrous or glabrescent, while the abaxial surface can be either glabrous or grayish pubescent (Fici, 2017). The leaf veins are not prominent (Inocencio et al., 2006), and the petiole is short, ranging from 0 to 2 cm, and can be grooved or entire (Chedraoui et al., 2017).
The stipular spines are pale yellow or orange, curved and rarely straight, mostly base-decurrent, narrowed, setaceous or spreading, often hooked and divaricate, and sometimes weakly developed or absent (Inocencio et al., 2006; Sozzi, 2001). The floral buds are acute, and the floral pedicels are thick, measuring 5 to 6.5 cm long (Inocencio et al., 2006). The flowers are hermaphroditic, 5-7 cm in diameter, solitary and axillary, scented (Kantsa et al., 2023), and noctiflorous. They are slightly zygomorphic, with 4 white or pinkish-white petals and 4 purplish, oblong, or oval sepals. The sepals are glabrous to pubescent on the outside, and the posterior part is more or less saccate (Fici, 2014; Sozzi, 2001).
The stamens are multiple, glabrous, and the filament length can extend up to 5 cm with a pink-purple tip. The purple anthers are nearly 2 mm long with acute apices (Fici, 2014; Sozzi, 2001). The gynophore measures 2 to 5 cm in length and might be pubescent at the base. The ovary is oval, ellipsoid, or cylindrical, consisting of several carpels, and the stigma is sessile or capitate (Decraene and Smets, 1997; Fici, 2014). The stems of C. spinosa are thick and short, and the twigs can be tortuous or straight, and may or may not have single hairs (Sozzi, 2001). The roots can reach lengths of 6-10 m (Sozzi et al., 2012).
The fruit is ellipsoidal, obovate, or oblong, and usually dehiscent with a thin, ribbed pericarp, containing red or greenish-yellow pulp (Fici, 2014). After ripening, the fruit splits open, revealing a reniform seed within a pale crimson mass, measuring between 3 and 4 mm wide (Melgarejo et al., 2009). The fruit can contain up to 500 seeds (Legua et al., 2013).
3. [bookmark: _Hlk150863395]Taxonomy, geographic distribution and ecological factors 
Caper (C. spinosa) belongs to the Capparis taxonomic genus, which is a member of the Capparidaceae family (Inocencio et al., 2006), and which was originally defined by Carolus Linnaeus in his major work "Species Plantarum" published in 1753. Taxonomic classifications within the genus Capparis reflect its taxonomic complexity (Fici, 2015, 2014; Tutin et al., 1976; Zohary, 1960). Several researchers have conducted studies on genetic diversity, demonstrating a marked degree of polymorphism and genetic variation within this genus (Ahmadi and Saeidi, 2018; Aichi-Yousfi et al., 2016; Bourhim et al., 2021; Chibani et al., 2017; Gristina et al., 2014; Mahmodi et al., 2022; Rhimi et al., 2019; Saifi et al., 2011; Wang et al., 2016). The C. spinosa genome encompasses a total extent of 274.53 Mb, containing 21.577 protein-coding genes (Wang et al., 2022). The chloroplast genome, spanning 157.728 bp, contains 136 genes, of which 80 are protein-coding and 35 are RNA genes (Alzahrani et al., 2021).
C. spinosa is ubiquitous in the Mediterranean region, as well as in the Middle East, Central and Southwest Asia, the Pacific islands and Australia (Fig. 1) (Fici, 2015; Fici et al., 2022; Inocencio et al., 2006; Najafian et al., 2021; Özcan, 1999; Zarei et al., 2021). Among these, Morocco stands out as a key global player in the production and export of capers (Kdimy et al., 2022). Wild plants of caper have indeed shown a high resistance to the unfavorable conditions in the Mediterranean area (Abu-Shama, 2019) as well as to current climate disturbances and future projections (Ashraf et al., 2018). It should be noted that while the cultivation of C. spinosa is expanding within the Mediterranean region and has achieved significant success in several countries (Grimalt et al., 2022; Infantino et al., 2007), caper trade and traditional use remain heavily dependent on wild plant resources (Sottile et al., 2021; Tlili et al., 2011a).This dependence presents a risk of overexploitation of resources, which could be insufficient to meet market requirements for these plant species.
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Fig. 1. Distribution of Capparis spinosa. Occurrence data were collected from the Global Biodiversity Information Facility, which counts 10 408 occurrence points corresponding to 13 intraspecific C. spinosa. DOIs: https://doi.org/10.15468/dl.8ksrdy.
4. Ethnobotanical studies 
As presented in Table 1, ethnobotanical studies have highlighted the widespread use of different parts of the C. spinosa plant in traditional medicine in the Mediterranean region, making it one of the most well-known plants in the Capparidaceae family (Alzahrani et al., 2021; Tlili et al., 2017). In Moroccan traditions, the plant is extensively used to treat diabetes (Bousta et al., 2014; Eddouks et al., 2002; Hachi et al., 2016; Jamila and Mostafa, 2014; Jouad et al., 2001; Katiri et al., 2017; Tahraoui et al., 2007; Ziyyat et al., 1997). Notably, the fruit has been employed as a decoction for this purpose in various regions of Morocco (Hachi et al., 2016; Katiri et al., 2017; Ziyyat et al., 1997), while the aerial part is used as an infusion for the same therapeutic purpose in the Central Middle Atlas region (Hachi et al., 2016). Additionally, in the Errachidia province of Morocco, flowers and fruits are prepared in maceration as remedies for diabetes and hypertension (Tahraoui et al., 2007), while in the Tarfaya region, decoctions are used for urolithiasis (Idm’hand et al., 2020). In the Taounate region of Northern Morocco, flowers and fruits are macerated to treat rheumatism (El-Hilaly et al., 2003). Moreover, fruits in decoction and/or powder are utilized in South-East of Morocco to address female infertility and menstrual disorders (Eddouks et al., 2020). In Southern Tunisia (Ouled Dabbeb) leaves and/or buds are traditionally used in decoction for diabetes, fever reduction, and diuretic effects (Karous et al., 2021). In Algeria, the population employs the roots, fruits, and flowers of C. spinosa in powder and/or decoction as anti-cancer agents and for the treatment of prostate enlargement (Taibi et al., 2021, 2020). In the Hoggar region of Algeria, aerial parts and leaves are used in decoctions, cataplasms, and/or infusions to combat rheumatism and renal diseases (Ramdane et al., 2015). Furthermore, in the Tassili N'ajjer region of Algeria, leaves are prepared in cataplasm form and used as remedies for rheumatism and headaches (Hammiche and Maiza, 2006). In Jordan, roots are employed in poultices to alleviate rheumatism (Darwish and Aburjai, 2010).
The leaf and root of the plant are also utilized as cataplasm for arthritis by the people of Jordan (Aburjai et al., 2007; Lev and Amar, 2002). In Turkey's Izmir province, the decoction of caper buds is employed to treat splenitis, hepatitis, diarrhea, and gastric ulcers (Ugulu et al., 2009). In Liguria, Italy, the buds are used in decoction to alleviate inflammation of the mouth (Cornara et al., 2009). In Southern Italy, buds and fruits are exploited for flavoring foods (Mattalia et al., 2020; Mautone et al., 2019). In Saudi Arabia, buds and leaves are used in decoctions to alleviate cold symptoms (Sher and Alyemeni, 2010). Other ethnobotanical studies suggest that C. spinosa can be used as a laxative (Singh and Lal, 2008), against respiratory infections (Mughal, 2008; Ouelbani et al., 2016), for skin problems (Ouelbani et al., 2016; Sargin et al., 2015), liver disorders, sexual dysfunction (Singh and Lal, 2008), and even against snakebites (Hosseini et al., 2022).

