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Abstract Flavonoids have been shown to be good taxonomic markers for Asteraceae. More than 800 compounds comprising 4700 ﬂavonoid occurrences were included in a computational system specially made for chemotaxonomic purposes. Some implications of ﬂavonols, ﬂavones and other types as well as structural features of them are discussed for tribes and subtribes of Asteraceae. # 2001 Elsevier Science Ltd. All rights reserved. Keywords: Asteraceae; Flavonoids; Computer analysis; Chemotaxonomy



1. Introduction Asteraceae has been studied worldwide from the botanical (Bremer, 1994) and chemical (Harborne and Mabry, 1982) standpoints. Controversies about phylogeny and aﬃnity of infra-familial groups as well as uncertain positioning of some genera are still considerable. Bremer (1994, 1996) discussed evolutionary trends in Asteraceae, and Jansen (1990), through research on chloroplast DNA (cpDNA) restriction site, published a hypothetical cladogram for the family by demonstrating that its basal group could be the Barnadesieae. Mendiondo et al. (1997) showed that this group has a very simple ﬂavonoid pattern. *Corresponding author. Fax: +55-11-3815-5579. E-mail address: [email protected] (V.P. Emerenciano). 0305-1978/01/$ - see front matter # 2001 Elsevier Science Ltd. All rights reserved. PII: S 0 3 0 5 - 1 9 7 8 ( 0 1 ) 0 0 0 3 3 - 3
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Because ﬂavonoids have a wide structural diversity and have been isolated in great scale from Asteraceae species, they can be used as taxonomic markers at lower hierarchical levels (Crawford, 1978). The present work describes a computer-assisted method, especially developed for chemotaxonomic purposes. It has been applied on tribes and subtribes of Asteraceae concerning ﬂavonoids as chemotaxonomic markers and can be adapted to other plant families. Albeit there are some controversies on the usage of ﬂavonoids to solve taxonomic problems, we have attempted in this study to show that, since a large amount of data is employed, some inferences may be made, when these markers are utilized. Besides demonstrating that ﬂavonoid data exhibit a certain coherence with the classiﬁcations of Asteraceae at an infra-familial level, we show here as well a powerful tool for dealing with this type of chemical marker, when the number of data points is hardly a problem. Thus the development of a program for data ﬁling, evolutionary parameter calculations and presentation of the results is a protocol that can be simply adapted to other plant families.



2. Methodology In this work we used Bremer (1994) classiﬁcation as well as Jansen (1990) classiﬁcation to assign genera into subtribes and tribes. A database was built from data compiled from Harborne et al., 1975; Harborne and Mabry, 1982 and updated from all the subsequent specialized literature up to 1999. All the collected compounds, the names of tribes, subtribes, genera and species were recorded in this database. The large number of isolated ﬂavonoids required the use of a computer-assisted method to store and recover data. Alvarenga et al. (1995) used similar methodology in studies on diterpenes in Asteraceae. When each ﬂavonoid occurrence is included into a computer program, this automatically searches in databases for the corresponding tribe’s name and registers in another database all the information related to tribes, subtribes, genera and species as well as the bibliographic references. Another ﬂavonoid database has been especially developed based on the chemical literature. Its numbering was ordered in such a manner that, when each structure is entered, an automatic matching is done against previously recorded data, in order to prevent duplications. The number of isolated ﬂavonoids from a taxon can then be calculated. Our methodology also allows to do an automatic calculation of the evolutionary advancement parameters utilized in chemosystematic studies for ﬂavonoids according to Emerenciano et al. (1987).



