Chemodiversity in Nepeta spp.: A literature review on comparative germplasm studies with focus on iridoids and other terpenes 
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ABSTRACT
Though widely used in the insect repellent, pet toy and essential oil industries, much of the Nepeta genus remains underexplored. A few researchers have made efforts to develop elite genotypes, mainly of the N. cataria species (catnip), with desired traits that are economically relevant in terms of breeding while enhancing or retaining the desired chemical profile of the plant. One of the fundamental aspects for developing improved genotypes is the study of germplasms and, for aromatic plants, those studies also incorporate phytochemical aspects as part of the phenotypical traits. Because plant secondary metabolism is highly sensitive to environmental influence, it is important that comparative studies standardize growing, harvesting, post-harvesting and extraction methods in order to avoid unknown influences in chemodiversity studies. Therefore, the present review aims to discuss comparative inter- and intraspecific studies of the Nepeta genus, with focus on terpene metabolites. We start with a brief discussion on the main terpenes produced by plants in the genus and their potential applications and then proceed to discuss literature reports on interspecific comparisons, and intraspecific comparisons among populations, accessions, elite lines and cultivars. The results are discussed in terms of current and potential new uses for Nepeta metabolites and the main avenues for research, including the need to standardize the use of breeding terms.

INTRODUCTION
      Nepeta is a multiregional genus of the family Lamiaceae, Nepetoideae subfamily and Mentheae tribe which is perhaps most famous due to the fact that some species, notably N. cataria (catnip), have effects on causing euphoria in cats (Bol et al., 2017; Gomes et al., 2020a; Salehi et al., 2018, Sharma et al., 2021). Today catnip is naturalized all over the globe with many species of this genus tracing their origin back to Africa, Asia and Europe (Sharma et al., 2021). In many countries around the world such as India, Pakistan, China, Nepal and certain regions of Iran and Turkey, Nepeta spp. have been used as a part of the country’s traditional medicine system as a remedy against a number of ailments such as malaria, tuberculosis, colds, coughs, stomach, and respiratory disorders to name a few (Sharma et al., 2021). Of the many species of Nepeta genus, Nepeta cataria is one of the most extensively studied (Salehi et al., 2018). The essential oil of N. cataria serves as a potent arthropod repellent due to the presence of nepetalactone, a type of iridoid monoterpene (Birkett et al., 2011). 
      Vector-borne diseases cause at least half a million deaths each year, disproportionately affecting the poor (World Health Organization, 2019). Mosquitoes vector some of the most deadly and debilitating diseases such as malaria, dengue, chikungunya, yellow fever and zika. In the least developed countries, already strained healthcare systems buckle under the strain caused by the influx of patients requiring hospitalization. These infectious diseases make the lives of the survivors even more challenging as those affected are disabled and unable to work and thus provide for their families. This results in exacerbation of poverty and continuation of the cycle of food insecurity, poverty, and mortality (Birkett et al., 2011 and World Health Organization, 2014). Essential oil of N. cataria as well as the isolated nepetalactone isomers have shown repellency against the wide range of arthropods such as mosquitoes, house flies, stable flies, ticks and mites some of which serve as vectors for infectious diseases and cause livestock and crop loss (Bernier et al., 2005; Birkett et al., 2011; Zhu et al., 2009; Zhu et al., 2012; Reichert et al., 2019). Essential oil of N. cataria containing nepetalactone isomers and β-caryophyllene, as well as mixtures of isomers with varying ratios showed greater repellency against mosquitoes when compared to the isolated isomers indicating that the presence of the nepetalactone isomers and other compounds contribute to the synergistic activity of the essential oil (Birkett et al., 2011). Nepeta rtanjensis and N. argolica subsp. argolica also possess high contents of nepetalactones. The isolated, pure nepetalactone isomers displayed potent antimicrobial activity against food borne pathogens and were effective in preventing formation of biofilm of a resistant strain of P. aeruginosa (Aničić et al., 2021). In addition, various Nepeta species have been used for their antioxidant, antimicrobial, anti-inflammatory, carminative, diuretic, anti-asthmatic, antidiabetic, sedative, analgesic, antidepressant, antianxiolytic, antinociceptive, insecticidal and insect repellent properties to name a few (Gomes et al., 2020c; Salehi et al., 2018; Hadi et al., 2017; Azizian et al., 2021).
      Despite the popularity of catnip as a source of natural insect repellents and its well-established ethnobotanical use, systematic studies on its horticultural attributes and yield potential are still scarce (Park et al., 2007). Some of the main aspects that still need to be standardized to increase bioactive products’ yield in catnip and other Nepeta species involve agronomic aspects (such as plant spacing, fertilization and irrigation) harvesting regimes, post-harvest handling (drying and extraction methods for bioactive molecules) and breeding efforts for the development of plant genetic resources with improved yields in terms of quality and quantity of phytochemicals (Park et al., 2007, Gomes et al., 2020a,c).
	Efforts to develop highly productive Nepeta spp. involve the genetic improvement of current germplasm by incorporating chemical markers in the chemical analysis, which can provide different avenues for domestication, cultivation and development of existing germplasm. In that regard, the comparative studies on chemical composition of different species, populations, accessions, elite lines and cultivars can provide valuable information for breeding programs and domestication efforts as well in the development of new plant-based products. Although many literature reviews have compiled data on chemical composition of Nepeta species (Formisano et al., 2011; Gomes et al., 2020c Sharma et al., 2021; Salehi et al., 2018), our intent is to present a literature review with focus on experimental studies that performed direct interspecific and intraspecific chemical comparisons in the genus, and, therefore, used the same agronomic, harvest and post-harvest handling systems for all groups, which, in our understanding, allows for a more precise isolation of genotype effects (considering less environmental variation) for breeding and domestication purposes.
	Therefore, this review aims to discuss the literature on the chemodiversity of germplasm studies in Nepeta species at different stages of domestication/breeding programs with focus on terpenes, the main commercial product produced by the genus. 