[bookmark: _Hlk143469556][bookmark: _Hlk150866797]Table 1. Ethnomedicinal uses of Capparis spinosa.
	[bookmark: _Hlk143469564]Traditional applications
	Research region
	Part used
	Method of preparation
	References

	Hypoglycemic
	Oriental, Morocco
	Fr
	Decoction
	(Kahouadji, 1995)

	Diabetes
	Northeastern, Morocco
	Se
	Powder
	(Ziyyat et al., 1997)

	Diabetes
	Taroudant Province, Morocco
	Fr
	Decoction
	(Katiri et al., 2017)

	Diabetes
	Fez–Boulemane, Morocco
	Fr
	N. R
	(Jouad et al., 2001)

	Hypertension, diabetes
	Errachidia province, Morocco
	Fl, Fr
	Maceration
	(Tahraoui et al., 2007)

	Diabetes
	Central Middle Atlas region, Morocco
	Fr, Ap
	Decoction/infusion
	(Bousta et al., 2014; Hachi et al., 2016)

	Diabetes, rheumatic pain, respiratory problems, dermatological affections, digestive tract disorders, helminthiasis, and kidney stones
	Taza city region, Morocco.
	Fr
	Powder
	(Kachmar et al., 2021)

	Urolithiasis
	Tarfaya, Morocco
	Fr
	Decoction
	(Idm’hand et al., 2020)

	Rheumatism
	Taounate, Morocco
	Fl, Fr
	Maceration
	(El-Hilaly et al., 2003)

	Lymphoma
	Morocco
	Fr
	Powder
	(Kabbaj et al., 2012)

	Female infertility, menstrual disorders
	Southeast, Morocco
	Fr
	Decoction/ powder
	(Eddouks et al., 2020)

	Ease fever, diuretic, diabetes
	Ouled Dabbeb, Southern Tunisia
	Lv, bd
	Decoction
	(Karous et al., 2021)

	Rheumatism, kidney diseases
	Hoggar, Algeria
	Lv, Ap
	Decoction, poultice, infusion
	(Ramdane et al., 2015)

	Migraine, headache, joint pain
	El Kantara, Algeria
	Lv
	Cataplasm
	(Mechaala et al., 2022)

	Cancers, prostate enlargement, breast, bone, prostate
	Algeria
	Fl, Fr, Rt
	Powder, decoction
	(Taibi et al., 2021, 2020)

	Rheumatism, headache
	Tassili N’ajjer, Algeria
	Lv
	Poultice
	(Hammiche and Maiza, 2006)

	Hypertension, diabetes
	Saudi Arabia
	Fr
	Powder
	(Sher and Alyemeni, 2010)

	Cold
	
	Bd, Lv
	Decoction
	

	Arthritis, painkillers, women’s barrenness
	Jordan
	Rt
	N. R
	(Lev and Amar, 2002)

	Arthritis
	Jordan
	Lv
	Poultice
	(Aburjai et al., 2007)

	Rheumatic
	Jordan
	Rt
	Poultice
	(Darwish and Aburjai, 2010)

	Splenitis, hepatitis, diarrhea, gastric ulcer
	Izmir province, Turkey
	Buds
	Decoction
	(Ugulu et al., 2009)

	Headache, anti-hemorrhoidal
	East Anatolia, Turkey
	Fr
	Decoction, internal
	(Altundag and Ozturk, 2011)

	Emmenagogue, suppurating wound antiseptic
	Hatay Province, Turkey
	Fl, Lv
	Infusion, paste
	(Güzel et al., 2015)

	Eczema, fungal itches
	Manisa, Turkey
	Bd, Fr, Rt
	Decoction, eaten raw, mash
	(Sargin et al., 2015)

	Aromatize foods
	South Italy
	Bd
	N. R
	(Mautone et al., 2019)

	Mouth inflammation
	Liguria, Italy
	Bd
	Decoction
	(Cornara et al., 2009)

	Aromatize foods
	Calabria, Southern Italy
	Fr
	Seasoning
	(Mattalia et al., 2020)

	Digestive
	Italy
	Buds
	N. R
	(Motti, 2021)

	Laxative
	Iran
	Rt, Bd
	Cataplasm
	(Mehrnia et al., 2021)

	Respiratory infections
	Pakistan
	Rt, Lv, Fr
	N. R
	(Mughal, 2008)

	Mental disorder, tubercular glands, enlarged spleen
	Northern Areas of Pakistan
	Rt
	N. R
	(Afzal et al., 2009)

	Liver disorder, sexual dysfunction
	Western Himalaya
	Sh, Fr
	Powder, ripe fruit
	(Singh and Lal, 2008)

	Deafness
	Golan Heights, West Bank
	Rt
	Oil
	(Said et al., 2002)

	Snake bite
	Sarvabad, Kurdistan province, Iran
	Fr
	Cataplasm
	(Hosseini et al., 2022)


[bookmark: _Hlk150866685]Ap: Aerial parts, Bd: Buds, Fl: Flowers, Fr: Fruits, Lv: Leaves, Rt: Roots, Se: Seeds, Sh: Shoots; N. R: Not reported.