3. Results and discussion In the ﬂavonoid database for Asteraceae there are 4700 occurrences concerned with about 800 diﬀerent compounds. Table 1 shows a list of tribes and subtribes



V.P. Emerenciano et al. / Biochemical Systematics and Ecology 29 (2001) 947–957 Table 1 Tribes and subtribes from Asteraceae according to Bremer (1994) Tribe



Subtribe



Anthemideae (ANT)



Achilleinae (ACH) Anthemidinae (ANT) Artemisiinae (ART) Chrysantheminae (CHR) Gonosperminae (GON) Leucantheminae (LEU) Matricariinae (MAT) Tanacetinae (TAN) Ursiniinae (URS) Asterinae (AST) Solidagininae (SOL)



Astereae (AST) Barnadesieae (BAR) Calenduleae (CAL) Cardueae (CAR)



Eupatorieae (EUP)



Gnaphalieae (GNA)



Helenieae (HLN)



Heliantheae (HLT)



Inuleae (INU) Lactuceae (LAC)



Carduinae (CAD) Carlininae (CAR) Centaureinae (CEN) Ageratinae (AGE) Alomiinae (ALO) Critoniinae (CRI) Disynaphiinae (DIS) Eupatoriinae (EUP) Gyptidinae (GYP) Liatrinae (LIA) Mikaniinae (MIK) Oxylobinae (OXY) Praxelinae (PRA) Angianthinae (ANG) Cassiniinae (CAS) Gnaphaliinae (GNA) Baeriinae (BAE) Chaenactidinae (CHA) Flaveriinae (FLA) Gaillardiinae (GAI) Hymenopappinae (HYM) Madiinae (MAD) Pectidinae (PEC) Peritylinae (PER) Ambrosiinae (AMB) Coreopsidinae (COR) Helianthinae (HLT) Melampodiinae (MEL) Rudbeckiinae (RUD) Verbesininae (VER) Crepidinae (CRE) Hieraciinae (HIE) Hypochaeridinae (HYP) Lactucinae (LAC) Microseridinae (MIC)
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Table 1 (continued) Tribe



Subtribe Scorzonerinae (SCO) Sonchinae (SON) Stephanomeriinae (STE)



Liabeae (LIA) Mutisieae (MUT)



Mutisiinae (MUT) Nassauviinae (NAS)



Plucheeae (PLU) Senecioneae (SEN)



Senecioninae (SEM) Tussilagininae (TUS) Lychnophorinae (LYC) Vernoniinae (VER)



Vernonieae (VER)



Table 2 Occurrences of ﬂavonoid types in tribes of Asteraceaea Tribes



Flavonol



Flavone



Flavanone



Chalcone



Aurone



Dihydroﬂavonol



Dihydrochalcones



ANT AST BAR CAL CAR EUP GNA HLN HLT INU LAC LIA MUT PLU SEN VER



438 316 122 1 50 149 226 552 392 79 49 8 31 8 12 5



387 97 0 0 161 121 64 209 181 10 343 0 29 1 1 22



19 21 1 0 9 26 30 61 52 11 11 0 19 7 3 2



1 0 0 0 0 6 18 14 138 0 1 0 3 0 3 0



0 0 2 0 0 0 1 16 87 0 0 0 0 0 0 0



4 1 0 0 0 4 2 7 1 7 1 3 3 0 1 1



0 0 0 0 0 0 10 0 0 0 0 0 0 0 0 0



a



For a glossary of three-letter acronyms see Table 1.