TERPENES PRODUCED BY Nepeta spp.
      Terpenes are secondary metabolites to which a broad range of biological activities has been reported, including cancer chemopreventive effects, antimicrobial, antifungal, antiviral, antihyperglycemic, anti-inflammatory, and antiparasitic activities (Paduch et al., 2007). In plants, terpenes are largely found as constituents of essential oils and they are mostly hydro-carbons. The building block of terpene molecules is a five-carbon isoprene unit. The simplest terpenes are monoterpenes that contain two isoprene molecules (10 carbons). Sesquiterpenes have three isoprene molecules (15 carbons), diterpenes have four (20 carbons), and triterpenes have 6 (30 carbons) (Aldred, 2009; Buckle, 2015).
     In plants, isoprene units are biosynthesized via two main pathways: the mevalonate pathway (occurs in the cytosol) and the methylerythritol phosphate pathway (occurs in the plastids). The methylerythritol phosphate pathway usually supplies precursors for the production of mono- and diterpenes while the mevalonate pathway provides precursors for sesquiterpenes and triterpenes (Yang et al., 2012). For more detailed information on the pathways and the enzymes involved, this information has been excellently reviewed by Karunanithi and Zerbe (2019).
      In addition to carbon number, terpenes can be subdivided into cyclic or acyclic, which gives further details on their chemical structure. Acyclic terpenes are linear while cyclic terpenes form a ring. In essential oils, monocyclic, bicyclic, and tricyclic monoterpenes (one, two, or three non-aromatic rings, respectively) have been reported (Buckle, 2015).
      In terms of their cyclization, most cyclic terpenes in plants are produced by reactions catalyzed by terpene cyclases. These enzymes are involved in the synthesis of cyclic terpenoids including flavors and fragrances such as menthol and camphor, and even compounds like steroids and lipid soluble vitamins (Starks et al., 1997). However, a different cyclization pathway is known to take place for the production of compounds named iridoids. In this pathway, geranyl-pyrophosphate (product of the condensation of two isoprene units) is converted to geraniol, then hydroxylated to form 8-hydroxygeraniol and subsequently oxidized to 8-oxogeranial. Nepetalactol is then produced from 8-oxogeranial by the enzyme iridoid synthase (ISY) and subsequently an oxyreductase is believed to convert nepetalactol to the lactones in Nepeta species (Sherden et al., 2018; Geu-Flores et al., 2012).
      Some of the most common iridoid monoterpenes are nepetalactones, characteristic molecules produced by the genus Nepeta and main commercial product of species from this genus. While theoretically there could be eight, six stereoisomers of nepetalactone (4aα,7α,7aα; 4aα,7α,7aβ; 4aβ,7α,7aβ; 4aβ,7α,7aα; 4aα,7β,7aβ; and 4aα,7β,7aα) have been reported in the essential oils and extracts from different Nepeta species (Sharma et al. 2021) (The structures of the eight possible nepetalactone isomers are presented in figure I). Additional iridoid terpenes produced by the Nepeta spp. include dihydronepetalactones, nepetalic acid (Handjieva et al.,1996), nepetaside (Xie et al., 1988), nepetanudoside (Takeda et al., 1995), nepetacilicioside (Takeda et al., 1996), nepetalactol (Hallahan et al., 1998), nepetalactam (Chauhan et al. 2014), among others. Figure II shows the chemical structures of dihydronepetalactone  and nepetalic acid.
      Although Nepeta species usually produce chemical profiles dominant in nepetalactones, some Nepeta spp. can also produce essential oils that are majorly composed of other compounds such as 1,8-cineole (non-iridoid cyclic monoterpene) and compounds related to lemon-like scent such as neral, geranial, citronellol and geraniol (non-iridoid acyclic monoterpenes) (Gomes et al., 2020b; Said-Al Ahl et al., 2018; Kahkeshani, et al., 2018). The structures of these compounds are presented in Figure II. The predominance of lemon-like scented compounds in Nepeta cataria characterizes a chemotype commonly described as lemon catnip or N. cataria var. citriodora. Lemon catnip resembles the true catnip morphology and plant architecture, however it does not attract cats since it produces little to no nepetalactones. (Gomes et al., 2020b; Said-Al Ahl et al., 2018; Klimek et al., 2000). This chemotype is reported to be used as a commercial source of citral (neral+geranial) (Kolalite 1998). Some of the predominant compounds in lemon catnip, citronellol and geraniol are also well known arthropod repellents (Müller et al., 2009; Ferreira et al., 2017).
      Studies on comparative chemistry have also shown some Nepeta species producing sesquiterpenes such as β-caryophyllene, which has demonstrated repellent activity against ticks and mosquitoes and is also an FDA approved food additive, along with its oxidized version, caryophyllene oxide, the latter which is also used in food and cosmetics as a preservative (Tavares et al., 2018; Yang et al., 2000; Galaj et al.,2021). The structures of β-caryophyllene and caryophyllene oxide, the main sesquiterpenes produced by Nepeta species are shown in Figure II.
      In addition to the lemon and nepetalactone dominant chemotypes, there is yet another known chemotype for some Nepeta species: 1,8-cineole (structure presented in figure II). This compound was reported to be the major essential oil constituent  (70.06%) of N.menthoides from Iran and have also significantly inhibited acetylcholinesterase enzyme activity while showing moderate antimicrobial activity (Kahkeshani, et al., 2018).
While studying 21 populations of N. kotschyi from Iran, Hadi et al. (2016) identified 3 chemotypes based on multivariate statistics of essential oil compositions: chemotype 4aα, 7α, 7aα-nepetalactone, chemotype 4aα, 7α, 7aβ-nepetalactone and cubenol and chemotype geranyl acetate and cubenol. The use of advanced statistics can consist of an important aspect and can aid in the identification of new chemotypes, which can, in turn, help developing plant genetic resources to serve the pharmaceutical and industrial markets.
 
INTERSPECIFIC COMPARISONS
      Relatively little work has been done on comparing species and cultivars for the purposes of breeding. This section focuses on the main findings of studies which evaluated multiple species of Nepeta. As of writing this review and to the best knowledge of the authors, fewer than fifty studies have focused on the comparative chemical profiles of members of the Nepeta genus with a focus on iridoid and phenolic compounds. Table I includes the majority of interspecific comparisons of members of the Nepeta genus and the relative phytochemical profiles of the studied species.
      The Nepeta genus is particularly diverse and complex as members of this genus have been known to hybridize and intrograte frequently (Kaya & Dirmenci, 2008). Some of the morphological diversity of the genus can be observed in figure III, obtained from germplasm studies currently being developed by researchers at Rutgers University in New Jersey, United States. Relatively few studies have done simultaneous comparisons of members of the Nepeta genus. This is significant as environment, genotype, and stage of plant growth play a large role in Nepeta phytochemistry and chemical yield (Aničić et al., 2020; Schultz et al., 2004; Sefidkon et al., 2003). Additionally, the extraction method of phytochemicals has a significant impact on chemical profile and potential use (Dapkevicius et al., 1998). For instance, essential oils and methanol extracts from the same Nepeta accession showed significant different antimicrobial activity (Adiguzel et al., 2009). 
      The primary extraction method reported in the literature for Nepeta spp. is hydrodistillation. This is likely due to many of the primary bioactive compounds being present in Nepeta essential oil (Formisano et al., 2011), and that aromatic plants are commonly used traditionally for their essential oil (Sharifi-Rad et al., 2017). Various studies have compared the main compounds in the essential oil of different Nepeta spp. and have found that plants tend to fall into chemotypes dominated by 1,8-cineole, caryophyllene oxide, and different isomers of nepetalactone (Baser et al., 2000; Formisano et al., 2011; Talebi et al., 2020). Essential oils are typically analyzed by GC-MS.
      The second most common evaluation method of Nepeta spp. is via methanol extraction and HPLC analysis. This allows for better quantification of phenolic compounds like chlorogenic acid, caffeic acid, ferulic acid, gallic acid, protocatechuic acid, rosmarinic acid, and caffeic acid derivatives along with organic acids such as malic acid and quinic acid. Phenolic compounds along with iridoid terpenes like nepetalactone have been shown to be strong indicators of Nepeta chemotypes (Mišić et al., 2015). 
      From studies that compare different species of Nepeta, N. cataria and N. nuda are the most commonly studied (Figure IV). However, many studies comparing species often compare wild populations and/or different populations growing under different conditions. This is a likely source of variation and hampers the elucidation of true chemotypes from the impacts of the environment. As Nepeta spp. have strong breeding potential for medical (Sharma et al., 2021), agronomic (Dmitrović et al., 2015; Mutlu & Atici, 2009), and arthropod repellency (Barrozo et al., 2021; Birkett et al., 2011) applications, having clearer and more accurate comparisons of potential chemotypes is vital (Hadi et al., 2017). 

WILD POPULATION COMPARISONS
      Wild populations are valuable sources for agriculture and breeding practices and, especially for medicinal plants, the studies on genetic and chemical diversity  can consist of strategies for conservation and development of commercially valuable genotypes (Zhou et al., 2021). 
      Some studies on genetic diversity have been conducted on populations of a few Nepeta species. Hadi et al. (2020) studied the genetic diversity in 21 populations of N. kotschyi, a Nepeta species native to Iran. Cluster analysis showed six genotypic groups and separated 2 varieties, N. kotschyi var. kotschyi and N. kotschyi var. persica. The authors also concluded that the genetic diversity pattern corresponds to the geographical distribution of the population and that most of the variance in the germplasm occurred due to intra-population variability (Hadi et al., 2020). Talebi et al. (2021) had similar findings when investigating 34 populations of Nepeta spp. from Iran. The authors registered high genetic diversity among the populations of the same species and suggested infraspecific variation should be considered in each taxonomic treatment of the genus (Talebi et al. 2021). Integration of such studies with phytochemical comparisons is fundamental for the selection and improvement of Nepeta species for agronomic exploitation and also for ecological studies, since the chemical composition is the main aspect used to determine potential uses and value of medicinal plants and also can shed light on ecophysiological interactions between plant species and the environment.
      Nepeta spp. populations have also been studied in terms of morphological aspects. N. heliotropifolia populations from different regions of Iran showed significant differences in the chemical composition and content of essential oil and also in trichome density and morphology (Yarmoohammadi et al. 2017). These findings highlight the possibility to establish correlations among plant morphology and chemical diversity in order to provide additional tools for phenotypical characterization and to better understand trichome development associated with their ecological function as specialized structures for the production of secondary metabolites.
      In terms of chemical differences between populations, most of the studies in the literature emphasize the chemical composition of essential oils. In Table II we summarize the literature reports on chemical comparisons between populations of Nepeta spp., showing the essential oil yield and their major compounds. For most of the studies, the major components of populations of Nepeta species are nepetalactones, however, 1,8-cineole, caryophyllene oxide, β-caryophyllene and phytol are also frequently reported as dominant in the essential oil of some species. Compounds such as citronellol, geranial, neral and geraniol are not commonly found in high amounts in those studies as the lemon catnip chemotype (N. cataria var. citriodora) is not commonly included in population comparisons.
      Although most of the studies on N. cataria, the most important species of the genus for commercial purposes, show that the species' essential oil is usually dominated by nepetalactones, some populations show a more diverse terpene profile. For instance, in a study with plants collected in different locations in Bulgaria, while the Pirdop N. cataria population had 84% of its essential oil composed of nepetalactones (dominated by the 4aα,7a,7aβ-NL isomer), a second population, from Balchik, was shown to have only 35% of its profile composed of these monoterpenes (Handjieva et al.,1996). The Balchick population was composed of considerable amounts (about 25% of the essential oil composition) of dihydronepetalactone and also had small amounts (1.2%) of nepetalic acid (Handjieva et al.,1996). Those compounds, which are also iridoid monoterpenes, have shown promising results in arthropod repellency studies (Feaster et al., 2009; Scialdone et al., 2010; Sengupta et al., 2018). Similarly, in a study comparing 8 populations of N. cataria from Iran, although nepetalactones constituted the majority of the essential, copious amounts of compounds such as β-caryophyllene, caryophyllene oxide, β-pinene, and α-pinene were also identified (Baghizadeh et al., 2018). These compounds have also been identified previously as effective insect repellents or insecticides (Cao et al., 2019; Silva et al., 2008; Gunasena et al., 1988) and can be of importance in breeding programs for Nepeta spp.