5. Nutritional value
[bookmark: _Hlk150867077]To date, C. spinosa remains a popular culinary plant in Mediterranean cuisine. Its various parts, including fruits, seeds, and flower buds are widely used in fermentation processes and as garnishes for salads, pizzas, and pasta, or as food supplements (Bacchetti et al., 2022; Tlili et al., 2017, 2011a). Caper berries have been reported to be a significant source of carbohydrates (5%), dietary components (3%), protein (2%), and fat (0.9%), with a moderate content of vitamin C (Allaith, 2016; Tlili et al., 2011b). Indeed, caper seeds contain a variety of nutritional components, including proteins, lipids, glycolipids, phospholipids, and carotenoids (El Amri et al., 2019; Yuldasheva et al., 2008). Additionally, C. spinosa seed oil is very rich in linoleic and oleic acids (Bodaghzadeh et al., 2021; Özcan et al., 2012) while other fatty acids, such as palmitic, palmitoleic, stearic, linolenic, and myristic acids, are also found in reasonable proportions (Akgül and Özcan, 1999; Bodaghzadeh et al., 2021; Giuffrida et al., 2002; Haciseferoğullari et al., 2011). Moreover, C. spinosa seed oil contains significant amounts of total sterols ranging from 4.9 to 10.0 g/kg, with sitosterol being the principal component, along with notable content of campesterol, stigmasterol, and delta-5-avenasterol (Matthäus and Özcan, 2005). Analyses have also confirmed that C. spinosa is rich in macro and oligo-elements (Aliyazicioglu et al., 2013; Duman and Özcan, 2014; Giuffrida et al., 2002). For instance, Aliyazicioglu et al. (2013) showed that mineral contents in C. spinosa varied as follows: Al, P, S, K, and Ca ranged from 0.5% to 5%, while Fe and Zn contents were 520 ppm and 250 ppm, respectively, with other elements exhibiting varying concentrations, including Cl (94 ppm), Ti (55 ppm), Mn (70 ppm), Ni (24 ppm), Cu (88 ppm), Br (11 ppm), Rb (79 ppm), Sr (40 ppm), and Pb (5 ppm). In another investigation, Grimalt et al. (2022) reported that young caper shoots have excellent biochemical characteristics, surpassing caper flower buds and fruits in nutritional value.
[bookmark: _Hlk150867142]6. Phytochemistry
[bookmark: _Hlk150867238]As with all medicinal plants, C. spinosa is rich in biologically active components including polyphenols, alkaloids and fatty acids (Table 2, Fig. 2 and Fig. 3). Some of these compounds, such as rutin, quercetin, kaempferol, and their derivatives, have drawn significant attention due to their therapeutic capacities and diverse chemical structures (Kianersi et al., 2020a; Shahrajabian et al., 2021).
For instance, Rajhi et al. (2019) demonstrated that methanolic extracts obtained by maceration from various parts of C. spinosa in Tunisia are rich in phenolic components, flavonoids, and tannins. Generally, the leave extract had the highest phenolic compound content with total phenolic content (77.7 mg gallic acid equivalent (GAE)/g of dry weight(DW)), flavonoids (39.6 mg quercetin equivalent (QE)/g DW), tannins (11.4 mg catechin equivalent (CE) /g DW), and anthocyanins (0.33 mg cyanidin-3-glucoside Eq/kg DW), while the lowest content was found in the roots (Rajhi et al., 2019). On the other hand, Safarzaei et al. (2020) revealed that ultrasound-assisted extraction of C. spinosa roots resulted in a total phenolic content of 14.96 mg/g with an aqueous solvent and 17.24 mg/g with an alcoholic solvent.
Various extracts of C. spinosa buds from Morocco, Italy, and Turkey showed differences in total phenolic and flavonoid compounds, ranging from 24.17 and 9.63 mg/g extract to 23.50 and 5.02 mg/g extract, respectively. Soxhlet extraction demonstrated higher phenolic compounds compared to decoction and microwave methods, with Moroccan buds exhibiting the highest level of this component (24.17 mg/g extract). Rutin was the predominant component in C. spinosa extracts, ranging from 96.42 to 7.36 μg/mg extract in the different extraction techniques (Stefanucci et al., 2018). Similarly, studies by Mollica et al. (2019) revealed that Soxhlet extract (17.96 mg GAE/g extract) of C. spinosa buds from Italy possessed a higher concentration of bioactive components compared to microwave and decoction extracts (14.59 mg GAE/g extract and 14.27 mg GAE/g extract, respectively). Rutin was also the major phenolic component with all extraction methods, with the highest content found in the microwave extract, at 10 μg/mg of extract.
In the work of Yahia et al. (2020), maceration aqueous extraction of C. spinosa leaves from five sites in the south of Tunisia exhibited the richest content of polyphenolic acids. The LC-MS analysis identified 7 phenolic acids, including quinic acid (1095.69 mg/g), gallic acid (185 mg/g), crypto-chlorogenic acid (122.5 mg/g), protocatechuic acid (32.11 mg/g), and p-coumaric, trans-ferulic, and syringic acids (27.11 mg/g, 7.55 mg/g, and 6.17 mg/g, respectively); salviolinic acid (99.87 mg/g) was exclusively found in the extract obtained through ultrasound-assisted extraction and catechin was the most abundant flavonoid in all extracts, with concentrations of 2269, 1991, and 1304 mg/g extract in maceration, reflux, and ultrasonic extracts, respectively. Other flavonoids detected included epicatechin (211.9 mg/g), rutin (20.37 mg/g), cynaroside (10.88 mg/g), quercetrin (13.80 mg/g), quercetin (68.92 mg/g), kaempferol (4.80 mg/g), and naringenin (3.12 mg/g) (Yahia et al., 2020).
Phytochemical analysis of caper aerial parts revealed the presence of hesperidin (72.93 mg/g), quercetin (1.34 mg/g), hyperoside (1.23 mg/g), and 4-hydroxybenzoic acid (0.92 mg/g) (Kirkan et al., 2021). Moreover, HPLC analysis of hydroalcoholic extracts showed that rutin and quercetin were the main components of Iranian C. spinosa. In leaves, the rutin content was 16.94 mg/g, and quercetin was 0.91 mg/g fresh weight (FW), while in fruits, the content was 1.02 mg/g for rutin and 0.1 mg/g FW for quercetin (Mohebali et al., 2018). Also, in Egypt, the HPLC analysis showed that quercetin and kaempferol were the main flavonoids for ethanolic extracts of caper buds, fruits, and leaves (Abu-Shama, 2019). Another study showed that the total phenolic compounds of caper flower buds varied depending on genotype and flower growth stage, with the nonpareil stage characterized by the most significant polyphenol content compared to other stages (Wojdyło et al., 2019). Grimalt et al. (2018) demonstrated that the stages of caper fruit development could affect the contents of total phenols and flavonoid compounds, with the thick stage being preferable for consumption.
In fact, investigations on commercial caper fruits from the Mediterranean (Tunisia, Morocco, Turkey, and Spain) indicated that the contents of phenolic compounds ranged from 1.15 to 2.24 g/100 g FW, while the contents of rutin varied from 0.15 to 0.73 g/100 g FW, and the total tocopherol content ranged from 0.7 to 2.55 mg/100 g FW. Additionally, all samples were found to contain an appreciable quantity of vitamin C, with the highest content of β-carotene recorded at 0.81 g/100 g FW (Tlili et al., 2011b). However, the fermentation treatment of caper buds and berries induced a decrease in some phenolic and flavonoid components, with derivatives of quercetin and kaempferol becoming the principal components after fermentation (Aksay et al., 2021; Jiménez-López et al., 2018; Lo Bosco et al., 2019). HPLC-DAD analysis of salt-fermented caper flower buds collected from different harvesting sites revealed significant variation in kaempferol and quercetin derivatives, with values ranging from 6.46 to 267.93 mg kaempferol equivalent/g FW and from 22.39 to 367.14 mg quercetin equivalent/g FW (Lo Bosco et al., 2019). Sonmezdag et al. (2019) showed that the fermentation process qualitatively and quantitatively modified total aroma and phenolic compositions, with the latter being lowered by 66% and 78%, respectively, during the fermentation process. GC-MS results for aroma compounds obtained from fresh and fermented caper samples showed a decrease from 62.616 µg/kg to 21.471 µg/kg (Sonmezdag et al., 2019).
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[bookmark: _Hlk150867402]Fig. 2. Chemical structures of abundant C. spinosa components: a structural view of phenolic acids, flavonoids, and organic acids.
[bookmark: _Hlk150867551]Furthermore, the content of the essential oils extracted from 10 caper fruits in Iran varied between 0.55 to 1.46%. The main components revealed by GC-MS were isopropyl isothiocyanate, methyl sulfonyl heptyl isothiocyanate, butyl isothiocyanate, γ-terpinene, and thymol (Alipour et al., 2021). A complete volatile compound profile of different parts of C. spinosa from southeastern Spain was realized using HS-SPME-GC/MS. A total of 43 volatile compounds were identified in caper shoots, while flowers contained 32 compounds, flower buds, leaves, and fruit contained 18, 10, and 6 volatile compounds, respectively, with isocyanates being the dominant component in all samples (Grimalt et al., 2021).
Moreover, studies have identified various alkaloids in C. spinosa, including capparisine A, B, C, 2-(5-hydroxymethyl-2-formylpyrrol-1-yl) propionic acid lactone, and N-(30-maleimidy1)-5-hydroxy-methyl-2-pyrrole formaldehyde, as well as flazine, capparin A, capparin B, and 1-H-indole-3-carboxaldehyde in fruits from China (Yang et al., 2010; Zhou et al., 2010). Fu et al. (2008) identified three new root alkaloids: capparispine, its glucosidic derivative, and cadabicine 26-O-β-D-glucoside hydrochloride. Saleem et al. (2021) reported the presence of compounds such as alkaloids, calystegin B2, cadabicin, 3-O-acetylhamayne, and michellamine B in the methanolic extracts of aerial parts of caper in Pakistan.
Additionally, caper extracts have been found to contain tannins, glucosinolates, saccharide derivatives, and terpenoids (Abu-Shama, 2019; Ascrizzi et al., 2016; Jiménez-López et al., 2018; Matthäus and Özcan, 2005; Nazer et al., 2021; Rajhi et al., 2021, 2019; Ramdani et al., 2020; Saleem et al., 2021; Yahia et al., 2020). Moreover, Al-Tamimi et al. (2019) demonstrated the presence of quaternary ammonium compounds, choline, and glycine betaine in roots and leaves of caper. The chemical composition of C. spinosa varies depending on several factors, such as the region where the plant was grown, the part of the plant used, the time of harvesting, and the extraction technique employed. Optimization of extraction parameters is crucial to ensure high yields and maximum purity of bioactive compounds extracted from C. spinosa. Various studies have explored optimal extraction conditions, including solvent selection, temperature, and extraction duration, to enhance the efficiency and quality of extracted secondary metabolites (Ara et al., 2014; Fattahi and Rahimi, 2016; Mazarei et al., 2017; Safarzaei et al., 2020). These efforts are necessary to improve the extraction efficiency of compounds such as rutin, quercetin, and kaempferol from caper.
[bookmark: _Hlk143468872][image: Une image contenant diagramme, origami, motif]
Fig. 3. Chemical structures of abundant volatile components in C. spinosa.

		
[bookmark: _Hlk143469631]Table 2. Chemical Composition of extracts and essential oils of Capparis spinosa.
	[bookmark: _Hlk143469650]Study area
	Use section
	Extracts/ Essential oils
	Compound family
	Compounds
	References

	Italy
	Ap
	methanol extract
	flavonoids
	rutin
	(Mollica et al., 2017)

	Italy
	Bd
	decoction, Soxhlet, microwave
	phenolics, flavonoids
	rutin, palmitic acid, naringenin
	(Mollica et al., 2019)

	Spain
	Be
	methanolic extracts
	phenolics, flavonoids, saccharide derivative


	epicatechin, quercetin, coumaric acid-O-hexoside, rutin, dihydrokaempferol-O-hexoside, epicatechin, isorhamnetin-O-rutinoside, glucocapparin
	(Jiménez-López et al., 2018)

	Spain
	Bd
	methanol extract
	polyphenolics
	quercetin, quercetin-3-O-rutinoside, kaempferol, myricetin, isorhamnetin,
p-coumaric acid, isorhamnetin-3-O-hexoside, myricetin-3-O-hexoside, 5-caffeoylquinic acid,
feruloylquinic acid, mono-rhamnoside, isorhamnetin-3-O-glucoside
	(Wojdyło et al., 2019)