according to Bremer’s classiﬁcation of the Asteraceae. Table 2 shows the occurrences of ﬂavonoids in tribes of Asteraceae. After a careful analysis of data recorded in Table 2, it was possible to perceive a pattern to ﬂavonoid-type production by Asteraceae species, i.e., the trend of a taxon in producing preferentially one ﬂavonoid type rather than another one. Multiple regression analysis applied on the data listed in Table 2 showed that, if one uses a ﬂavonol as an independent variable versus the other ﬂavonoid types, a correlation value R ¼ 0:89 is then obtained. According to Harborne (1977), for one taxon the ratio ﬂavone/ﬂavonol may be useful as an indication of evolutionary trends. The high levels of
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ﬂavonol produced by Barnadesiinae species allied to the low levels of other ﬂavonoid types (1-ﬂavanone, 2-aurones) is in accordance with studies using cpDNA by Jansen et al. (1990, 1998), who places this group at a basal position within the family. To date the major ﬂavonoid variability has been observed in Asteroideae (sensu Bremer, 1994, 1996) if one compares this subfamily with the Barnadesioideae, Carduoideae, and Cichorioideae. Nevertheless, some tribes of the former subfamily are not characterized by the presence of ﬂavonoids, for example, Plucheae, Calenduleae and Senecioneae. The latter tribe has been studied, and it contains sesquiterpenoids and pyrrolizidine alkaloids (Zdero and Bohlmann, 1990). However, the maximal expression of ﬂavonoid diversiﬁcation in Asteraceae can be seen in Anthemideae, Heliantheae, Helenieae and Eupatorieae. These data are consistent with the phylogeny of Bremer (1996), who puts the Asteroideae at an advanced position. Both Bremer and Jansen agreed in placing the Barnadesieae in a basal position in their cladograms. The basal position of the Barnadesieae probably is due to the absence of ﬂavones in its ﬂavonoid chemistry. One can point out here that at least, so far, the presence of such secondary metabolites in this tribe has not yet been detected in the literature. The ratio ﬂavonol/ﬂavone was weighed up by Harborne (1977) as a primitive characteristic. Thus it is striking how the basal group of Asteraceae exhibits a ﬂavonoid pattern considered primitive by the experts in the chemistry of ﬂavonoids. Another important variable indicated by Harborne (1977) in studies on ﬂavonoids as a chemical advancement in the angiosperms is the diﬀerence between the phenolic hydroxyl protection groups present in such compounds. The parameters from this phenomenon were also calculated by Emerenciano et al. (1987) and recalculated for tribes and subtribes according to Bremer (1994). Table 3 displays the values of evolutionary advancement parameters estimated for each tribe: (O-methyl (EAM) or O-glycosyl-protection (EAG)) of ﬂavonoid hydroxyl groups and oxidation level, according to Emerenciano et al. (1987). Fig. 1 indicates an inverse correlation (R ¼ 0:77) between aspects of evolutionary parameters (EAM, EAG) and ﬂavonoids for tribes of Asteraceae. There is a high degree of O-methyl protection for ﬂavonoids from the subfamily Asteroideae (tribes Eupatorieae, Anthemideae, Inuleae, Plucheae and Astereae); a moderate degree for the tribes Helenieae, Heliantheae, Gnaphalieae, Cardueae, Liabeae and Senecioneae. The point corresponding to the Calendulae in Fig. 1 is dubious due to the small number of ﬂavonoids isolated from this tribe. The Lactuceae is an interesting case, for it has a chemistry relatively rich in highly glycosylated and poorly methylated ﬂavonoids. It occupies a diﬀerentiated point in the diagram. It is interesting to note that this tribe was treated as a subfamily in the old classiﬁcation system of Wagenitz (1976). At a lower hierarchical level, for instance subtribes, the same phenomenon is observed. Table 4 shows the occurrence numbers as well as the EAM and EAG values for subtribes of Asteraceae. From the correlation of these parameters (Fig. 1, result R ¼ 0:77), it seems that there is a compable phenomenon in Asteraceae subtribes as with the tribes.
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Table 3 Chemical parameters for ﬂavonoids from tribes of Asteraceaea Tribe



EAM



EAG



EAOA



EAOB



ANT ARC AST BAR CAL CAR EUP GNA HLN HLT INU LAC LIA MUT PLU SEN VER



0.3700



0.0460



2.40



1.25



0.3790 0.0014 0.2000 0.1680 0.5060 0.2100 0.1960 0.1400 0.3320 0.0038 0.0920 0.2070 0.3580 0.1470 0.1470



0.0220 0.1893 0.2000 0.1420 0.0260 0.0710 0.0680 0.1130 0.0230 0.2140 0.0500 0.0470 0.0000 0.1400 0.0854



2.14 1.34 1.00 1.80 2.60 1.52 1.91 1.36 1.91 1.06 1.50 1.31 2.00 1.30 1.26



1.88 2.32 3.00 0.46 1.37 0.46 1.46 0.91 1.60 0.64 3.00 0.18 0.62 0.50 0.23



a EAOA and EAOB: Evolutionary Advancement Indices for selected taxa with respect to oxidation values of rings A and B of ﬂavonoids, respectively. EAM and EAG: Evolutionary Advancement Indices for selected taxa with respect to O-methylﬂavonoids and O-glycosylﬂavonoids, respectively.For a glossary of three-letter acronyms see Table 1.



