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abstract 
The genus Artemisia consists of between 350 and 500 species with most of the North American endemic Artemisia species contained within the subgenus Tridentatae (Sagebrush). The reported uses of these spe cies by Native American and First Nations peoples include analgesic, antiinflammatory, antiseptic, immu nostimulation activity, as well as the treatment of afflictions from spiritual origins. Taxonomic revision for North American Sagebrush has created a number of synonyms that confuse the literature. The phyto chemical diversity of the Tridentatae includes at least 220 distinct and important specialized metabolites. This manuscript reviews the current phytochemical, botanical and pharmacological understanding for the subgenus Tridentatae, and provides a foundation for future studies of the metabolomes of the Tridentatae. Modern approaches to phytochemical analysis and drug discovery are likely to provide inter esting lead compounds in the near future. 
  2013 Elsevier Ltd. All rights reserved. 
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Introduction 
The genus Artemisia consists of 350–500 species, with the majority of individuals residing in temperate zones of the Northern hemisphere (Bora and Sharma, 2011; Riggins and Seigler, 2012; Shultz, 2006) (Fig. 1). Recent estimates suggest there are 50 species of Artemisia (native and introduced) found in North America and which are distributed across the following subgenera: Artemisia (Miller) Less, Absinthium (Miller) Less, Dracunculus Besser, and Tri dentatae (Rydb.) (Shultz, 2009, 2006; Garcia et al., 2011b). Among these, the subgenus Tridentatae (Sagebrush) is endemic to North America (Garcia et al., 2011b; Shultz, 2009) (Fig. 2) and has been subject to numerous taxonomic revisions over the years (Garcia et al., 2011a, 2011b) (Table 1). It is believed there are between 10 and 13 species of Sagebrush in North America (Garcia et al., 2011a, 2011b; Shultz, 2009). 
Phytochemical and pharmacological investigations of Artemisia species have led to the discovery of novel biologically active com pounds, most notably artemisinin from Artemisia annua L. (Asian sweet wormwood) (Bora and Sharma, 2011; Jose Abad et al., 2012; Tan et al., 1998). Traditionally, Native American or First Na tions peoples used indigenous Artemisia species as an analgesic, antiinflammatory, antiseptic, gastrointestinal or immunostimula tory aid or to treat afflictions from spiritual or unknown origins (Kelley et al., 1992; Moerman, 2009; Turner et al., 1980; Turner, 2009). A search in Web of Science on December 4, 2012 identified 891 articles referring to members of the subgenus Tridentatae. Of 
[image: ]
Fig. 1. Global distribution of Artemisia species. (Biodiversity occurrence data accessed through the GBIF Data Portal, www.gbif.net, 2012-12-04). Note: GPS data were only available for 308 out of  500 Artemisia species. 
A. arbuscula  [image: ]
A. bigelovii  
A. cana  
A. nova  
A. pygmaea  
A. rigida  
A. rothrockii  
A. spiciformis  
A. tridentata  
A. tripar ta  
Fig. 2. Distribution of Artemisia species, subgenus Tridentatae in North America A. arbuscula (white) A. bigelovii (black), A. cana (green), A. nova (lavender), A. pygmaea (red), A. rigida (yellow), A. rothrockii (dark blue) A. spiciformis (pink) A. tridentata (light blue) A. tripartita (orange). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
these publications, 64% pertained to research areas in environmen tal sciences and ecology, while less than 5% encompassed research areas in chemistry and pharmacology (Table 2). The objectives of this review were: (1) to summarize current phytochemical and pharmacological understanding for Sagebrush species and (2) to reconcile previous taxonomic classifications within these works with current understanding of plant systematics for the Tridentatae. 
Evolution, botany and taxonomy 
The exact origin of the subgenus Tridentatae remains un known. Research suggests that Asian relatives belonging to the genus Artemisia subgenus Artemisia are ancestors to North Amer ican species of Sagebrush (Garcia et al., 2011a, 2011b). It was hypothesized that the subgenus Tridentatae emerged in North America during the Pleistocene via herbaceous ancestral members (Garcia et al., 2011b; Shultz, 2009), which would make these spe cies endemic to Western parts of North America (Shultz, 2009). Climatic fluctuations during this time may have facilitated the diversification of the Tridentatae by providing new territory for colonization and barriers which limit gene flow (Garcia et al., 2011b; Riggins and Seigler, 2012; Shultz, 2009; Valles et al., 2011). 