ACCESSION COMPARISONS
      Accessions can be defined as a group of related plant materials from a single species that is collected from a specific location and then are given a unique identifier (accession number), used to maintain the information in databases (Ohio State University, 2021). The literature on accessions of Nepeta spp. is scarce, especially regarding chemical composition comparisons. Furthermore, the correct identification of the materials utilized in experiments is not always clear due to the interchangeable use of terms such as accessions and populations.
      Many of the studies comparing accessions of Nepeta spp. are related to genetic diversity. Elkholy et al. (2011) aimed to assess the genetic diversity in 6 accessions of N. septemcrenata based on DNA fingerprints as revealed by RAPD-PCR polymorphism. The authors reported that the genetic distance among accessions may be explained by edaphic factors (Elkholy et al., 2011). In a similar study, 31 accessions of different Nepeta spp. from the Zagros region in Iran showed high chromosomal diversity, especially for  N. glomerulosa, N. fissa, N. pungens, N. daenensis and N. schiraziana showing that  the Zagros region is one of the diversity centers in Iran and can provide evidence of evolutionary trends in the genus (Kharazian et al., 2013). Cytomixis and meiotic abnormalities have also been studied and associated with environmental conditions such as altitude in accessions of N. govaniana (Kaur and Singhal, 2014).
      In terms of phytochemical comparison of accessions, few studies have been published. Hadi et al. (2017) investigated the phenolic composition of N. kotschyi, N. cataria, N. menthoides and N. crassifolia accessions from Iran. N. kotschyi stood out by producing high amounts of chlorogenic acid and accessions named N16 and N17 were described as the most suitable for domestication in the environmental conditions (Hadi et al., 2017). Reichert et al. (2018) used a mixture of 10 N. cataria accessions to assess phenolic composition and anti-inflammatory activity. Total phenolic contents were found up to the concentration of 12.31 mg/g of dry weight and the extracts also showed promising antioxidant and ant inflammatory effects (Reichert et al., 2018).
      Still on phenolics, Mišić et al. (2014) reported rosmarinic acid as one of the major compounds found in accessions of different Nepeta species, especially in N. mussinii (5.7 mg/g of fresh weight). The authors also emphasized that the studied accession of N. cataria was characterized by the presence of both cis, cis- (4aβ,7α,7aβ-)  and trans,cis-nepetalactone (4aα,7α,7aβ-)  (Mišić et al. 2014). A more complete study on comparative terpene diversity of accessions was performed by Hadi et al. (2018), where 6 accessions of N. cataria, 4 accessions of N. menthoides, and 2 accessions of N. crassifolia from Iran were investigated. For all the accessions of N. menthoides 1,8-cineole was the major compound identified in the EO, while for N. crassifolia both accessions had 4aα,7α,7aα-nepetalactone as the major compound of their volatile fraction (Hadi et al., 2018). As for N. cataria, the accessions were predominantly composed of 4aα,7α,7aβ-Nepetalactone, with some variations related to the year of collection (Hadi et al., 2018). Study of accessions is one of the first steps to introduce new breeding materials as well as to domesticate plant genetic resources for agronomic purposes. The standardization of identifiers for accessions and proper distinction of the term from other breeding categories seems to be some of the key aspects to be implemented in order to clarify and increase the quality of the studies in chemodiversity in the Nepeta genus. 

ELITE LINES AND CULTIVARS
      There are a few reports on the development of elite breeding lines for the Nepeta genus. Much of the Nepeta germplasm remains largely unexplored in terms of its horticultural traits, providing substantial opportunities for further development of genotypes as valuable crops that can be used in various industries (Reichert et al., 2016 and Hadi et al., 2017). Due to the information on the Indian catnip germplasm being very meager, Srivastava et al. (2021) introduced open pollinated N.cataria seeds collected from the Himalayas to the temperate plains of Lucknow. The researchers isolated 19 individual plants for further development based on plant growth and essential oil yield, with nepetalactones dominating the essential oils of the Indian catnip (Srivastava et al., 2021). The composition of N. cataria from India showed to be similar to that of the essential oils from USA, UK, France, Turkey and Burundi, due to the high content of 4aα,7α,7aα-nepetalactone isomer(Srivastava et al., 2021). The group’s current research involves developing breeding lines to improve yield related traits in catnip (Srivastava et al., 2021).
      In a work developed by scientists at Rutgers University, lemon scented N. cataria elite lines were studied under the environmental conditions of New Jersey, United States of America (Gomes et al., 2020b). The lines named CN3,CN5, CN6, CL1 and CL2 showed distinct essential oil profiles, with high amounts of citronellol, geraniol, β-caryophyllene and caryophyllene oxide and little to no nepetalactones (Gomes et al., 2020b). The study also demonstrated that there were changes in the essential oil composition as a function of harvests dates, indicating that ecological factors along with growth stages of the plant play a major role in the essential oil composition (Gomes et al., 2020b). The interaction between genotype and environment and its effects on the essential oil profile of N. cataria and N. cataria var. citriodora can help determining best harvest times for optimal production of metabolites of interest and help meeting the industry standards needed to develop the market for specialty crops like these (Gomes et al., 2020b).
      One of the main purposes of germplasm evaluation and studies of elite lines is the development of improved cultivars. The development of cultivars represents major contributions to increase the productivity and quality of agricultural products as cultivars usually define the limits of agricultural performance in any environment (Fehr, 1991). In that regard, an excellent report on the main cultivars of Nepeta spp. utilized for ornamental purposes was published by Hawke (2007), where characteristics such as flowering habit, color and morphological characteristics are described. However, as for the development of cultivars with focus on terpene productivity the reports are scarce and represent the current limitation on the advance of breeding programs for species in the genus Nepeta.
      One of the few comparative studies with superior genetic materials of Nepeta spp. was authored by Frolova et al. (2019) with lemon catnip (N. cataria var. citriodora) cultivars from Ukraine. Evaluations of essential oils from cultivars Melody and Peremozhets showed predominance of neral, geranial, nerol, geraniol and citronellol, profiles characteristic of the lemon catnip chemotype (Frolova et al., 2019). For North American conditions, producers identified that the varieties available in the market are difficult to harvest mechanically and produce relatively low amounts of essential oil, with poor overwintering performance (Reichert et al., 2016; Park et al., 2007). As part of the efforts to change this scenario, researchers from Rutgers University (New Jersey, United States) developed the cultivar CR9, the first N. cataria cultivar developed for commercial production of catnip in North America (Reichert et al., 2016). This cultivar has a higher biomass, essential oil yield and a higher Z,E-nepetalactone (4aβ,7α,7aα-) yield than varieties available in the market in addition to an upright growth habit which allows for mechanical harvest (Reichert et al., 2016). Unlike other commercially available varieties, seeds resulting from selfing of CR9 retain all the commercially relevant traits of the plant such as high biomass and essential oil yield. CR9 thus serves as an excellent source of catnip for pet toys and insect repellent industries (Reichert et al., 2016).
      A second cultivar of N. cataria, CR3, was recently patented by Rutgers University scientists and is reported to produce copious amounts of E,Z-nepetalactone (4aα,7α,7aβ-) as well as being adapted to growing conditions of northeastern United States (Simon et al., 2019). Essential oils from both CR9 and CR3 cultivars have been compared for their repellent effects against mosquitoes and bedbugs and showed similar effect, with promising results for the development of commercial products with efficacy compared to synthetic repellents such as DEET (Shi et al., 2021; Reichert et al., 2019).