	Turkey
	Ap
	methanol extract
ethyl acetate extract
aqueous extract
	phenolics, flavonoids
	quercetin, vanillic acid, p-coumaric acid, ferulic acid, syringic acid, hesperidin, hyperoside, protocatechuic acid, 4-hydroxybenzoic acid
	(Kirkan et al., 2021)

	Turkey
	Bd, Be
	methanol/water extract
	phenolics, flavonoids
	rutin, kaempferol, kaempferol-3-O-rutinoside, quercetin, quercetin-O-galloly-O-hexoside, iso-rhamnetin
	(Aksay et al., 2021)

	Turkey
	Bd
	purge and trap method, methanolic extract
	volatile compounds, phenolic compounds
	2,3-butanedione, α-pinene, β-pinene, butanol, 3-carene, dl- limonene, methyl isothiocyanate, p-cymene, acetic acid, furfural, linalool, cresol, xylene, p-coumaric acid, caffeoylquinic acid, feruloylquinic acid, p-coumaroylquinic acid, kaempferol-3-O-rutinoside, kaempferol-3-O-glucoside, quercetin-3-O-glucoside, protocatechuic acid
	(Sonmezdag et al., 2019)


	Italy, Morocco, Turkey
	Bd
	decoction, microwave, Soxhlet, essential oils
	phenolics, flavonoids, fatty acid
	rutin, α-linoleic acid, palmitic acid, oleic acid, nonacosane, docosane, heptacosane, pentacosane
	(Stefanucci et al., 2018)

	Saudi Arabia, Italy
	Rt and Lv
	aqueous extract
	alkaloids
	stachydrine, choline, glycine betaine, homostachydrine, quaternary ammonium
	(Al-Tamimi et al., 2019)

	Tunisia
	Lv
	methanolic extract
	phenolics, flavonoids, tannins
	N. R
	(Rajhi et al., 2019)

	Tunisia
	Lv
	hydro-ethanolic extract, fractional extraction
	phenolics, flavonoids, tannin
	coumaran, 5-methylfurfural, furfural, protein
	(Rajhi et al., 2021)

	Tunisia
	Lv
	aqueous/ethanolic extracts
	phenolics, flavonoids
	vanillic acid, catechin acid, caffeic acid, rutin, quercetin, p-coumaric acid
	(Aichi-Yousfi et al., 2016)

	Tunisia
	Lv
	methanolic extracts
	phenolics, flavonoids
	gallic acid, vanillic acid, rutin, kaempferol, coumarin, epicatechin, catechin, luteolin, resveratrol
	(Tlili et al., 2017)

	Tunisia
	Lv
	maceration, refux, ultrasonic extractions
	phenolics, flavonoids, tannin
	quinic acid, gallic acid, crypto-chlorogenic acid, protocatechuic acid, p-coumaric acid, catechin, epicatechin, rutin, quercetin, kaempferol
	(Yahia et al., 2020)

	Egypt
	Bd, Fr, Lv
	ethanolic extracts
	polyphenols, flavonoids, tannins, glycosides, alkaloids
	quercetin, kaempferol, resorcinol, naphthaline
	(Abu-Shama, 2019)

	Pakistan
	Ap, Rt
	methanolic extract, dichloromethane extract
	phenolics, flavonoids, glucosinolate, alkaloid
	vanillic acid, syringic acid, kaempferol, robinin, robinetin, luteolin, tricetin 7-methyl ether 3′-glucoside-5′-rhamnoside, glucoputranjivin, glucocochlearin, gingerol, calystegin B2, cadabicine, 3-O-ace-tylhamayne, michellamine B, melanoxetin, 2.3-diMeO benzoic acid, 4-methoxyglucobrassicin
	(Saleem et al., 2021)

	Pakistan
	Ap, Rt
	aqueous methanol extract
	phenolics, flavonoids
	gallic acid, caffeic acid, sinapic acid, p-coumaric acid
	(Gull et al., 2018)

	Syria
	Rt
	hydroalcoholic extract
	alkaloid
	stachydrine
	(Khatib et al., 2016)

	Iran
	Ap
	hydro-ethanol extract
	phenolics, flavonoids, alkaloid
	quercetin, kaempferol derivatives,
rutin, capparine A, cappariloside A, flazine, p-coumaroyl quinic acid, chrysoeriol, guanosine, ginkgetin, sakuranetin
	(Rahimi et al., 2020)

	Iran
	Fr
	essential oil
	volatile compounds
	isopropyl isothiocyanate, methyl sulfonyl heptyl isothiocyanate, butylisothiocyanate, α-terpinene, thymol
	(Alipour et al., 2021)

	Iran
	Fr
	methanol /aqueous extract
	tannins, flavonoids, terpenoids, glycosides, alkaloids
	N. R
	(Nazer et al., 2021)

	Iran
	Lv, Fr
	hydroalcoholic extracts
	flavonoids
	rutin, quercetin
	(Mohebali et al., 2018)

	China
	Fr
	aqueous extract
	phenolics, flavonoids, alkaloid
	flazin, capparine A, capparine B, chrysoeriol, kaempferol, apigenin, thevetiaflavone, vanillic acid, 4-hydroxy-1H-indole-3-carboxaldehyde
	(Zhou et al., 2010)

	China
	Fr
	successive extracts
	alkaloid
	capparisine A, B and C, N-(30-maleimidy1)-5-hydroxymethyl-2-pyrrole formaldehyde, 2-(5-hydroxymethyl-2-formylpyrrol-1-yl) propionic acid lactone,
	(Yang et al., 2010)

	China
	Rt
	ethanol extract
	alkaloid
	cadabicine 26-O- β-D-glucoside hydrochloride, capparispine, capparispine 26-O- β-D-glucoside
	(Fu et al., 2008)

	Algeria
	Ap
	essential oils
	fatty acid
, terpenoids,
alkanes
	palmitic acid, octacosane, n-nonanal, 2,5-dimethoxy-p-cymene
	(Ramdani et al., 2020)

	Saudi Arabia
	Ap
	essential oils
	aldehyde, terpenoids
	limonene, methyl isothiocyanate, hexadecanoic acid
	(Alkhaibari and Alanazi, 2022)