The evolutionary history of the Tridentatae is reticulate, which in turn has led to multiple taxonomic re-arrangements within the Tridentatae (Garcia et al., 2008; Stanton et al., 2002) and a plethora of nomenclatural synonyms (Table 1). Tremendous effort has been put forth to effectively group Sagebrush species (Garcia et al., 2011a, 2011b; Garcia et al., 2008; Shultz, 2009). According to the Flora of North America, the subgenus Tridentatae is com prised of the following species: Artemisia arbuscula Nutt, Artemisia bigelovii A. Gray, Artemisia cana Pursh, Artemisia nova A. Nelson, Artemisia pygmaea (A. Gray) W.A. Weber, Artemisia rigida (Nutt) A. Gray, Artemisia rothrockii A. Gray, Artemisia spiciformis Osterhout, Artemisia tridentata Nutt, and Artemisia tripartita Rydb (Shultz, 2006; Table 1). It should be noted that recent molecular works sug gest further redefinition of this subgenus by splitting the Tridenta tae into two or more of the following sections: Tridentatae, Nebulosae and Filifoliae in hopes of concentrating the ‘true Sage brushes’ within section Tridentatae (Garcia et al., 2011b; Shultz, 2009; Valles et al., 2011). Identification of species within the Tri dentatae is challenging due to overlap of key morphological fea tures (Shultz, 2009). Sub-species can be identified by the unique environments they inhabit (Shultz, 2009). Members of the Astera ceae are often identified by weakly ornamented pollen grains, alternate or sparsely distributed leaves, and by close examination of flower heads or capitula (Valles et al., 2011). All members of the Tridentatae are shrubs (Shultz, 2009). The presence of interxy lary cork and bisexual flora heads is helpful to identify the subge nus (Shultz, 2009, 2006; Valles et al., 2011), while plant size, shape and size of flowering heads or pollen, leaf lobbing, and shape of lat eral shoots are helpful determinants at the species level (Shultz, 2009, 2006). 
The ability of taxa in the Tridentatae to readily adapt to new ter ritories has led to their broad distribution over tens of millions of hectares in North America (Garcia et al., 2011b; Stanton et al., 2002) (Fig. 2). Sagebrush can thrive in diverse habitats such as canyons, meadows and slopes ranging from steppe to subalpine zones, dry shrublands, foothills, rocky outcrops, scabelands, and valleys (Douglas et al., 1998; Stanton et al., 2002). A. tridentata, A. arbuscula, A. cana, and A. nova are all considered landscape domi nant species, while A. arbuscula, A. bigelovii, A. pygmaea, A. rigida, A. rothrockii, A. spiciformis possess more restricted distributions (Garcia et al., 2008; Stanton et al., 2002) (Fig. 2). Distribution of 
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Table 2 
Distribution of articles across specific research areas according to web of science search engine analysis function. 
me of these species, but the total metabolome has not been de scribed. The following sections highlight the characteristic compounds of the Tridentatae subgenus. Additional structures are 
Total number of articles identified pertaining to species found within the subgenus Tridentatae 
891 
found in the supplementary information. 
Research areas Counts Percent 
Agriculture 181 20 Biochemistry Molecular Biology 57 6 Biodiversity Conservation 67 8 Biotechnology Applied Microbiology 8 1 Chemistry 24 3 Entomology 15 2 Environmental Sciences Ecology 567 64 Evolutionary Biology 30 3 Forestry 77 9 Genetics Heredity 13 1 Geochemistry Geophysics 5 1 Geology 17 2 Marine Freshwater Biology 5 1 Meteorology Atmospheric Sciences 10 1 Pharmacology Pharmacy 7 1 Physical Geography 7 1 Plant Sciences 191 21 Remote Sensing 6 1 Water Resources 15 2 Zoology 48 5 
Research areas encompassing at least 1% of publications are only shown above. 
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Phenolics 
A total of 29 plant phenolics were described in the literature for the Tridentatae in A. arbuscula, A. cana, A. nova, A. pygmaea, A. roth rockii, A. spiciformis, A. tridentata, A. tripartita (Fig. 3B). All are phe nylpropanoids, with the majority being flavonoids and glycosylated flavonoids (Table 3). The majority of the studies de scribe the identification of phenolics by high performance liquid chromatography (HPLC) with diode array detection (DAD) or ultra violet (UV) detection and quantification by comparison to refer ence standards. A small number of novel phenylpropanoids were also isolated and characterized from the Tridentatae including dihydroquercetin 7,30-dimethyl ether (1), artelin (2), methylesculin (3) and some coumarin sequiterpene ethers that will be described along with the sesquiterpenes. Esculin (4), scopoletin (5), axillarin (6), esculetin (7), isoscopoletin (8), and 6-b-D-glucosyl-7-methoxy coumarin (9) were most widely detected (>30% of species) (Figs. 3B and 4). 