FUTURE DIRECTIONS AND CONCLUDING REMARKS
      Recently, an emerging analytical approach called "metabolomics", which focuses on the study of low molecular weight molecules (<1000 Da), has shown to be an important tool in many areas, especially in the plant sciences (Lyu et al., 2021; Cevallos-Cevallos et al., 2009). Since secondary metabolites are shown to influence the morpho-physiological traits of plants, metabolomics can play a key role in helping understand the link between plant metabolism, morphology, and physiology (Turner et al., 2016). Metabolomics can provide a comprehensive overview of the cellular metabolites that represent the absolute physiological state of the cell, such as small organic compounds that are involved in different cellular events. Metabolomics allows for the detection of metabolites from a single extract, making it an ideal tool for rapidly analyzing a large number of metabolites from a single source (Kumar et al., 2017). However, reports on comprehensive large scale untargeted metabolomics studies in Nepeta species appear to not be available to the best of the author’s knowledge at the time of the publication of this review. The report on metabolic profiling of N. cataria by Nadeem et al., (2021) shows the potential of this technique for the species, but since the report is a preprint and not yet peer reviewed, it has been excluded from this review.
      There are, however, reports on targeted analysis of select bioactive compounds that are abundant in catnip to develop chemical markers that, coupled with modern statistical analyses, can be used to evaluate germplasms in a short amount of time. This strategy can assist in plant breeding efforts to develop new cultivars and help create cultivation practices and establish breeding programs (Hadi et al., 2017). A study by Mišić et al., (2015) explores the variation between two major groups of secondary metabolites in the Nepeta genus: phenolic compounds and nepetalactones. The authors successfully developed an analytical method that characterize methanolic extracts of select Nepeta spp, including N. cataria. The results showed that profiling phenolics provided a valuable database of the bioactive compounds, especially flavonoids (flavonols, flavones and flavanones) and phenolic acids (hydroxybenzoic and hydroxycinnamic) (Mišić et al., 2015). Principal component analysis (PCA) and cluster analysis revealed that 10 targeted compounds can serve as chemomarkers for chemotaxonomic studies and this approach has potential to be implemented in quality control of plant materials (Mišić et al., 2015). Previously discussed studies provide a well described methodology for conducting chemotaxonomic studies that can assist in selecting plants for breeding elite genotypes. Future studies could look at untargeted metabolomic studies on a larger scale since a broader more general approach can better help understand the complex secondary metabolite pathways and the components that play key roles in the biosynthesis of economically important secondary metabolites. 
      As stated, the Nepeta genus is a rich source of bioactive compounds and has a long history of traditional uses (Salehi et al., 2018; Sharma et al., 2021). This coupled with the genetic diversity (Kaya & Dirmenci, 2008) makes members of the genus strong candidates for breeding and improvement. Given the potential in preventing malaria alone (Patience et al., 2018), which caused nearly half a million deaths in 2018(World Health Organization, 2019), the potential for sustainable use cannot be understated.  However, as a natural product, much more work is needed to standardize the evaluation of chemical makeup of Nepeta secondary metabolites as there are still relatively few studies comparing the many taxa within the genus under the same growing conditions. Evaluating individual plant groups and comparing them to other studies, while useful in seeing qualitative chemical aspects of the species, fails to make a meaningful comparison given the significant variability inherent in growing conditions and potential regional genotypes (Aničić et al., 2020; Schultz et al., 2004; Talebi et al., 2019). Comparing accessions and different taxa under the same conditions has the potential to more efficiently find and produce sustainable production systems for valuable secondary metabolites and natural products (Audoin et al., 2014). Much like other natural products, consistency in product is key in ensuring safe use and consumption (Murch & Saxena, 2006). More studies comparing various Nepeta species and accessions simultaneously and under the same conditions are needed for developing clear and meaningful comparison and development of impactful consistent and valuable natural products.
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     Figure I. Isomers of nepetalactone produced by Nepeta species as reported in the literature.
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Figure II. Common bioactive iridoids and terpenes produced by Nepeta spp.
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Figure III. Representation of morphological diversity of Nepeta species from Rutgers University germplasm studies. Photo: Martin Zorde.
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Figure IV. Bar graph of number of each species compared in Table I. Note this graph has placed sub-species in the same species for simplicity and does not take into account the number of accessions analyzed in and across studies.


Table I. Interspecific comparisons of the chemical compounds of different Nepeta spp.
	Species compared
	Extract Type
	Iridoid terpenes
	Monoterpenes
	Sesquiterpenes
	Diterpenes
	Phenolics and other compounds
	Study goals
	Reference

	N. rtanjensis
	ME
	4aα,7α,7aβ-NL
	NA
	NA
	NA
	NA
	Drought stress
	(Aničić et al., 2020)

	N. argolica ssp. Argolica
	ME
	4aα,7α,7aα-NL
	NA
	NA
	NA
	NA
	
	

	N. rtanjensis
	ME
	1,5,9-eDLA (3%**); DNL (1.5 %**); 4aα,7α,7aβ-NL (0.5%**)
	NA
	NA
	NA
	CHA (0.8%**); CA (0.001%); RA (0.25%**)
	Antimicrobial activity
	(Aničić et al., 2021)

	N. argolica
ssp. Argolica
	ME
	1,5,9-eDLA (3%**); 4aα,7α,7aα-NL (2.5%**)
	NA
	NA
	NA
	CHA (1.1%**); CA (0.002%**); RA (0.4%**)
	
	

	N. nuda subsp. Glandulifera
	EO (0.56% v/w)
	NA
	1,8-Cineole 1.55% *
	Geijerene (61.02%**)
Neointermedeol (6.07%**)
	NA
	NA
	Chemical composition and biological activities
	(Cengiz Sarikurkcu et al., 2018)

	N. cadmea
	EO (0.99% v/w)
	4aβ,7α,7aβ-NL (70.94% **); 4aα,7α,7aα-NL (3.51%**)
	1,8-Cineole 1.18%
	NA
	NA
	NA
	
	

	N. nuda subsp. Glandulifera
	ME
	NA
	NA
	NA
	NA
	CHA (63.52 ± 0.15 # ); CA (0.73 ± 0.03a); FA (14.65 ± 0.03 #)
	Chemical composition and biological activity
	(C. Sarikurkcu et al., 2019)

	N. cadmea
	ME
	NA
	NA
	NA
	NA
	CHA (3.30 ± 0.12#); CA (0.47 ± 0.03#); FA (2.76 ± 0.05#)
; RA (nd)
	
	

	N. racemosa
	EO (0.07% v/w)
	NA
	1,8-Cineole (51.2%)
	Caryophyllene oxide 
(0.7%)
	NA
	NA
	Chemical composition and Aedes aegypti repellency and larvicidal effects
	(Ali et al., 2016)

	N. sibirica
	EO (0.08% v/w)
	4aα,7α,7aα-NL (2.6%); 4aα,7α,7aβ-NL (1.7%)
	1,8-Cineole (0.2%) 
	Caryophyllene oxide 4.4%
	NA
	NA
	
	

	N. subsessilis
	EO (0.08% (v/w))
	4aα,7α,7aα-NL (1.1%); 4aα,7α,7aβ-NL (2.8%)
	1,8-Cineole (42.1%); Geraniol (0.2%)
	Caryophyllene oxide (5.0%)
	NA
	NA
	
	

	N. faassenii
	EO (0.08% v/w)
	4aβ,7α,7aβ-NL (0.6%)
	1,8-Cineole (2.1%); Geraniol (0.27%)
	Caryophyllene oxide (3.4%)
	NA
	NA
	
	

	N. crispa
	EO
	4aβ,7α,7aα-NL (0.2%); 4aα,7α,7aα-NL (10.3%); 4aβ,7α,7aβ-NL (9.2%)
	1,8-Cineole (62.8%); β -pinene (3.6%); α-terpineol (3.3%)
	NA
	NA
	NA
	Chemical composition
	(Sefidkon et al., 2006)

	N. mahanensis
	EO
	NLU (37.6%)
	1,8-Cineole (27.2%); β-pinene (4.3%)
	Germacrene D (6.5%); caryophyllene oxide (3.4%)
	NA
	NA
	
	

	N. ispahanica
	EO
	4aβ,7α,7aα-NL(0.3%); 4aβ,7α,7aβ-NL (0.6%); NLU (2.6%)
	1,8-Cineole (71.7%); β-pinene (4.2%)
	NA
	NA
	NA
	