Fig. 1. Correlations of EAG versus EAM values for tribes of Asteracae. For the glossary of three-letter acronyms, see Table 1.



4. Search for oxidation patterns in rings A and B for ﬂavonoids Previous studies, Harborne (1977) and Emerenciano et al. (1987), examined hydroxyl-groups protection by methylation and by glycosylation in Asteraceae. The
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Table 4 Chemical parameters for ﬂavonoids from subtribes of Asteraceaea Tribe



Subtribe



Occur



ANT



ACH ANT ART CHR GON LEU MAT TAN URS AST SOL CAD CAR CEN AGE ALO CRI DIS EUP GYP LIA MIK OXY PRA ANG CAS GNA BAE CHA FLA GAI HYM MAD PEC PER AMB COR HLT MEL RUD VER CRE HIE HYP LAC MIC SCO SON STE MUT



413 215 137 8 2 3 13 20 2 258 92 67 33 114 30 70 4 2 130 2 1 2 14 33 15 109 215 40 189 2 40 1 235 108 44 34 190 309 57 10 61 10 23 26 94 1 7 56 55 73



AST CAR EUP



GNA HLN



HLT



LAC



MUT a



EAM 0.400 0.370 0.290 0.290 0 0.200 0.300 0.470 0.330 0.370 0.380 0.120 0.220 0.180 0.870 0.380 0.400 0.230 0.495 0.650 0.170 0.400 0.480 0.550 0.280 0.070 0.270 0.030 0.160 0.180 0.340 0.600 0.200 0.067 0.490 0.440 0.060 0.120 0.170 0.270 0.300 0.030 0 0 0.002 0 0.060 0.004 0 0.200



EAG 0.049 0.010 0.036 0.080 0 0.110 0.090 0.030 0 0.003 0 0.200 0.060 0.130 0 0.0610 0 0 0.026 0 0 0 0 0 0 0.130 0.047 0.240 0.17 0.100 0.030 0 0 0.150 0 0.040 0.210 0.090 0.120 0.052 0.013 0.150 0.175 0.190 0.227 0.250 0.310 0.200 0.210 0.040



EAOA



EAOB



2.530 2.400 2.020 2.750 1.000 3.000 2.230 2.500 1.000 2.470 1.240 1.540 1.820 1.950 3.530 2.690 1.000 1.000 2.580 2.000 1.000 3.000 2.570 1.960 2.200 0.910 1.750 0.450 1.750 3.000 3.250 3.000 1.950 1.590 2.590 2.820 0.580 1.350 2.050 3.000 2.070 1.000 0 1.000 1.020 1.000 6.860 1.070 1.000 1.250



1.210 1.340 1.200 2.250 3.000 3.000 2.380 0.600 3.000 2.100 1.240 0.100 0.330 0.840 2.800 2.030 1.500 2.000 1.090 3.000 5.000 1.000 1.710 0.030 0.870 1.270 0.150 0.800 1.590 2.000 0.100 1.000 1.200 2.940 1.500 1.650 0.160 1.020 1.980 1.600 0.870 1.000 0 1.460 0.640 1.000 0.140 0.460 0.450 0.230



EAOA and EAOB: Evolutionary Advancement Indices for selected taxa with respect to oxidation values of rings A and B of ﬂavonoids, respectively. EAM and EAG: Evolutionary Advancement Indices for selected taxa with respect to O-methylﬂavonoids and O-glycosylﬂavonoids, respectively. For a glossary of three-letter acronyms, see Table 1.Occur means number of occurrences.
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Table 5 Substitution patterns for ﬂavones from tribes of Asteraceae Tribe



60



60 , 80



20 , 30 , 40



30 , 40



30 , 40 , 500



20 , 30 , 40 , 50 , 60



ANT AST BAR CAL CAR EUP GNA HLN HLT INU LAC LIA MUT PLU SEN VER



70.75 27.27 0.00 0.00 34.85 80.26 34.88 50.0 68.78 0.00 6.99 0.00 38.46 0.00 0.00 5.56