Monoterpenes 
Monoterpenes belong to a class of specialized metabolites called terpenes, which are formed by the linking of two 5 carbon isoprene units (Guimarães et al., 2013). Anti-microbial, anti 
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30 
inflammatory, hypotensive and analgesic activity has been re 
25 
ported for a wide range of monoterpene compounds (Guimarães 
et al., 2013) including menthol and borneol which are sold as neu 
20 
traceuticals in Canada (Basu et al., 2007). Overall, 89 monoterpenes 
15 
have been reported in A. arbuscula, A. bigelovii, A. cana, A. nova, A. 
pygmaea, A. spiciformis, A. tridentata (Fig. 3B, Table 4). 
10 
The overwhelming majority of monoterpenes were identified 
5 
by GC analysis with detection and tentative identification by either 
EI-MS (electron impact mass spectrometry) followed by database 
0 
matching of the mass spectra, or by flame ionization detection, 
where the compounds were either identified by comparison with 
standards, or tentatively identified by relative retention using the 
Kovacs retention index. 
Fig. 3a. Number of publications describing phytochemistry of the Tridentatae (1930–2013). 
subspecies is primarily dictated by moisture-elevation gradients and/or characteristics specific to soils and substrates (Stanton et al., 2002). 
Phytochemistry 
Research interest for the phytochemical complexity of Sage brush has been under investigation for many decades but declining since the 1970s (Fig. 3A). The reported phytochemistry of the Tri dentatae spans the major classes of plant secondary metabolism – phenolics (13.2%), monoterpenes (40.5%), sesquiterpenes (39.1%), diterpenes (1.8%) and others (5.5%) (Fig. 3B). This phyto chemistry is not a comprehensive representation of the metabolo me, but rather the result of several decades of targeted phytochemical discovery using primarily gas chromatography with flame ionization detection (GC/FID) and gas chromatography with mass spectrometry (GC/MS) for profiles of the essential oils. Con siderable effort has also been made to characterize more complex terpenes, plant phenolics, and other constituents of the metabolo 
A number of novel monoterpenes were identified and fully characterized from the Tridentatae, of which most are irregular monoterpenes. These include chrysanthemol (10) and its oxidized derivative chrysanthemal (11), methyl santolinate (12), santolina triene (13), oxido santolina triene (14), artemesia triene (15), santolinolide A (16) and B (17), artemiseole (also spelled artemese ole, and artemisol) (18), rothrockene (19), neolyratol (20), (1,6,6- trimethyl-4-ethenyl-exo-2-oxabicyclo[3.1.0]hexane (21), lavandu lol (22), arbusculone (23), 2,2-dimethyl-6-isopropenyl-2H-pyran (24), 2,3-dimethyl-6-isopropyl-4H-pyran (25), and 2-isopropyl-5- methylhexa-trans-3,5-diene-1-ol (26) (Fig. 5). Compounds most commonly described in these species (>40% of Tridentatae mem bers) include: a-pinene (27), santolina triene (13), artemiseole (18), camphor (28), methacroleine (29) p-cymene (30), camphene (31) and eucalyptol (32) (Table 4, Fig. 5). 
Sesquiterpenes 
Sesquiterpenes have provided many interesting biologically active lead compounds including artemisinin (Brown, 2010) and parthenolide (Ghantous et al., 2010). In total, 86 sesquiterpenes and their derivatives were found in A. arbuscula, A. bigelovii, A. cana, A. nova, A. pygmea, A. rothrockii, A. spiciformis, A. tridentata, and A. tridentata (Fig. 3B, Table 5). Most of the sesquiterpenes 
C.E. Turi et al. / Phytochemistry 98 (2014) 9–26 13[image: ]Fig. 3b. Distribution of compound classes in the Tridentatae and its members. 
described in the Tridentatae were first isolated and structurally characterized from members of the genus Artemisia, and repre sent a remarkable chemical diversity (Table 5). Sesquiterpenes were identified by a variety of techniques after their original iso lation and characterization, including comparisons to standards by thin layer chromatography (TLC), HPLC/DAD, HPLC/UV, and HPLC/MS. 