Ap: Aerial parts, Be: Berries, Bd: Buds, Fr: Fruits, Lv: Leaves, Rt: Root; N. R: Not reported.
[bookmark: _Hlk150870237]
7. Biological activities 
[bookmark: _Hlk150870365]In vitro and in vivo investigations have substantiated caper traditional usage as a medicinal plant, providing evidence of its efficacy, and notably of its antioxidant, anti-diabetic and anti-inflammatory properties. 
The antioxidant capacity of caper extracts has been confirmed using various methods, such as DPPH, FRAP, and ABTS assays (Aichi-Yousfi et al., 2016; Bodaghzadeh et al., 2021; Jiménez-López et al., 2018; Kirkan et al., 2021; Safarzaei et al., 2020; Sonmezdag et al., 2019; Yahia et al., 2020) (Table 3). Grimalt et al. (2022) notably reported the antioxidant activity of methanolic shoot extracts for different caper cultivars, with DPPH test results revealing values between 0.908 and 2.067 g Trolox/100 g DW. In another study, the C. spinosa leaf ethanolic extract showed powerful DPPH (77.80%; IC50 31.73 g/mL) and ABTS (IC50 value of 34.02 g/mL) activities compared to the five other taxa of the Capparis genus studied (Aichi-Yousfi et al., 2016). Yahia et al. (2020) also tested the antioxidant activity of aqueous leaf C. spinosa extracts prepared by maceration, reflux, and ultrasonic extractions using DPPH and ABTS assays. The maceration showed the greatest results for the DPPH test with an average reducing capacity EC50 of 74.02 mg/mL, followed by the reflux extract (57.65 mg/mL) and the ultrasonic-assisted extract (46.29 mg/mL). Furthermore, extraction by Soxhlet revealed the highest free radical scavenging capacity for both ABTS (124.15 mg TE/g) and DPPH (60.54 mg TE/g) assays, in contrast to the extracts obtained by decoction or microwave extraction (Mollica et al., 2019). Further studies by Kirkan et al. (2021) have indicated that methanolic extracts from C. spinosa aerial parts showed superior antioxidant properties to ethyl acetate and water extracts, as well as the richest polyphenolic components with 81.45 mg GAE/g and 36.57 mg RE/g, and the relative antioxidant capacity index (RACI) showed a maximum value of 1.20 for the methanolic extract, followed by water extract (-0.55) and ethyl acetate (-0.62), although high enzymatic inhibitory activity was recorded for ethyl acetate extracts. Analysis of C. spinosa hydroalcoholic extracts by the DPPH method revealed an antioxidant activity six times higher for the leaf extract than for the fruit extract (Rad et al., 2021). Another study indicated that C. spinosa hydroalcoholic leaf extract has a higher antioxidant activity than extracts obtained from fruits and seeds (IC50 = 1.41, 1.56, and 2.49 mg/ml, respectively) (Assadi et al., 2021). In addition, the antioxidant activity can vary depending on the development stage of C. spinosa fruits (Grimalt et al., 2018) and flowers (Wojdyło et al., 2019), as the activity at the nonpareil stage was significantly higher, with values of 6.92 mmol Trolox/100 g for the ABTS assay, of 7.51 mmol Trolox/100 g for the FRAP assay, and of 27.66 mmol Trolox/100 g for the ORAC assay. Kalantari et al. (2018) also showed that the in vitro antioxidant activity of C. spinosa hydroalcoholic leaf extract evaluated with DPPH and FRAP assays was higher (IC50 = 0.04 mg/mL and EC1 = 0.66 mg/mL) than the activities of the chloroformic (IC50 of DPPH = 0.04 mg/mL; EC1 of FRAP = 3.91 mg/mL) and ethyl acetate (IC50 of DPPH = 0.28 mg/mL; EC1 of FRAP = 15.90 mg/mL) extracts. In the same previous study, the hydroalcoholic extract showed good hepatoprotective activity against t-BHP (tert-butyl hydroperoxide)-induced liver toxicity in rats as the extract protected the liver against t-BHP-induced damage and significantly reduced serum enzyme activities, sleep time, and oxidative stress (Kalantari et al., 2018). Similarly, Tlili et al. (2017) demonstrated that the methanolic extract of C. spinosa leaves was able to counteract the increase in ALT (alanine aminotransferase), AST (aspartate aminotransferase), and LDH (lactate dehydrogenase) levels in CCL4-induced acute liver injury, and to limit malondialdehyde (MDA) formation in the liver, increase enzymatic antioxidant activities, and restore liver damage in rats. For nephroprotective activity in the same study, the methanolic extract significantly normalized renal biochemical parameters and repaired kidney damage caused by cisplatin treatment. Tir et al. (2019) also revealed that C. spinosa seeds' methanolic extracts can decrease the degree of tissue fibrosis, and biochemical analyses demonstrated the nephroprotective and hepatoprotective effects of C. spinosa. In vitro and in vivo analyses also showed that the caper fruit ethanolic extract significantly decrease hepatic cell apoptosis, improve the hepatic injury induced by triptolide, and inhibited the activity of choline kinase alpha in the rat liver (Yang et al., 2022).
The in vitro and in vivo anti-diabetic effect of C. spinosa has also been evaluated in a number of studies. Treatment of diabetic rats with a hydroalcoholic extract of C. spinosa leaves significantly reduced glucose intolerance and oxidative stress, and doses of 200 and 400 mg/kg improved fasting blood glucose levels (16% and 20%, respectively), a significant change in lipid profile for the 400 mg/kg dose, and a significant decrease in hepatic phosphoenolpyruvate carboxykinase of about 19%, an increase in acetyl-CoA carboxylase of about 40% (Assadi et al., 2021). The anti-diabetic activity of caper flower bud extract evaluated in vitro showed interesting activity for α-amylase with an IC50 value between 0.93 and 3.74 mg/ml and α-glucosidase at an IC50 value between 1.53 and 3.68 mg/ml, as well as for the ''gruesas'' stage, recorded the highest value (Wojdyło et al., 2019). In another investigation, C. spinosa methanolic extract showed very significant inhibition of α-amylase and α-glucosidase, for the aerial part with a value of 0.52 and 1.85 (mmol acarbose equivalent/g extract, respectively) and the root extract with an inhibitory value at 0.39 and 1.94 (mmol acarbose equivalent/g extract, respectively) (Saleem et al., 2021). Similarly, leaves and buds have anti-diabetic activities, and in vitro studies by Mollica et al. (2017) have demonstrated that decoction extracts of fresh buds and salted bud microwave extracts had the most significant inhibitory power on α-amylase and α-glucosidase, respectively. Indeed, in vivo administration of C. spinosa leaf powder or buds in STZ-induced diabetic rats normalized the biochemical profile, decreased blood glucose concentrations significantly, repaired liver and kidney damage with varying degrees of organ protection (Mollica et al., 2017). Yang et al. (2022) reported that the ethanolic extract of C. spinosa fruit displayed a hepatoprotective effect. The hepatotoxicity was induced by triptolide (TP) in vitro on AML-12 cell model and in vivo by injecting TP (1 mg/kg) to mice. The in vitro evaluation reveals that the survivability rate of AML-12 cells approached 100% by 16 mg/l treatment of C. spinosa extract, as well as the biochemical parameters were significantly decreased by different treatments of the extract (Yang et al., 2022). 
The different C. spinosa organs have also anti-inflammatory properties, highlighted by both in vivo and in vitro studies (Table 3). As an example, Kernouf et al. (2018) showed that the oral treatment of rats having paw edema with C. spinosa bud methanolic extracts at 200 and 400 mg/kg inhibited edema by 52% to 69% compared to control. Additionally, treatment with 1 mg of extracts induced a 49% inhibition of the air pouch in mice (Kernouf et al., 2018). In vitro assays also indicated that 100 μg/mL of the extract was able to inhibit the production of TNF-α, IL-1β, LTB4, and to block the generation of superoxide anions released by blood mononuclear cells (Kernouf et al., 2018). In another in vivo study by El Azhary et al. (2017), it was shown that treatment with C. spinosa leaf extract significantly reduced contact hypersensitivity in Swiss mice compared to control with an inhibition percentage of 73.44%. C. spinosa also induced a decrease in immune cell infiltration, vasodilation, and dermal thickness at the site of inflammation and inhibited cytokines. Similarly, C. spinosa fruit and root extracts have shown anti-inflammatory activity, suppressing pro-inflammatory cytokine expression, and can relieve pain associated with rheumatoid arthritis and osteoarthritis (Hamuti et al., 2017; Maresca et al., 2016).
Moreover, caper extracts have also been shown to have other biological activities (Table 3). For instance, aqueous extracts of C. spinosa flower buds showed antibacterial and antiviral effects against staphylococcus aureus (MIC 6.25%) and Pseudomonas aeruginosa (12.50%). C. spinosa also significantly reduced biofilm in Lubbock's chronic wound of S. aureus and P. aeruginosa with a percentage of 97.32% and 99.67%, respectively, but the aqueous extract of C. spinosa remains without action on Candida albicans (Di Lodovico et al., 2022). In the same way, Rajhi et al. (2019) demonstrated that the methanolic extract of fruits has antibacterial activity by the radial diffusion method; the results showed very significant inhibition against S. aureus, Enterococcus faecalis, Escherichia coli, Salmonella, and P. aeruginosa with diameters of 13, 12, 12, 10, and 10 mm, respectively. Also, C. spinosa fruits can disrupt the ultrastructure of protoscoleces and metacestode larvae of Echinococcus granulosus (Yan et al., 2022). C. spinosa essential oils can be used as a bioinsecticide against Aedes aegypti larvae as reported by Alkhaibari and Alanazi (2022) with an LC50 of 21.6 μg/mL, as well as in vitro tests revealing anti-plasmodial activity against Plasmodium falciparum and against Leishmania major (MRHO/IR/75/ER) with an IC50 of 7.4 μg/mL and IC50 of 9.1 μg/mL, respectively. Moreover, Al-Zubaidy and Khalil (2022) reported that C. spinosa ethanolic extract had good gastroprotective activity caused by indomethacin in rats, significantly increased prostaglandin E2 levels with a significant decrease in gastrin, TNF-α, and IL1-β, and significantly improved epithelial cell erosions. Furthermore, C. spinosa fruit aqueous extract has potential effects on ulcerative colitis as Zhu et al. (2021) showed in vivo that the extract improved the colonic histopathology of mice, increased protein gene levels in intestinal epithelial cells, and inhibited the expression of proinflammatory cytokines, as well as attenuating oxidative stress in the colon and improving the diversity of intestinal microbes. In addition, the hydroalcoholic extract of caper may be able to regulate sleep disorders in vivo in mice compared with diazepam (Rakhshandeh et al., 2021). 
No significant cytotoxicity of C. spinosa essential oil was highlighted on J774A1 macrophage cells (CC50 value = 93.7 μg/mL) by the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) colorimetric assay (Alkhaibari and Alanazi, 2022). Similarly, Saleem et al. (2021) showed that C. spinosa methanolic root extract had low toxicity against the MDA-MB-231 cell line. Also, the hydroalcoholic extract of C. spinosa revealed no cytotoxic effect on L929 fibroblast cells (LD50: 2.4 g/kg) (Rakhshandeh et al., 2021). On the other hand, it was highlighted that the C. spinosa flower bud extract can exert a cytotoxic effect, and that it induced greater oxidative stress in cancer cells (T24 cells and Caco-2 cells) than in normal cells (Bacchetti et al., 2022). In vivo acute toxicity studies on rats carried out by Mollica et al. (2017), Oudah et al. (2019), and Assadi et al. (2021) for the different extracts (fruits, leaves, and buds) of C. spinosa showed no mortality, even at the maximum doses.
[bookmark: _Hlk150870507]8. Clinical Studies
[bookmark: _Hlk150870627]Numerous clinical studies have corroborated the previously observed in vivo and in vitro biological activity of caper (Banerjee et al., 2011; Huseini et al., 2013; Khavasi et al., 2018, 2017; Rizza et al., 2010; Sardari et al., 2019). Banerjee et al. (2011) demonstrated that the use of C. spinosa as a component of a polyherbal formulation had a significant effect on antioxidant properties in geriatric patients compared to the control group. Similarly, Huseini et al. (2013) confirmed that the fruit of C. spinosa possesses anti-hyperglycemic properties, and the usage of 400 mg of extract showed a significant effect in patients with type 2 diabetes. Research by Khavasi et al. (2018, 2017) into the effects of capers in patients with non-alcoholic fatty liver revealed that the consumption of 40-50 grams of caper fruit pickles resulted in a significant decrease in serum ALT and AST levels. Additionally, a significant reduction in weight, body mass index, and disease severity was observed (Khavasi et al., 2017), suggesting that daily consumption of caper gherkins may play a preventive role against cardiovascular problems (Khavasi et al., 2018, 2017). Other studies by Sardari et al. (2019) showed that the consumption of 40-50 g of caper fruit pickles in combination with atorvastatin significantly lowered total cholesterol in patients with hyperlipidemia. Furthermore, topical use of C. spinosa significantly reduced radiation-induced skin disease, as found by Rizza et al. (2010).