	

	N. eremophila
	EO
	4aα,7α,7aα-NL (2.6%); 4aβ,7α,7aβ-NL (73.3%)
	1,8-Cineole (13.1%)
	NA
	NA
	NA
	
	

	N. rivularis
	EO
	4aα,7α,7aα-NL (2.4%); NLU (1.8%)
	1,8-
Cineole (38.5%); β-pinene (10.7%); -terpinene (5.1%); cis-sabinene hydrate (4.1%); α-terpineol (3.6%)
	NA
	NA
	NA
	
	

	N. alatavica
	EO (0.5% v/w)
	NA
	thymol (48.5%); verbenone (7.7%); and carvacrol (7.5%)
	NA
	NA
	NA
	Chemical composition and biological activity
	(Mamadalieva et al., 2016)

	N. nuda
	EO (0.3% v/w)
	4aα,7β,7aα-NL (21.0%)
	1,8-Cineole (24.6%)
	germacrene D (13.5%),; β-caryophyllene (12.7%)
	NA
	NA
	
	

	N. olgae
	EO (1.3% v/w)
	NA
	acetylcyclohexene (31.5%); 4-tridecyne (13.2%); 2-methyl cyclopentanone (6.8%); 1,8-cineole (6.0%).
	NA
	NA
	NA
	
	

	N. camphorata
	EO (0.75 % (v/w))
	NA
	1,8-Cineole (51.72%); β-pinene (11.98 %); α-terpineol (5.87 %); α-pinene (3.96 %)
	NA
	NA
	NA
	Chemical composition and biological activity against Helicobacter pylori
	(Kalpoutzakis et al., 2001)

	N. argolica ssp. Dirphya
	EO (0.73 % (v/w))
	4aα,7α,7aβ-NL (58.05%); 4aβ,7α,7aβ-NL (17.00 %)
	1,8-Cineole (5.88%); β-pinene (4.53 %); α-terpineol (0.62 %); α-pinene (0.56 %)
	NA
	NA
	NA
	
	

	N. leucophylla
	EO (0.68%v/w)
	Iridodial β-monoenol acetate (25.4%); Dihydroiridodial diacetate (18.2%); Iridodial dienol diacetate (7.8%)
	NA
	NA
	NA
	NA
	Chemical composition
	(Bisht et al., 2010)

	N. discolor
	EO (0.90%v/w)
	NA
	1,8-Cineole (25.5%); p-Cymene (9.8%)
	β-Caryophyllene (18.6%)
	NA
	NA
	
	

	N. govaniana
	EO (0.85%v/w)
	Isoiridomyrmecin (35.2%)
	NA
	Pregeijerene (20.7%)
	NA
	NA
	
	

	N. clarkei
	EO (0.70%v/w)
	Iridodial β-monoenol acetate diastereomers (25.3%)
	NA
	β-Sesquiphellandrene (22%); Germacrene D (13%); α-Guaiene (10%)
	NA
	NA
	
	

	N. elliptica
	EO (0.92%v/w)
	4aβ,7α,7aα-NL (83.4%)
	NA
	NA
	NA
	NA
	
	

	N. erecta
	EO (0.76%v/w)
	Isoiridomyrmecin (66.7%)
	NA
	NA
	NA
	NA
	
	

	N. binaludensis
	EO (0.9% v/w)
	4aα,7α,7aβ-NL (23.5%)
	1,8-Cineole (43.5%); α-terpineol (4.8%); erpinene-4-ol (3.1%)
	NA
	NA
	NA
	Chemical composition
	(Talebi et al., 2020)

	N. glomerulosa
	EO (0.9% v/w)
	
	1,8- Cineole (23.3%); isobornyl acetate (6%); geraniol (5.4%); erpinene-4-ol (5.3%); borneol (4.3%)
	NA
	NA
	NA
	
	

	N. kotschyi
	EO (0.1% v/w)
	4aα,7α,7aα-NL (13.4%)
	carvacrol (9.9%), citronellol (8.4%); geranyl acetate (4.8%)
	NA
	phytol (15.6%)
	NA
	
	

	N. meyeri
	EO (0.2% v/w)
	4aα,7β,7aα-NL (83.9%); 4aα,7α,7aβ-NL (7.4%)
	2-metoxy-para-cresol (2.6%)
	NA
	NA
	NA
	
	

	N. mirzayanii
	EO (0.6% v/w)
	4aα,7α,7aβ-NL (73.9%); 4aα,7α,7aα-NL (13%)
	2–metoxy–para–cresol (3.6%)
	Z-β-farnesene (3 %)
	NA
	NA
	
	

	N. pogonosperma
	EO (0.4% v/w)
	4aα,7α,7aα-NL (6.2%)
	1,8-cineol (53.9%); linalool (4.1%); erpinene-4-ol (3.8%)
	Z-α-bisabolene (5%)
	Phytol (0.1%)
	NA
	
	

	N. racemosa
	EO (0.4% v/w)
	4aα,7α,7aα-NL (5.3%); 4aα,7α,7aβ-NL (3%)
	1,8- Cineole (70.9%); citronellol (4.3%)
	NA
	NA
	NA
	
	

	N. saccharata
	EO (0.2% v/w)
	NA
	carvacrol (22.4%);
	NA
	Phytol (31.2%)
	n-hexadecanoic acid (9.3%); dibutyl phthalate (3.3%)
	
	

	N. cataria var. citriodora
	EO (5.94 mg/g pdw)
	4aα,7α,7aβ-NL (50.16%); 4aα,7α,7aα-NL (35.64%); 4aα,7β,7aα-NL (1.80%)
	citronellol (1.06%)
	β-Caryophyllene (3.07%); caryophyllene oxide
(1.95%)
	NA
	NA
	Chemical composition and biological activity
	(Baranauskienė et al., 2019)

	N. transcaucasica
	EO (1.75 mg/g pdw)
	4aα,7β,7aα-NL (14.34%); 4aα,7α,7aα-NL (2.76%)
	citronellol (17.69%); geranial (9.05%); geranyl acetate (8.20%); neral (6.28%); geraniol (5.97%); 1,8-cineole (5.61%)
	caryophyllene
oxide (5.07%)
	NA
	NA
	
	

	N. melissifolia
	EO (1.55 mg/g pdw)
	4aα,7α,7aβ-NL (0.97%); 4aα,7β,7aα-NL (0.41%); 4aα,7α,7aα-NL (0.11%)
	1,8-Cineole (37.35%)
	caryophyllene oxide (22.06%); Spathulenol (3.04%); elemol (2.53%); β-caryophyllene (1.29%)
	NA
	NA
	
	

	N. sibirica
	EO (1.32mg/g pdw)
	4aα,7α,7aβ-NL (0.57%); 4aα,7β,7aα-NL (0.17%);
4aα,7α,7aα-NL (0.19%)
	1,8-Cineole (42.58%)
	caryophyllene oxide (20.35%); elemol (2.30%); β-caryophyllene (1.54%)
	NA
	NA
	
	

	N. nuda
	EO (0.78 mg/g pdw)
	4aα,7α,7aβ-NL (55.72%); 4aα,7α,7aα-NL (6.20%)
	nerol (4.79%); geranial (4.03%); neral (2.92%); geraniol
(2.64%)
	caryophyllene oxide
(5.53%)
	NA
	NA
	
	

	N. crassifolia
	EO ( average 0.65% v/w)
	4aβ, 7α, 7aβ-NL (16.46%–27.45%); 4aα, 7α, 7aβ-NL
(13.45%–17.54%)
	1,8-Cineole (8.15–9.70%)
	elemol (14.38–22.14%)
	NA
	NA
	Chemical composition
	(Narimani et al., 2017)

	N. nuda
	EO (average 0.46% v/w)
	4aβ, 7α, 7aβ- NL (61–72.21%);
4aα, 7α, 7aβ-NL (8.72–12.63%)
	pulegone (7.36%); piperitenone oxide (4.12%)
	NA
	NA
	NA
	
	

	N. caesarea
	EO
	4aα,7α,7aα-NL (91.2%)
	NA
	NA
	NA
	NA
	Chemical composition
	(Baser et al., 2000)

	N. cataria
	EO
	4aα,7α,7aα-NL (89.0%)
	NA
	NA
	NA
	NA
	
	

	N. cadmea
	EO
	4aα,7α,7aα-NL (21.7-78.6%)
	NA
	NA
	NA
	NA
	
	

	N. pilinux
	EO
	4aα,7α,7aα-NL (66.7%)
	NA
	NA
	NA
	NA
	
	