The majority of sesquiterpenes that were first described in the Tridentatae are sesquiterpene lactones, with structures based on: the lactone fused to a bicyclo[4.4.0]decane framework such as arbusculins A (33), B (34), C (35), D (36), and E (37), colartin (38), ridentin B (39), rothins A (40) and B (41), 1-b-hydroxy sant-3-en-6,12-olide-C (42), 1-b-hydroxysant-4(14)-en-6,12- olide-C (43) (Fig. 6); the lactone fused to the open cyclodecane framework, such as artevasin (44), novanin (45), badgerin (46), deacetyllaurenobiolide (47), spiciformin (48), and tatricidins A (49) and B (50) (Fig. 6); or the lactone fused to the large ring of a bicyclo[5.3.0]decane such as arbiglovin (51), artecanin (also re ferred to in the literature as chrysartemin B) (52), canin (53), cumambrin A (54) and B(55), 8-deoxycumambrin B (56), cumam 
brin B oxide (57), matricarin (58), deacetoxymatricarin (also re ferred to as leucodin in the literature) (59), deacetylmatricarin (60), rupicolins A (61) and B (62), rupins A (63) and B (64), and viscidulins A (65), B (66), and C (67) (Fig. 6). Four sesquiterpene coumarin ethers have been isolated and structurally characterized in the Tridentatae including tripartol (68), secondriol (69), second rial (70), and drimachone (71), as well as three other sesquiter penes, longilobol (72), arbusculin E (37), and pygmol (73) (Fig. 7). Arbusculins A (33), B (34), and C (35), artevasin (44), deacetoxymatricarin (59), deacetylmatricarin (60), desacetoxym atricarin (74), ridentin (75), tatridin-A (49) and B (50) were re ported within more than 30% of species in the Tridentatae (Table 5, Figs. 3B and 7). 
Diterpenes 
Only 4 diterpenes have been characterized in extracts of A. tridentata including: methyl isopimarate (76), methyl levopimarate (77), methyl palustrate (78), and methyl trans-communate (79) (Fig. 8, Table 6). 
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Fig. 4. Characteristic phenylpropenoids in the Tridentatae. Please note: structures of the additional phenylpropenoids are in the Supplemental Files. 
Other phytochemicals 
An assortment of polyketides, fatty acids, polysaccharides, tan nins, alkaloids, carbohydrates and proteins have also been de scribed in A. tridentata and/or A. tripartita (Table 6). 
Bioassay 
The majority of bioassay data describing the activity of Artemi sia species in the Tridentatae indicates antimicrobial, antioxidant, antiviral and insecticidal activity. 
Antimicrobial 
Plant-based antimicrobial compounds that have the potential to combat food spoilage (Tiwari et al., 2009) and multi-drug resis tance (Saleem et al., 2010) are under extensive investigation. Amongst members of the Tridentatae, antimicrobial activity has been observed in oils collected from A. cana, A. nova, and A. tridentata (Lopes-Lutz et al., 2008a, 2008b; Nagy and Tengerdy, 1967) and methanol extracts of A. arbuscula, A. bigelovii, A. cana subsp. bolanderi, A. nova, A. rothrockii, A. spiciformis, A. tridentata subsp. parishii, A. tridentata subsp. tridentata, A. tridentata subsp. vaseyana, A. tridentata subsp. wyomingensis, and A. tripartita subsp. tripartita, (McCutcheon, 1996; McCutcheon et al., 1994) using in vitro bioassays with various strains of bacteria, yeast, and fungi. A common mechanism or specific mode of action has 
not been determined and the diversity of extracts makes data interpretation difficult. 
Antimycobacterium 
Antimycobacterials isolated from plants may provide less inva sive treatments to combat tuberculosis (TB), (Negi et al., 2010). For example, potent activity against Mycobacterium tuberculosis has been observed for the following terpenes: aegicerin (1.6–3.1 lg/mL), phytol (2 lg/mL), and sapintoxin A (3.15 lg/ mL) (Negi et al., 2010). Methanolic extracts from A. arbuscula, A. bigelovii, A. cana subsp. bolanderi, A. cana subsp. cana, A. nova, A. rothrockii, A. spiciformis, A. tridentata subsp. tridentata, A. tridentata subsp. vaseyana, and A. tripartita subsp. tripartita all displayed varying degrees of antimycobacterial activity (McCutcheon, 1996). Furthermore, from the above extracts, A. cana, A. nova, A. tridentata subsp. tridentata, and A. tripartita show the greatest po tential for the discovery of new TB drugs since they were found to exhibit the most activity against Mycobacterium tuberculosis and/ or Mycobacterium avium (McCutcheon, 1996). Further investiga tion is required to determine the specific mechanisms involved in the growth inhibition. 
Antioxidant activity 
Antioxidants are classically defined as ‘‘any substance that de lays, prevents or removes oxidative damage to a target molecule’’ 
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[image: ]Fig. 5. Characteristic monoterpenes in the Tridentatae. Please note: structures of the additional monoterpeness are in the Supplemental Files. 