[bookmark: _Hlk143469689]Table 3. Biological activities of Capparis spinosa
	[bookmark: _Hlk143469698]Part used
	Biological activities
	Extracts
	Experimental approach
	Key results
	Reference

	Young shoots
	Antioxidant activity
	Methanolic extract
	ABTS
DPPH
FRAP
	1.814 g TE/100 g DW
2.066 g TE/100 g DW
1.925 g TE/100 g DW
	(Grimalt et al., 2022)


	C. spinosa honey
	Antioxidant activity
	Ethanolic extract
	ABTS
NO
	IC50 = 11.5 ± 0.02 mg/mL
IC50= 20.7 ± 0.04 mg/mL
	(El-Guendouz et al., 2017)

	
	Diuretic activity
	
	Administration of 1 g/kg honey to rats to evaluate effect on urine volume and excretion of sodium, potassium, and chloride
	Significant increase in rat diuresis
Significantly increased urinary
No significant effect on plasma sodium, potassium levels or osmolarity
	

	Leaves
	Antioxidant activity
	Hydro-alcoholic extract
	DPPH
FRAP
	IC50 = 0.034 ± 0.002 mg/mL
IC50 = 1.655 ± 0.122 mg/mL
	(Kalantari et al., 2018)

	
	
	
	Hepatotoxicity in rats induced by t-BHP
	Pretreatment with 400 mg/kg of the hydroalcoholic fraction showed liver protection
	

	
	Hepatoprotective activity
	
	
	
	

	Leaves
	Antioxidant activity

	Hydro-ethanolic extract
	DPPH
FRAP
	DPPH inhibition :84.02%
FRAP: 4.275 mmol/g
	(Rajhi et al., 2021)

	
	Antifungal activity
	
	Agar diffusion test
	Highest inhibition (58.78%) of A. niger was achieved by the diethyl ether fraction
	

	Different parts
	Antibacterial activities
	Methanolic extracts
	By radial diffusion method was reported on five reference bacterial strains (S. aureus, P. aeruginosa, E. coli, Salmonella and Enterococcus)
	Flowers have antibacterial activity against all five strains with inhibition diameters of 13, 12, 12, 10 and 10 mm, respectively
	(Rajhi et al., 2019)

	
	Antioxidant activities
	
	
Total antioxidant capacity

DPPH

	Root extract: (175.7 ±2.3 mg EAA/g DW)
IC50 DPPH (Leaves) = 70.1±2.32 mg/mL
	

	
Fruit
	Antioxidant activities
	Hydro-ethanolic extracts
	DPPH
	IC50(leaves) = 1.41 ± 0.10 mg/mL
IC50 (fruits) = 1.56 ± 0.12 mg/mL
IC50 (seeds) = 2.49 ± 0.21 mg/mL
	(Assadi et al., 2021)

	
	
Antidiabetic
	
	Diabetic rats treated with 200 and 400 mg/kg
	Increased levels of antioxidant enzymes Reduced glucose intolerance and blood sugar levels
Significant reduction in fasting blood glucose levels; non-significant decrease in HbA1c and hepatocyte nuclear factor 4α (HNF-4α) levels; significant decrease in hepatic phosphoenolpyruvate carboxykinase and increase in acetyl CoA carboxylase
	

	Leaves
	Antioxidant activities
	Methanolic extract
	DPPH
H2O2 scavenging activity
	IC 50 = 43.031± 1.24 μg/mL
IC 50= 81.21± 1.28 μg/mL
	(Tlili et al., 2017)

	
	Nephroprotective and
hepatoprotective effects
	
	CCl4 and cisplatin-induced hepatotoxicity in rats
	Significant reduction in AST, ALT and LDH enzyme levels (136.5, 93.98 and 1032 U/L, respectively)
Significant increase in SOD activity (28.34) and slight increase in CAT and GPx activities (26.85 U/mg protein and 50.21 U/mg protein, respectively)
Protective effects were confirmed by histological examination
	

	Flowers Buds

	Antioxidant activity
	Methanolic extract
	ABTS
FRAP
ORAC
	6.92 ± 0.54 mmol Trolox/100 g
7.51 ± 0.11 mmol Trolox/100 g
27.66 ± 1.43 mmol Trolox/100 g
	(Wojdyło et al., 2019)

	
	Antidiabetic activity
	
	α-amylase inhibitory
α-glucosidase inhibitory
	IC50= 0.93 mg/mL
IC50 = 1.52 mg/mL
	

	
	Cholinesterase’s inhibition
	
	Inhibition of AChE
Inhibition of BuChE
	AChE = 28.1% ± 2.0
BuChE = 33.8% ± 2.3
	

	Fruit
	Hepatoprotective effects
	Ethanolic extract
	In vitro test: triptolide-induced AML-12 cell injury model.
In vivo test: acute liver injury in mice
	Significantly inhibits arachidonate 5-lipoxygenase and choline kinase alpha in the liver
Significantly reduces apoptosis of liver cells and can improve liver damage
Significantly modification of metabolites pathways

	(Yang et al., 2022)

	Aerial parts
	Insecticidal activity
	Essential oils
	Larvae of Aedes Aegypti
	LC50= 21.6 ± 2.15 μg/mL
	(Alkhaibari and Alanazi, 2022)

	
	Antiplasmodial activity
	
	Plasmodium falciparum K1
	IC50= 7.4 ± 0.89 μg/mL
	

	
	Antileishmanial activity
	
	Leishmania major (MRHO/IR/75/ER)
	IC50= 9.1 ± 1.12 μg/mL
	

	
	Cytotoxic effects
	
	MTT assay: J774A1 macrophage cell,
	CC50= 93.7 ± 4.54 μg/mL
	

	Aerial parts
	Gastroprotective effect
	Ethanolic extract
	Indomethacin-induced gastric ulcer in rats
	Significantly increased of prostaglandin E2
Reduction of TNF-α and Interleukin-1-β levels
	(Al-Zubaidy and Khalil, 2022)

	Leaves
	Antibacterial activities
	Ethanolic extract
	Disk diffusion method
	E. coli Ф = 19.808 ± 0.755 mm
S. aureus Ф = 15.080 ± 0.417 mm
	(Zhu et al., 2022)