	N. racemosa
	EO
	4aα, 7α, 7aβ-NL (31.5-91.5%)
	NA
	NA
	NA
	NA
	
	

	N. betonicifolia
	EO
	NA
	NA
	Caryophyllene Oxide (39.2%)
	NA
	NA
	
	

	N. cilicia
	EO
	NA
	NA
	Caryophyllene Oxide (19.2%)
	NA
	NA
	
	

	N. fissa
	EO
	NA
	NA
	Caryophyllene Oxide (36.4%)
	NA
	NA
	
	

	N. nuda L. subsp. Glandulifera
	EO
	NA
	NA
	Caryophyllene Oxide (24.0%-30.7%)
	NA
	NA
	
	

	N. concolor
	EO
	NA
	NA
	Caryophyllene Oxide (17.1%)
	NA
	NA
	
	

	N.conferta
	EO
	NA
	NA
	Caryophyllene Oxide (15.8%)
	NA
	NA
	
	

	N. isaurica
	EO
	NA
	NA
	Caryophyllene Oxide (15.5%)
	NA
	NA
	
	

	N. italica
	EO
	NA
	1,8-Cineole (11.4-51.6% ); Linalool (0.4%-61.7%)
	NA
	NA
	NA
	
	

	N. sulfuriflora
	EO
	NA
	1,8-Cineole (24.2-46.3% )
	NA
	NA
	NA
	
	

	N. congesta Fisch. & Mey. Var. cryptantha
	EO
	NA
	1,8-Cineole (40% )
	NA
	NA
	NA
	
	

	N. flavida
	EO
	NA
	1,8-Cineole (22.7% ); Linalool (37.7%)
	NA
	NA
	NA
	
	

	N. nuda L. subsp. Nuda
	EO
	NA
	1,8-Cineole (14.9% )
	NA
	NA
	NA
	
	

	N. nuda L. subsp. Albiflora
	EO
	NA
	1,8-Cineole (10.6% )
	NA
	NA
	NA
	
	

	N. phyllochlamys
	EO
	NA
	β-Pinene (16.3%)
	NA
	NA
	NA
	
	

	N. viscida
	EO
	NA
	α-Terpineol (18.7%)
	NA
	NA
	NA
	
	

	N. sorgerae
	EO
	NA
	NA
	Germacrene-D (45.0%)
	NA
	NA
	
	

	N. trachonitica
	EO
	NA
	NA
	Spathulenol (22.1%)
	NA
	NA
	
	

	N. argolica ssp. Malacotrichos
	EO (0.9% v/w)
	NA
	1,8-Cineole (30.9% ); Myrtenol (6.8%); trans-Pinocarveol (3.2%)
	Caryophyllene oxide (23.9%)
	NA
	NA
	Chemical composition
	(Hanlidou et al., 2012)

	N. argolica ssp. Vourinensis
	EO (0.9% v/w)
	NA
	1,8-Cineole (55.6% ); Myrtenol (4.8%); trans-Pinocarveol (8.6%)
	Caryophyllene oxide (6.0%)
	NA
	NA
	
	

	N. spruneri
	EO (0.5-1.2% v/w)
	Only present in 2out of 6 populations 4aα,7α,7aα-NL (5.0% , 11.5%); 4aα, 7α, 7aβ-NL (12.4%, 29%)
	1,8-Cineole (1.6 -16.5%); Myrtenol (5.1-11.9%); Camphor (2.4-10.1%); trans-Pinocarveol (1.9-6.9%)
	Caryophyllene oxide (11.7-19.8%); Ledol (1.9-10.7%)
	NA
	NA
	
	

	N. rtanjensis
	EO
	4aα,7β,7aα-NL (72.03%); 4aα,7α,7aα-NL (16.31%)
	α-Pinene (2.99%)
	NA
	NA
	NA
	Chemical composition and biological activity on Ambrosia artemisiiflolia
	(Dmitrović et al., 2015)

	N. cataria
	EO
	4aα,7α,7aα-NL (72.03%)
	NA
	Caryophyllene oxide (4.8%); Spathulenol (4.26%)
	Neophytadiene (1.89%)
	
	
	

	N. cataria
	EO (Control group data presented)
	NLU (37.19%)
	Geraniol (40.33%): Citronellol (8.985); Geranial (5.78%); Neral (4.22%); Citronellal (0.59%); Myristicin (0.16%)
	Caryophyllene (1.09%);
	NA
	NA
	Chemical Content and yield in response to potassium
humate
treatment
	(Mohamed et al., 2018)

	N. cataria var. citriodora
	EO (Control group data presented)
	NA
	Geraniol (51.16%): Citronellol (16.45%); Geranial (7.54%); Neral (6.78%); Citronellal (1.24%); Myristicin (6.09%)
	Caryophyllene (1.24%);
	NA
	NA
	
	

	N. grandiflora
	EO (Control group data presented)
	NA
	o-Cymene (10.01%); c-Terpinene (16.45%); p-Cymene (45.13%); Carvacrol (11.05%)
	Caryophyllene (2.38%);
	NA
	NA
	
	

	N. leucophylla
	EO
	iridodial b-monoenol
Acetate (9.8%)
	NA
	Caryophyllene oxide (26.3%),
	NA
	NA
	Chemical composition and fungicidal effect
	(Kumar et al., 2014)

	N. ciliaris
	EO
	NA
	NA
	b-Caryophyllene (18.0%); b-sesquiphellandrene (15.0%)
	NA
	NA
	
	

	N. clarkei
	EO
	actinidine (10.0%)
	NA
	b-Sesquiphellandrene (22.0%); germacrene D (8.0%)
	NA
	NA
	
	

	N. rtanjensis
	ME
	4aα,7α,7aβ-NL (present but unquantified)
	NA
	NA
	NA
	NA
	Nepetalactone content and antimicrobial activity
	(Nestorović et al., 2010)

	N. sibirica
	ME
	4aα,7α,7aα-NL (present but unquantified)
	NA
	NA
	NA
	NA
	
	

	N. nervosa
	ME
	NA
	NA
	NA
	NA
	NA
	
	

	N. nuda subsp. Glandulifera
	Soxhlet-ME (content expressed as mg/g extract)
	NA
	NA
	NA
	NA
	PA (0.44 mg/g ); CHA (3.30mg/g); CA (0.47mg/g); FA (2.76mg/g); Rutin (1.41mg/g); Apigenin (0.22mg/g)
	Chemical composition and biological activity
	(Sarikurkcu et al., 2019)

	N. cadmea
	Soxhlet-ME (content expressed as mg/g extract)
	NA
	NA
	NA
	NA
	PA (0.15mg/g); CHA (63.52mg/g); CA (0.73mg/g); FA (14.65mg/g); Apigenin (0.44mg/g)
	
	

	N. kotschyi
	ME
	NA
	NA
	NA
	NA
	CHA1( 1790 μg g−1*); CHA2( 1200 μg g−1*); UCAD( 1590μg g−1*); RA(800 μg g−1*)
	Chemical composition 
	(Hadi et al., 2017)

	N. menthoides
	ME
	NA
	NA
	NA
	NA
	CHA1(550 μg g−1*); CHA2 ( 190 μg g−1*); UCAD ( 390 μg g−1*); RA ( 1400 μg g−1*)
	
	

	N. crassifolia
	ME
	NA
	NA
	NA
	NA
	CHA1( 420 μg g−1*); CHA2( 190 μg g−1*); UCAD( 100 μg g−1*); RA( 1180 μg g−1*)
	
	

	N. cataria
	ME
	NA
	NA
	NA
	NA
	UCAD ( 400 μg g−1*); RA ( 1000 μg g−1*)
	
	

	N. racemosa
	EO (1.76 % v/w) and ME
	4aα,7α,7aα -NL (0.1%); 4aα,7α,7aβ -NL (91.0%); 4aβ,7α,7aβ -NL (1.5%)
	1,8-Cineole (0.3%);
	Germacrene D (0.9%); €-Caryophyllene (trace); β-Bourbonene (3.3%); Spathulenol (0.2%)
	NA
	Top three presented: CHA (2.06 g kg-1*); CA (0.82 g kg-1*); FA (8.03 g kg-1*);
	Chemical composition and biological activity
	(Azizian et al., 2021)

	N. saccharata
	EO (0.6% v/w) and ME
	4aβ,7α,7aα -NL (9.2%); 4aα,7α,7aα -NL (7.8%); 4aα,7α,7aβ -NL (75.4%); 4aβ,7α,7aβ -NL (2.4%)
	1,8-Cineole (1.9%);
	Germacrene D (0.1%); (E)-Caryophyllene (trace);
β-Bourbonene (trace);
	NA
	Top three presented: CHA (2.20 g kg-1*); CA (0.89 g kg-1*); FA (18.28 g kg-1*);
	