5.93 1.81 0.00 0.00 4.54 19.74 20.93 22.13 10.64 0.00 2.80 0.00 0.00 0.00 0.00 16.67



5.93 1.81 0.00 0.00 2.27 15.79 11.63 17.21 9.22 0.00 2.80 0.00 0.00 0.00 0.00 5.56



0.00 16.36 0.00 0.00 6.06 10.53 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00



49.01 52.73 0.00 0.00 46.21 63.16 44.19 58.20 53.90 0.00 59.44 0.00 15.38 0.00 0.00 72.22



1.66 14.29 0.00 0.00 0.00 27.50 0.00 1.14 0.00 0.00 0.00 0.00 0.00 0.00 0.00 10.53



Table 6 Substitution patterns for ﬂavonols from tribes of Asteraceae Tribe



6



6, 8



20 , 30 , 40



30 , 40



30 , 40 , 50



20 , 30 , 40 , 50 , 60



ANT AST BAR CAL CAR EUP GNA HLN HLT INU LAC LIA MUT PLU SEN VER



76.31 12.71 1.20 0.00 58.10 66.30 19.20 45.80 47.40 61.20 0.00 0.00 16.70 0.00 0.00 0.00



1.39 8.50 0.00 0.00 0.00 0.90 19.20 7.70 3.60 2.00 0.00 0.00 0.00 0.00 10.00 0.00



0.35 1.69 0.00 0.00 0.00 0.90 4.00 4.00 1.03 2.00 0.00 0.00 0.00 0.00 0.00 0.00



0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00



69.34 61.02 51.20 0.00 53.49 64.60 50.90 76.40 71.10 71.30 85.37 0.00 75.0 0.00 50.0 0.00



0.27 5.16 0.00 0.00 6.98 0.85 4.14 2.36 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00



same tendency has been re-conﬁrmed, but now using a larger database than that previously utilized by Emerenciano et al. (1987). The new database program we are concerned with is endowed with more options. It is capable, for example, of looking for any oxidation pattern or any oxygenated substituent groups on the ﬂavonoid skeletons belonging to all hierarchic levels. Some hydroxyl substitutions at rings A and B, considered primitive or derived features, have been selected and tabulated (Tables 5–7). By these means, patterns of
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Table 7 Substitution patterns for ﬂavanones from tribes of Asteraceae Tribe



6



6,8



20 , 30 , 40



30 , 40



30 , 40 , 50



20 , 30 , 40 , 50 , 60



ANT AST BAR CAL CAR EUP GNA HLN HLT INU LAC MUT PLU SEN VER



0.00 0.00 0.00 0.00 14.29 30.77 7.14 2.17 2.78 0.00 0.00 6.25 0.00 0.00 0.00



0.00 0.00 0.00 0.00 0.00 0.00 10.71 2.17 0.00 0.00 0.00 0.00 0.00 0.00 0.00



0.00 0.00 0.00 0.00 0.00 0.00 3.57 2.17 0.00 0.00 0.00 0.00 0.00 0.00 0.00



0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00



16.67 21.43 0.00 0.00 0.00 53.85 25.00 54.35 44.44 57.14 90.91 25.00 50.00 0.00 0.00



0.00 0.00 0.00 0.00 0.00 7.14 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00