(López-Alarcón and Denicola, 2013). Consumption of an antioxi dant rich diet has shown to have preventative effects against car diovascular and neurodegenerative diseases as well as against cancer (Obrenovich et al., 2011). Oils extracted from A. cana and A. tridentata exhibited weak antioxidant activity in 2,2-diphenyl 1-picrylhydrazyl (DPPH) and b-carotene/linoleate model assays (Lopes-Lutz et al., 2008a). 
Antiviral activity 
Ethnopharmacological investigation of traditional medicines to treat influenza has provided promising leads for the discovery of plant-derived antivirals, particularly against HSV and HIV (Chatto padhyay and Naik, 2007). Methanolic extracts from A. rothrockii displayed weak antiviral activity in vitro against Coxsackie B6, Po lio 1, and Sindbis viruses at concentrations equal to the threshold for non-cytotoxic behaviour (McCutcheon, 1996). Further investi gation of these plants may provide new mechanisms and treat ments for viral infections. 
Cytotoxicity 
In the last 70 years, over 70% of new drugs for cancer treatment were of natural origin or inspired by naturally occurring structures (Newman and Cragg, 2012). Culturing cancer cells in the presence of crude extracts or isolated compounds and monitoring their via bility is often used to screen for anti-cancer potential (Harvey and Cree, 2010). Variability for cytotoxicity has been observed in mono-layer forming ‘‘Vero’’ cells (Green Monkey Kidney) exposed to extracts of A. arbuscula, A. bigelovii, A. cana, A. rothrockii, A. spic iformis, A. tridentata subsp. parishii, A. tridentata subsp. tridentata, A. tridentata subsp. wyomingensis (McCutcheon, 1996). Of the species described above, A. arbuscula, A. cana, A. rothrockii and A. spiciformis were the most toxic (McCutcheon, 1996) and may provide promis ing pharmacological leads. 
Fumigant and insecticidal activity 
In agriculture, allelochemicals found in essential oils or as single isolated compounds (i.e. D-limonene and Azadirachtin) are em 
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[image: ]Fig. 6. Characteristic sesquiterpenes in the Tridentatae. Please note: structures of the additional sesquiterpenes are in the Supplemental Files. 
ployed as alternative products to synthetic pesticides (Isman et al., 2011). Ethanolic extracts from A. tridentata inhibited growth of Peridroma saucia (Hbn) (variegated cutworm) (Salloum and Isman, 1989), while volatile compounds released from leaves inhibited oviposition for Zabrotes subfasciatus (Boheman) (Mexican bean weevil) (Weaver et al., 1995). Artemisia tridentata ssp. vaseyana demonstrated activity against Rhyzopetha dominica (F.) (lesser grain borer) and Plodia interpunctella (Hubner) (Indian meal moth) (Dunkel and Sears, 1998). To date, there are no commercial prod ucts based on the allelochemical or insecticidal constituents of Artemisia and these species have excellent potential applications for production of industrial chemicals, synergists and/or adjutants for use in agricultural applications. 
Concluding remarks 
Recent advancements in ultra-performance liquid chromatog raphy (UPLC), newer chromatography columns and separations 
technologies, improvements in mass spectrometry and more sensitive instruments such as the quantitative time of flight (QTOF) and tandem time of flight (QTOF-TOF) coupled with new approaches to experimental design, statistical tools, chemo metric analysis, and ‘omics technologies’ have enormous poten tial for the discovery of new biologically active phytochemicals (Brown and Murch, 2012; Gad et al., 2013; Wu et al., 2013). With the success of artemisinin as an antimalarial drug, studies of the genus Artemisia species are increasingly popular and interesting (Bora and Sharma, 2011; Jose Abad et al., 2012; Tan et al., 1998). Although various groups of compounds have been identified in A. arbuscula, A. cana, and A. tridentata, far less is known for other members of Sagebrush such as A. bigelovii, A. pygmaea, A. rigida, and A. rothrockii. Furthermore, the mecha nisms of activity or identity of specific biologically active phyto chemicals has not been fully elucidated. Overall, North American Artemisia species have great potential for providing exciting leads. 
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Fig. 7. Characteristic sesquicourmarins in the Tridentatae. Please note: structures of the additional sesquicourmarins are in the Supplemental Files. [image: ]
Fig. 8. Characteristic diterpenes in the Tridentatae. Please note: structures of the additional diterpenes are in the Supplemental Files. 
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Appendix A. Supplementary data 
Supplementary data associated with this article can be found, in the online version, at http://dx.doi.org/10.1016/j.phytochem.2013. 11.016. 
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