	

	N. congesta
	EO (0.31% v/w) and ME
	4aβ,7α,7aα -NL (1.5%); 4aα,7α,7aβ -NL (2.0%);
	1,8-Cineole (25.4%); β-Pinene (7.9%); Sabinene (4.3%); p-Cymene (9.3%)
	Germacrene D (21.4%); €-Caryophyllene (7.4%); Bicyclogermacrene (4.9%); β-Bourbonene (3.9%); Spathulenol (2.8%)
	NA
	Top three presented:CHA (1.02 g kg-1*); CA (0.77 g kg-1*); FA (9.30 g kg-1*);
	
	

	N. cataria
	EO (0.7%v/w) and ME
	4aα,7α,7aα -NL (4.2%); 4aα,7α,7aβ -NL (81.3%); 4aβ,7α,7aβ -NL (1.2%)
	1,8-Cineole (2.5%);
	Germacrene D (0.8%); (E)-Caryophyllene (1.8%); β-Bourbonene (0.3%); Spathulenol (2.2%)
	NA
	Top three presented:CHA (9.18 g kg-1*); CA (1.23 g kg-1*); FA (26.08 g kg-1*);
	
	

	N. heliotropifolia
	EO (0.5%v/w) and ME
	No NL detected
	β-Pinene (1.5%); Sabinene (0.8%); Eucalyptol (4.0%)
	Germacrene D (36.7 %); Caryophyllene (3.3%); tau-Cadinol(2.3%); α-Copaene (3.8%); β-Bourbonene (6.4%); Spathulenol (5.7%); β-Elemene (3.4%); γ-Elemene (5.0%)
	Phytol (1.6%)
	Apigetrin (174.44µg/g extract); CA(10.34µg/g extract); CHA (15.65 µg/g extract); FA (2.85 µg/g extract); MA (1104 µg/g extract); RA (138.61 µg/g extract)
	Chemical composition and biological activity
	(Akdeniz et al., 2020)

	N. congesta subsp. cryptantha
	EO (0.4%v/w) and ME
	No NL detected
	β-Pinene (1.6%); D-Limonene (4.5%); Sabinene (1.0%); Eucalyptol (6.1%)
	Germacrene D (38.5 %); Caryophyllene (trace); tau-Cadinol(1.6%); α-Copaene (0.8%); β-Bourbonene (6.0%); Spathulenol (5.1%); β-Elemene (2.1%); γ-Elemene (8.9%)
	Phytol (2.0%)
	Apigetrin (126.57 µg/g extract); CA(15.67µg/g extract); CHA (15.65 µg/g extract); FA (9.87 µg/g extract); MA (514.97 µg/g extract); QA (179.43µg/g extract); RA (417.96 µg/g extract)
	
	

	N. cataria
	ME
	4aβ,7α,7aβ-NL (5.80 mg/g **)
	NA
	NA
	NA
	NA
	Chemical Composition
	(Mišić et al., 2015)

	N. ernesti-mayeri
	ME
	NA
	NA
	NA
	NA
	UCAD(14 mg/g fw ); 3-O-caffeoylquinic acid (1.7 mg/g **)
	
	

	N. grandiflora
	ME
	NA
	NA
	NA
	NA
	
	
	

	N. mussinii (syn. racemosa)
	ME
	4aβ,7α,7aβ-NL (7.39 mg/g **)
	NA
	NA
	NA
	RA(~5.7 mg/g**)
	
	

	N. nervosa
	ME
	NA
	NA
	NA
	NA
	UCAN (0.005 mg/g **)
	
	

	N. pannonica (syn. nuda) L.
	ME
	NA
	NA
	NA
	NA
	NA
	
	

	N. parnassica Heldr. & Sart.
	ME
	DHL (13.16 mg/g **)
	NA
	NA
	NA
	NA
	
	

	N. rtanjensis
	ME
	DHL (32.96 mg/g **)
	NA
	NA
	NA
	NA
	
	

	N. sibirica
	ME
	4aα,7α,7aα-NL (5.80 mg/g **)
	NA
	NA
	NA
	NA
	
	

	N. sibthorpii
	ME
	NA
	NA
	NA
	NA
	NA
	
	

	N. spicata
	ME
	NA
	NA
	NA
	NA
	NA
	
	

	N. laxiflora
	EO (0.17% v/w)
	NA
	a-pinene (19.07 %); 1,8-cineol (11.80%)
	a-bisabolol (6.92%); germacrene-D-4-ol (6.24%)
	NA
	NA
	Chemical composition and biological activity
	(Safaei-Ghomi et al., 2011)

	N. sessilifolia
	EO (0.65% v/w)
	NA
	lavandulyl acetate (16.70%); limonene (6.44%) genaryl acetate (4.17%)
	spathulenol (25.75%);
	NA
	NA
	
	

	N. cataria
	EO
	4aα,7α,7aα-NL(91.1%a ; 70.1%b); 4aα,7α,7aβ-NL(0.1%a; 20.0%b); 4aβ,7α,7aβ-NL(1.0%a; 1.0%b); 4aβ,7α,7aα-NL (0a; 0.1%b); DNL(0.1%a; 0b)
	NA
	b-Caryophyllene (4.6%a; 4.2%b)
	NA
	NA
	Chemical comp and chemotaxonomy of two accessions per species (content displayed as ‘a’ and ‘b’ in yields)
	(De Pooter et al., 1988)

	N. x faassenii
	EO
	4aα,7α,7aα-NL(73.4%a ; 15.0%b); 4aβ,7α,7aβ-NL(5.0%a; 1.2%b); DiNL (2.5%a; 0b); DNL(0.1%a; 0b)
	NA
	trans-β-Ocimene (0a; 17%b); b-Caryophyllene (0a; 2.9%b); β-Farnesene (0a; 4.1%b); Germacrene D (0a; 26.9%b)
	NA
	NA
	
	

	N. nepetella
	EO
	4aα,7α,7aα-NL(86.3%a ; 76.5%b); 4aα,7α,7aβ-NL(0.4%a; 0.6%b); 4aβ,7α,7aβ-NL(0.6%a; 0b); DiNL (0a; 1.6%b);
	NA
	b-Caryophyllene (5.3%a; 7.0%b); β-Farnesene (3.3%a; 2.8%b); Germacrene D (1.6%a; 2.4%b)
	NA
	NA
	
	

	N. sibirica
	EO
	4aα,7α,7aα-NL(84.7%); 4aα,7α,7aβ-NL(1.6%); DiNL (0.1%); DNL(0.1%)
	NA
	b-Caryophyllene (1.6%); β-Farnesene (2.0%); Germacrene D (3.4%)
	NA
	NA
	
	

	N. nuda
	EO
	4aα,7α,7aα-NL(6.0%a ; 6.0%b); 4aα,7α,7aβ-NL(36.0%a; 26.5%b); 4aβ,7α,7aβ-NL(1.7%a; 3.2%b); 4aβ,7α,7aα-NL (18.4%a; 3.4%b); DNL(0.2%a trace b)
	1,8- Cineole (11.0%a; 22.9%b)
	Germacrene D (4.9%a; 13.5%b); b-Caryophyllene (4.6%a; 4.2%b); β-Bourbonene (4.5%a; 0.7%b);
	NA
	NA
	
	

	N. atlantica
	EO (1.04% v/w)
	4aα,7α,7aβ-NL(71.4%); DiNL (3.1%)
	NA
	Β-caryophyllene (8.2%)
	NA
	Farnesol (2.5%)
	Chemical composition and Antimicrobial activity
	(Zenasni et al., 2008)

	N. tuberosa L. subsp reticulata
	EO (1.2%v/w)
	4aα,7α,7aβ-NL(76.8%); DiNL (5.9%)
	α-pinene1.3%; Menthol (1.6%)
	NA
	NA
	NA
	
	

	N. cataria
	EO (1.02% v/w)
	4aα,7α,7aβ-NL(77.4%); DiNL (5.0%)
	Terpinene (4.2%); limonene (4.1)
	NA
	NA
	NA
	
	

	N. granatensis
	EO (0.96% v/w)
	4aα,7α,7aβ-NL(39.4%); DiNL (2.8%)
	Eucalyptol (24.0%); α-Phellandrene (5.0%)
	NA
	NA
	NA
	
	

	ME = Methanol Extracted; EO= essential oil; NLU= Unidentified nepetalactone isomer 1,5,9-eDLA = 1,5,9-epideoxyloganic acid; DNL = Dehydronepetalactone; DiNL Dihydronepetalactone; *= dry weight; **= fresh weight; # = mg/g extract; pdw = plant dry weight; CHA= Chlorogenic acid; CHA1 = 3-O-caffeoylquinic acid; CHA2 = 4-O-caffeoylquinic acid; CA= Caffeic acid; FA = Ferulic acid; GA= Gallic acid; MA = Malic Acid; PA = Protocatechuic acid; QA = Quinic acid; RA = Rosmarinic Acid; UCAD = unidentified caffeic acid derivative;  NA= not assessed.