	Fruit
	Anti-inflammatory activities
	Ethanolic extract
	Maturation of mice bone marrow dendritic cells

	Significant inhibited pro-inflammatory cytokines
Significant inhibited tumor necrosis factor (TNF-α) initiated by LPS
	(Hamuti et al., 2017)

	Flower bods
	Antimicrobial and Antiviral effects
	Aqueous extract
	Microdilution method
Evaluation of motility and biofilm formation
	S. aureus MIC = 6.25%
P. aeruginosa MIC = 12.50%
Candida albicans no inhibition
Significant inhibition Lubbock chronic wound biofilm for both species S. aureus and P. aeruginosa
	(Di Lodovico et al., 2022)

	Fruit
	Ulcerative colitis
	Aqueous extract
	Ulcerative Colitis (UC) induced by dextran sulfate sodium in mice
	Reduced effect of CU on mouse colon histopathology
Reduced pro-inflammatory cytokines and oxidative stress
Increased expression levels of ZO-1 and Occludin
Improved intestinal microbial diversity and Firmicutes metabonomic
	(Zhu et al., 2021)

	Leaves
	Anti-inflammatory activities
	Methanol extract
	Model of contact hypersensitivity in Swiss mice
	Inhibited cytokine gene expression
Significantly induced a decrease in immune cell infiltration, vasodilation, and dermal thickness in the inflammatory site
	(El Azhary et al., 2017)

	Fruit
	Larval development effect

	Ethanolic extracts
	Larvae of Echinococcus granulosus sensu stricto
	Inhibited growth of larvae
Mortality = 100% and 82% 24h after treatment
Not Significantly Cytotoxicity
	(Yan et al., 2022)

	Aerial parts
	Antioxidant activity
	Methanol extract
Dichloromethane extract
	DPPH
ABTS
FRAP
CUPRAC
TAC
Metal Chelating (MC)
	DPPH = 30.48 ± 0 .37 mg TE/g extract
ABTS = 40.43 ± 3.33 mg TE/g extract
FRAP = 50.37 ± 2.42 FRAP mg TE/g extract
CUPRAC = 118.45 ± 1.69 mg TE/g extract
TAC = 75.79 ± 1.25 mg TE/g extract
MC= 2.51 ± 0.19 mg EDTA/g
	(Saleem et al., 2021)

	Root
	
	
	
	DPPH = 28.45 ± 0.60 mg TE/g extract
ABTS = 40.55 ± 1.35 mg TE/g extract
FRAP = 42.82 ± 1 mg TE/g extract
CUPRAC = 96.89 ± 5.19 mg TE/g extract
TAC= 13.56 ± 1.05 mg TE/g extract
MC= 1.41 ± 0.09 mg EDTA/g
	

	Aerial parts
	Enzyme inhibition assays
	
	AChE Inhibition
BChE Inhibition
Tyrosinase (TYR)
α-Amylase assay
α-Glucosidase assay
	AChE = 4.06 ± 0.18 mg galantamine equivalent/g extract
BChE =5.58 ± 0.45 mg galantamine equivalent/g extract
TYR = 135.52 ± 0.76 mg kojic acid equivalent/g extract
α-Amylase =0.77 ± 0.02 mmol acarbose equivalent/g extract
α-Glucosidase = 1.85 ± 0.06 mmol acarbose equivalent/g extract
	

	Root
	
	
	
	AChE = 4.71 ± 0.14 mg galantamine equivalent/g extract
BChE = 4.13 ± 0.17 mg galantamine equivalent/g extract
TYR = 139.78 ± 0.95 mg kojic acid equivalent/g extract
α-Amylase = 0.57 ± 0.04 mmol acarbose equivalent/g extract
α-Glucosidase = 1.94 ± 0.01 mmol acarbose equivalent/g extract
	

	Aerial parts
	Cytotoxic effects
	
	MTT assay: MDA-MB 23
MCF-7 cells
	Viability = 55.72%
Viability = 55.36%
	

	root
	
	
	
	Viability = 48.46%
Viability = 73.81%
	

	Aerial parts
	Hypnotic activity
	Hydro-alcoholic extract
	In mice in comparison with diazepam
	Significantly augmented induced sleeping time
	(Rakhshandeh et al., 2021)

	
	Cytotoxic effects
	
	MTT assay: l929 cells using
	LD50= 2.4 g/kg
Not Significantly Cytotoxicity
	

	Flower buds
	Anti-inflammatory activities
	Methanolic extract
	Carrageenan Induced Edema
Air pouch inflammation models

	Inhibition = 69%
Inhibition = 48.92%
	(Kernouf et al., 2018)




9. In vitro production of Capparis spinosa secondary metabolites
The biosynthesis of secondary metabolites in C. spinosa is subject to the influence of multiple factors, among which the geographical location, genetic diversity, and environmental conditions, which have significant effects on both the quality and quantity of these bioactive compounds (Mahmodi et al., 2022; Pegiou et al., 2023; Qaderi et al., 2023). In vitro culture offers numerous advantages in terms of plant preservation, enhanced production of metabolites, and synthesis pathway manipulation (Chandran et al., 2023; Mohaddab et al., 2022; Vivek et al., 2023). Furthermore, the excessive exploitation of wild plant resources may result in notable alterations in phytochemical composition, including certain components that remain to be characterized (Sottile et al., 2021). Moreover, techniques such as cell culture, cell suspension, and hairy culture facilitate the augmentation of secondary metabolite production and provide a means for transitioning to large-scale production through the utilization of bioreactors (Fig. 4) (Andrade et al., 2021; Bouzroud et al., 2023; Rohini and Rajasekharan, 2022; Sreelekshmi et al., 2023). 
[image: Une image contenant texte, capture d’écran, diagramme, conception