hydroxylation at positions 6; 6 and 8; 20 ,30 ,40 ; 30 ,40 ; 30 ,40 ,50 and 20 ,30 ,40 ,50 ,60 for ﬂavones, ﬂavonols and ﬂavanones were studied, respectively. Analyses of data in Tables 5–7 led to the following conclusions: (1)With regard to ﬂavones, it is incorrect to suppose that the tribes belonging to the Asteroideae, sensu Bremer (1994), produce ﬂavonoids with oxygenation at position 6 to a great degree. Species of Asteroideae exhibited 35% of ﬂavones with position 6 oxygenated against 14% from species of Cichorioideae. The highest degree attainable in 6-hydroxylation is found in Eupatorieae and Helenieae. These tribes are cited in recent studies based on cpDNA by Jansen et al. (1990) as being advanced. (2) With regard to ﬂavonols, the same phenomenon is observed as in ﬂavones, and a ratio 35/16% for Asteroideae/Cichorioideae is found. Carduoideae, recognized as a subfamily by Bremer (1996), showed advanced status as follows: (1) ﬂavone/ﬂavonol ratio (146/59), a high degree of oxidation pattern at position 6 for ﬂavone and ﬂavonol, and a low degree of oxygenation at C-8 for ﬂavones; (2) the ﬂavonoid chemical data for the tribe Cardueae, sensu Jansen et al. (1998), is atypical. If one takes account into these data, its subfamily status allocated by Bremer (1996) is supported. For ﬂavanones the oxidation patterns did not show systematically relevant distribution to date, because of the small number of these substances isolated. It is also important to point out that the production of aurones and chalcones by the Heliantheae and Helenieae, mainly in Coreopsis, which is considered by Jansen a tribe. The oxidation patterns of the part derived from polyketide and shikimate routes were also calculated separately for ﬂavonoids, ﬂavones, and ﬂavanones (Table 8). An attempt to correlate these parameters has been made by using multiple regression analysis. When we utilize the EAAO value of ﬂavonols as a dependent variable, we
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Table 8 Evolutionary parameters for ﬂavonoids from tribes of Asteraceaea



1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16



Tribe



EAOA_OL



EAOA_ONE



EAOA_NONE



EAOB_OL



EAOB_ONE



EAOB NONE



ANT AST BAR CAL CAR EUP GNA HLN HLT INU LAC LIA MUT PLU SEN VER



2.49 2.30 1.30 1.00 2.14 2.67 1.56 2.04 1.99 2.04 1.00 1.50 1.21 3.00 1.33 1.00



2.43 2.05 0.00 0.00 1.72 3.11 2.06 2.34 2.69 2.20 1.133 0.00 1.58 1.00 3.00 1.45



1.00 1.00 1.00 0.00 1.22 1.50 1.46 0.42 0.91 1.00 1.00 1.00 1.11 1.00 1.00 0.33



2.41 2.80 2.36 3.00 2.22 2.32 1.91 2.36 2.50 2.50 2.76 3.00 2.52 2.75 2.17 2.60



0.11 0.75 0.00 0.00 0.16 1.21 0.71 0.03 0.03 0.00 0.37 0.00 0.58 1.00 1.00 0.55



2.50 2.90 1.00 0.00 2.50 2.08 3.48 1.49 2.33 1.72 1.18 0.00 2.89 1.86 3.00 4.33



a



EAOA OL, EAOA ONE, EAOA NONE, EAOB OL, EAOB ONE and EAOB NONE: Evolutionary Advancement Indices for selected taxa with respect to oxidation values of rings A and B of ﬂavonols, ﬂavones and ﬂavanones, respectively. For a glossary of three-letter acronyms, see Table 1.



achieve a positive correlation R ¼ 0:70, which shows that the evolutionary parameters are interlinked.



5. Conclusion The metabolism of Asteraceae seems to balance a major production of ﬂavonoid metabolites against the production of other diﬀerent metabolites. This aspect has been studied in two lines: ﬁrst as the number of ﬂavonoids isolated from tribes; second as the total means of oxidation level of these metabolites calculated separately for types, and rings A and B. This can be seen through the preferential number of occurrences of types in tribes as well as from our statistical model, which is capable of showing the biogenetic dependence on a type in relation to the others. The preponderance of oxidation on position 6 instead of positon 8 in all the tribes reinforces the status of Asteraceae as an advanced group, a fact accepted in the literature and now corroborated by a large database. In order to establish new hypotheses about chemical evolution of Asteraceae, we think that it is inconsistent to regard to date only the ﬂavonoids present in this family to do that. The large database related to their ﬂavonoids and, in addition, studies based on cpDNA show some trends of a group separation from the Asteraceae. As a continuation of this study, we intend to build new databases from other chemical markers, for example, terpenoids, polyacetylenes, etc., evaluate them together with available cpDNA data. So the utilization of a greater diversity of data will give us
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safer tools to elucidate in the near future some still existing doubts concerning the chemical evolution of the Asteraceae.
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