Table II. Comparative chemodiversity studies in populations of Nepeta species, with focus on terpene metabolites.
	Spp.
	Populations
	Type of extract (yield)
	Major compound (% of extract)
	Experimental goal
	Reference

	
	
	
	Terpenes
	
	

	
	
	
	Iridoid 
	Mono-
	Sesqui-
	Di-
	
	

	N. crassifolia
	Razey (Iran)
	EO (0.56%)
	4aβ, 7α, 7aβ-NL (23.27%)
	-
	-
	-
	Comparative chemical composition
	Narimani et al. (2017)

	
	Namin (Iran)
	EO (0.74%)
	4aβ, 7α, 7aβ-NL (27.45%)
	-
	-
	-
	
	

	
	Heyran (Iran)
	EO (0.66%)
	-
	-
	Elemol (19.21%)
	-
	
	

	N. nuda
	Meshkin (Iran)
	EO (0.34%)
	4aβ, 7α, 7aβ-NL (61%)
	-
	-
	-
	Comparative chemical composition
	

	
	Heris (Iran)
	EO (0.58%)
	4aβ, 7α, 7aβ-NL (70.71%)
	-
	-
	-
	
	

	
	Maragheh (Iran)
	EO (0.32%)
	4aβ, 7α, 7aβ-NL (68.8%)
	-
	-
	-
	
	

	
	Meshkin- Heris (Iran)
	EO (0.60%)
	4aβ, 7α, 7aβ-NL (72.21%)
	-
	-
	-
	
	

	N. argolica
	Peloponnisos (Greece)
	EO
(0.27%)
	-
	1,8-Cineole (39.79%)
	-
	-
	Comparative chemical composition
	Skaltsa et al. (2000)

	
	Sterea Ellas (Greece)
	EO (0.66%)
	4aβ, 7α, 7aα-NL (29.38%)
	-
	-
	-
	
	

	 N. argolica
	Aoos Gorge (Greece)
	EO
(0.09%)
	-
	1,8-Cineole (30.9%)
	-
	-
	Comparative chemical composition
	Hanlidou et al. (2012)

	
	Xirolivado (Greece)
	EO
(0.09%)
	-
	1,8-Cineole (55.6%)
	-
	-
	
	

	N. spruneri
	Aoos Gorge (Greece)
	EO
(0.06%)
	-
	-
	Caryophyllene oxide (19.8%)
	-
	Comparative chemical composition
	Hanlidou et al. (2012)

	
	Vikos Gorge 1 (Greece)
	EO (0.08%)
	-
	-
	Caryophyllene oxide (14.6%)
	-
	
	

	
	Vikos Gorge 2 (Greece)
	EO
(0.1%)
	-
	-
	Caryophyllene oxide (17.9%)
	-
	
	

	
	Mt Timfi 1 (Greece)
	EO
(0.12%)
	4aα, 7α, 7aβ-NL (29%)
	-
	-
	-
	
	

	
	Mt Timfi 2 (Greece)
	EO
(0.05%)
	-
	-
	Caryophyllene oxide (17.3%)
	-
	
	

	
	Mt Timfi 3 (Greece)
	EO
(0.06%)
	-
	1,8-Cineole (16.5%)
	-
	-
	
	

	N. heliotropifolia
	Sefidkhani   (Iran)
	EO
(0.09%)
	-
	-
	Caryophyllene oxide (14.17%)
	-
	Comparative chemical composition and plant morphology (Trichomes)
	Yarmoohammadi et al. (2017)

	
	Qazvin (Iran)
	EO (0.2%)
	-
	-
	-
	Phytol
(12.79%)
	
	

	N. cataria
	Balchik (Bulgary)
	EO
(0.4%)
	4aα,7a,7aβ-NL (24%)
	-
	-
	-
	Comparative chemical composition
	Handjieva et al. (1996)

	
	Pirdop (Bulgary)
	EO (0.3%)
	4aα,7a,7aβ-NL (78%)
	-
	-
	-
	
	

	N. fissa
	Polor (Iran)
	EO
(N.A)
	-
	-
	-
	Phytol
(20.01%)
	Comparative chemical composition
	Talebi et al. (2017)

	
	Dizin (Iran)
	EO (0.2%)
	-
	1,8-Cineole (55.98%)
	-
	-
	
	

	N. asterotricha
	Darreh shir (Iran)
	EO (2.4%)
	4aα,7β,7aα-NL (31.7%)
	-
	-
	-
	Comparative chemical composition,
antibacterial, anti-Candida, and antioxidant activity
	Goldansaz et al. (2019)

	
	Deh Bala (Iran)
	EO (2.9%)
	4aα,7β,7aα-NL (27.1%)
	-
	-
	-
	
	

	
	Khames Abad (Iran)
	EO (1.9%)
	4aα,7β,7aα-NL (34.4%)
	-
	-
	-
	
	

	
	Manshad (Iran)
	EO (2.2%)
	4aα,7β,7aα-NL (35.8%)
	-
	-
	-
	
	

	
	Sanij (Iran)
	EO (2.7%)
	4aα,7β,7aα-NL (25.4%)
	-
	-
	-
	
	

	
	Taghi Abad (Iran)
	EO (2.9%)
	4aα,7β,7aα-NL (20.6%)
	-
	-
	-
	
	

	
	Tezerjan (Iran)
	EO (2.5%)
	4aα,7β,7aα-NL (29.4%)
	-
	-
	-
	
	

	
	Zardein (Iran)
	EO
(3.2%)
	4aα,7β,7aα-NL (35.1%)
	-
	-
	-
	
	

	N. heliotropifolia
	Vidar 1 (Iran)
	EO
(0.2%)
	-
	1,8-Cineole (20.1%)
	-
	-
	Comparative chemical composition and plant morphology (Trichomes)
	Talebi et al. (2019)

	
	Vidar 2 (Iran)
	EO
(0.25%)
	-
	-
	β-Caryophyllene (18.8%)
	-
	
	

	N. sessilifolia
	Arak 1 (Iran)
	EO
(0.1%)
	-
	-
	Spathulenol (14.2%)
	-
	
	

	
	Arak 2 (Iran)
	EO
(0.15%)
	-
	-
	-
	Phytol (32.8%)
	
	

	N. fissa
	Sangak 1 (Iran)
	EO
(0.2%)
	-
	-
	β-Caryophyllene (33.1%)
	-
	
	

	
	Sangak 2 (Iran)
	EO
(0.2%)
	-
	-
	Caryophyllene oxide (21.5%)
	-
	
	

	N. depauperata
	Shiraz (Iran)
	EO
(N.A)
	-
	-
	Caryophyllene oxide (37.4%)
	-
	Comparative chemical composition,
Chemotaxonomic studies
	Javidnia et al. (2011)

	
	Chenar (Iran)
	EO
(N.A)
	
	α-Pinene
(41%)
	-
	-
	
	

	
	Abad (Iran)
	EO
(N.A)
	-
	-
	β-Caryophyllene (7.8%)
	-
	
	

	N. oxyodonta
	Derak mountain (Iran)
	EO
(N.A)
	4aα,7β,7aα-NL (69.9%)
	-
	-
	-
	
	

	
	Shiraz (Iran)
	EO
(N.A)
	-
	-
	Caryophyllene oxide (34.5%)
	-
	
	

	
	Abadeh Tashk (Iran)
	EO
(N.A)
	-
	-
	Caryophyllene oxide (42.6%)
	-
	
	

	N.  curviflora
	Salt (Jordan)
	EO
(0.57%)
	4aα,7α,7aα-NL (89.95%)
	-
	-
	-
	Comparative chemical composition and extraction methods
	Barhoumi et al. (2017)

	
	Irbid (Jordan)
	EO
(0.57%)
	4aα,7α,7aα-NL (85.74%)
	-
	-
	-
	
	

	EO: Essential oil; NL: nepetalactone
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