Description générée automatiquement]
[bookmark: _Hlk143468910][bookmark: _Hlk150872628]Fig. 4. Overview of the different steps for in vitro production of secondary metabolites using cell culture and hairy root culture.
In the existing scientific literature, several articles have studied cell culture as an alternative strategy for secondary metabolite production in C. spinosa (Duran and Issah, 2022; Kianersi et al., 2020a; Wang et al., 2007; Yin et al., 2014). Typically, callus formation in plants is initiated by the application of auxins and/or cytokinins (Ikeuchi et al., 2013). However, to successfully induce callus formation and stimulate the synthesis of secondary metabolites in vitro in C. spinosa, it is essential to determine the optimal combination and concentration of these phytohormones, as well as the selection of the appropriate explant. Previous studies by Yin et al. (2014), Wang et al. (2007), and Liu et al. (2011) have reported that leaf explants and their treatment with 2,4-dichlorophenoxyacetic acid (2,4-D , 1.0 mg/L) and 6-benzylaminopurine (BAP, 1.5 mg/L) were optimal for callus induction and subsequent subculture. The results of GC-MS analyses demonstrate a significant resemblance in the volatile profile, fatty acid composition, acid ester composition, and carboxylic acid composition between callus, suspension cultures of C. spinosa and C. spinosa seeds and fruits (Yin et al., 2014). Furthermore, Liu et al. (2011) observed a progressive elevation in the total unsaturated fatty acid content of C. spinosa suspension cells treated with less than 12% polyethylene glycol, accompanied by a decrease in the level of total saturated fatty acids.
In another study by Duran and Issah (2022), it was demonstrated that a medium containing 10.74 μM of 1-naphthaleneacetic acid (NAA), 4.44 μM of BAP, and 0.1 μM of strigolactone GR24 promotes the formation of callus in C. spinosa. Additionally, HPLC analyses showed an improvement in the production of rutin, quercetin, and chlorogenic acid compared to the control. Similarly, the application of elicitors in callus culture can enhance the production of secondary metabolites, as shown by studies by Kianersi et al. (2020a,2020b) which indicate that rutin levels were increased by the application of salicylic acid and stimulated the expression of rutin-related genes. Moreover, analysis of the aromatic compounds in the callus unveiled the presence of sulfur compounds (66.97-87.53%), aldehydes (4.88-7.90%), ketones (0.34-19.3%), hydrocarbons, and derivatives (0.56-5.8%), alcohols (1.62-6.08%), and other compounds (0.61-2.37%), with methyl isothiocyanate identified as the predominant compound (Duran and Issah, 2022).
Hairy root cultures have recently emerged as a highly practical alternative approach to producing secondary metabolites (Alcalde et al., 2022; Malarz et al., 2023) as it has demonstrated robustness in generating bioactive components of interest, often yielding comparable or higher quantities compared to intact plant systems (Andrade et al., 2021). The rapid growth and genetic stability of hairy root cultures provide them with an advantage over cell cultures (Gabr et al., 2021; Pietrosiuk et al., 2022). Moreover, hairy root culture exhibits significant potential for biomass production, making it well-suited for large-scale synthesis of bioactive compounds in bioreactors while ensuring the conservation of plant resources (Gantait and Mukherjee, 2021; Sonkar et al., 2023). Multiple studies have successfully induced hairy roots in various plant species, including Rindera graeca (Graikou et al., 2021; Sykłowska-Baranek et al., 2023), Thymus daenensis (Alamholo and Soltani, 2023), Atropa belladonna (Singh et al., 2021), Withania somnifera (Karami et al., 2023), Hybanthus enneaspermus (Sathish et al., 2023), Hyoscyamus muticus (Abdelkawy et al., 2023), Perilla frutescens (Yan et al., 2023), and Calendula officinalis (Rogowska et al., 2023). The primary metabolites produced by hairy roots have demonstrated significant biological activity.
To date, no published studies have explored the use of biotechnological tools such as cell culture and hairy root culture to produce secondary metabolites from C. spinosa. However, this plant possesses a wealth of significant bioactive compounds, including phenolic compounds, flavonoids, and alkaloids. It is conceivable that harnessing these components through these biotechnological techniques could meet the specific requirements of the pharmaceutical industries. The large and sustainable production of economically significant plant secondary metabolites requires innovative interventions at different scales of production and development processes (Motolinía-Alcántara et al., 2021). Plant biotechnological approaches can be of significant importance to increase the production of suitable secondary metabolites using a plethora of in vitro culture systems (Mohaddab et al., 2022), which may be optimized through diverse approaches such as the modification of culture media, supplementation with elicitors and precursors, selection of high-yielding cell lines, biotransformation, hairy root culture, immobilization and permeabilization of plant cells, and metabolic engineering (Abdulhafiz et al., 2022; Bouzroud et al., 2023; Dias et al., 2016; Fazili et al., 2022; Mukhopadhyay, 2023).
Metabolic engineering is a powerful tool that can increase the production of plant secondary metabolites to achieve a sustainable supply (Mipeshwaree Devi et al., 2023) by altering their biosynthetic pathway in cell culture or in the whole plant (Verpoorte et al., 2002). Furthermore, metabolic engineering could be helpful to optimize the production of desired compounds; nevertheless, the secondary metabolites of plants are generally controlled by complex and interconnected metabolic pathways, which make it difficult to manipulate their biosynthesis. These biosynthetic pathways may include also different physiological aspects associated with the transport and accumulation of metabolites, which make the regulatory genes promising targets to upgrade the pathway of suitable metabolite (Verpoorte et al., 2002).
Several strategies are used to alter the biosynthetic capacity of plant cells to enhance the synthesis of desired compounds, which include overexpression of rate-limiting enzymes involved in the synthesis of the targeted molecule, downregulation of competing pathways, alteration of transcription factors, upregulation of transporters of secondary metabolites (Bagal et al., 2023; Halder and Roy, 2023; Yue et al., 2016). In fact, previous studies reported the utility of these techniques to manipulate the biosynthesis of different plant-derived phytochemicals endowed with important biological activity such as phytocannabinoids (Hesami et al., 2022), camptothecin (Fan et al., 2022), and diverse anticancer compounds (Changxing et al., 2020).
Hence, it could be useful to employ these strategies to optimize the production of specialized metabolites in C. spinosa. As previously discussed, this medicinal plant possesses an arsenal of health-promoting compounds that could be targeted for strategic valorization. However, limited studies have been conducted to explore the genetic basis of the biosynthesis of metabolites of significant importance. In a recent study (Kianersi et al., 2020a) using qRT-PCR reported that the upregulation of four genes (4-coumaroyl CoA ligase (4CL), flavonoid 3′-hydroxylase (F3′H), flavonol synthase (FLS), and flavonol-3-O-glucoside L-rhamnosyltransferase (RT)) was associated with the increased accumulation of rutin, therefore, these genes play a significant role in the biosynthesis of rutin in C. spinosa and could be targeted by different genetic engineering approaches to increase the production of rutin. The same authors, in another study, have also highlighted the upregulation of FLS-encoding gene at the vegetative stage in the leaves of caper treated with methyl jasmonate and salicylic acid; however, RT was upregulated at the fresh fruiting stage (Kianersi et al., 2020b). The latter results would be a starting point for investigations targeting the valorization of Caper as a valuable source of rutin and quercetin that may be used in different industrial applications. In addition to rutin and quercetin, C. spinosa possesses several others bioactive compounds with diverse biological activity such ginkgetin, capparine, catechin, luteolin, coumarin, resveratrol, syringic acid, etc. that can be targeted by different biotechnological approaches for enhancing their production; therefore, future studies are needed to dissect the gene regulatory network governing the synthesis of these metabolites of interest in caper. 
For a tangible application of metabolic engineering to modulate the biosynthesis of the desired metabolite, a deep understanding of biosynthetic pathways is required. In this regard, omics tools such as genomics, transcriptomics, proteomics, and metabolomics could play a pivotal role in identifying genes, gene regulatory networks, and proteins involved in the biosynthesis and accumulation of secondary metabolites (Acharjee et al., 2022; Kumari et al., 2022). Furthermore, in recent years, genome editing tools like zinc finger nucleases (ZFNs), transcription activator-like effector nucleases (TALENs), clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated protein 9 (Cas9) have emerged as powerful methods for the precise alteration of genes involved in the biosynthetic pathways of targeted metabolites (Mipeshwaree Devi et al., 2023). Smart exploitation of technological advances in omics area and genome editing tools could be a pragmatic way for the strategic valorization of caper by the identification of metabolic routes of targeted metabolites; this requires interdisciplinary research and collaborative efforts of researchers from different fields. 
10. [bookmark: _Hlk150872708]Conclusion
[bookmark: _Hlk150872893]Caper is one of the most widely recognized medicinal plants in various regions and has been traditionally used in conventional medicinal systems to treat a range of diseases, particularly diabetes and inflammation. Phytochemical investigations have revealed that C. spinosa contains a diverse array of chemical compounds, such as phenolic acids, flavonoids, and alkaloids, which may vary according to environmental conditions and vegetative stages. Pharmacological tests have substantiated the traditional uses of caper due to its richness in secondary metabolites, and particularly phenolic compounds. In vivo and/or in vitro pharmacological studies on different parts of C. spinosa have indicated several therapeutic effects, including antidiabetic, antibacterial, cytotoxic, gastroprotective, and anti-inflammatory activities. Additionally, promising pharmacological effects against oxidative stress-related disorders, notably diabetes, inflammation, and cancer, have been revealed. However, future investigations are necessary to explore anticancer effects, pharmacodynamics of studied activities, and toxicological studies on animal models.
Furthermore, caper holds considerable socio-economic importance in several countries such as Morocco, Spain, Turkey, and others. In light of its potential, caper cultivation can be seen as an agricultural strategy to address the challenges posed by climate change in the Mediterranean region. To achieve this objective, genetic research to determine taxonomy and the development of specific agronomic approaches for caper are required. In fact, the collection, conservation, and screening of caper genetic resources is primordial to select and develop future caper cultivars endowed with superior agronomic traits of breeders and farmers interests. The development of improved caper genotypes could help in increasing the production and the profitability of this crop. However, at present there is limited research related to genetic improvement and the development of adapted cultivars with relevant traits. Therefore, the implementation of breeding programs of caper would be helpful in order to speed up the delivery of improved cultivars of caper, increase productivity, and prevent the overexploitation of natural resources. 
Moreover, as discussed above, caper possesses a plethora of bioactive compounds; hence, the integration of biotechnological tools represents a promising, sustainable, and eco-friendly alternative that can support the pharmaceutical industry's demands and contribute to reducing the overexploitation of natural resources. However, for efficient commercial production, scientific approaches assessing the profitability and stability of secondary metabolite production, as well as modeling large-scale production, are essential. In conclusion, the extensive pharmacological and chemical studies on C. spinosa have highlighted its potential as a valuable source of therapeutic compounds. Exploiting this potential will not only aid in expanding the pharmacological applications but also contribute to the socio-economic development of regions where caper is cultivated. By employing a multidisciplinary approach encompassing genetic research, and biotechnological tools we can harness the full potential of caper and pave the way for its integration into modern medicine and industries, while also ensuring the preservation of natural resources.
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