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Abstract— Flavonoids from vegetative parts of 29 species of Eurasian Sedum, Sedum meyeri-johannis from central East
Africa, 34 species of Sempervivum, and Jovibarba heuffelii have been identified after acid hydrolysis. Ten flavonoid
aglycones were detected, i.e. kaempferol, herbacetin, sexangularetin, quercetin, gossypetin, corniculatusin, isorham-
netin, limocitrin, myricetin, and possibly hibiscetin. Quantitative flavonoid data were obtained by gas chromatogra-
phy after trimethylsilylation and were studied with multivariate data analysis methods. Principal components analysis
of the whole data set distinguishes Sedum and Sempervivum as separate groups. Flavonoid variation in Sempervivum is
minimal (kaempferol is the principal flavonol of all species), which reflects the morphological uniformity of the genus
and similarity in ecological preference of the species. By contrast, Eurasian Sedum contains a much wider range of
flavonols and shows a high degree of parallel evolution (notably 8-hydroxylation and 8-0-methylation), which seems
to mirror the enormous morphological and cytological variation present in this taxon. The recognition of groups in
Sedum by principal components analysis of flavonoid data partially supports the infrageneric classification based on
biosystematic data.

INTRODUCTION Sedoflorigenin and its monoglucoside sedoflorin, origin-
ally isolated from S. acre by Nordal in 1947, later ap-
peared to be identical with limocitrin and probably
limocitrin-3-glucoside, respectively [8]. Sedum album
contains glycosides of herbacetin, quercetin, quercetin-3-
methyl ether, gossypetin, and isorhamnetin [9]. Glyco-
sides of sexangularetin, corniculatusin, limocitrin, myri-
cetin, and the 8-methoxy derivative of the latter have
been reported from S. sexangulare [10]. Quercitrin and
myricitrin are the principal flavonol glycosides of Sedum
series Rupestria [11]. Frigot [12] reported a glycoside of
eriodyctiol and myricetin from S. sediforme (= S. altissi-
mum Poiret) of this series. Flavan-3-gallates and glyco-
sides of limocitrin, kaempferol, quercetin, and myricetin
have been isolated from flowers of S. sediforme [13].
Recently, Stevens et al. [14] isolated myricetin 3-Q-ara-
binofuranoside from leafy shoots of S. montanum ssp.
orientale of §. ser. Rupestria. Denton and Kerwin [15]
found laricitrin, a kaempferol 3,7-diglycoside, and an
unidentified flavone in species of the American S. sect.
Gormania. Laricitrin was also found in the Asian S.
crassipes of S. subgenus Rhodiola ( = Rhodiola) along
with kaempferol 3,7-di-O-glucoside [16]. Species of the
American section Ternata of Sedum contain glycosides of
kaempferol, quercetin, apigenin, and luteolin [17].
tPresent address: Oregon State University, Oregon, U.S.A. Flavonoid records are available for six species of Semper-
§Author to whom correspondence should be addressed. vivum. Gumenyuk et al. [18-20] identified glycosides of

In Europe and adjacent regions of the Near East, north-
ern Africa and the Macaronesian Islands (Eurasia) Sedum
comprises about 100 species, the majority of which occur
predominantly in the Mediterranean climatic zone.
Sedum is often regarded as the core of the Crassulaceae
containing the least advanced as well as some highly
derived taxa [1]. Sempervivum contains about 50 species
which are mainly confined to the mountains of southern
Europe, Antaolia and the Caucasus. It is closely related
to Sedum and thought to have evolved from Eurasian
Sedum [1, 2]. Species of both genera are succulent herbs
and generally occur in dry and exposed habitats.
Species of Sedum are known to contain alkaloids,
flavonoids, condensed tannins, and cyanogenic com-
pounds [3, 4]. Flavonoids have been reported for about
one tenth of the Eurasian Sedum species. Of these only S.
acre, S. album, S. sexangulare, and S. sediforme have been
examined in detail. Kaempferol, quercetin, and myricetin
glycosides are common as well as their 8-hydroxy and
8-methoxy derivatives [3, 4]. Isorhamnetin and limocit-
rin glycosides have been isolated from S. acre [5-7].
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kaempferol (astragalin), quercetin, isorhamnetin and
scutellarein in Sempervivum ruthenicum. Combier and Jay
[21] found kaempferol in acid hydrolysates of S. tec-
torum, S. montanum, S. arachnoideum, S. globiferum, and
S. arenarium.

Our previous chemotaxonomic studies of Sedum and
related genera were focused on alkaloids and epicuticular
wax composition [22-24]. In the present paper we report
the results of a flavonoid survey of 29 species of Sedum
originating from Eurasia and one species from central
East Africa, 34 species of Sempervivum, and one species
of Jovibarba ( = Sempervivum section Jovibarba [25]).
The investigations were aimed at determining the taxo-
nomic and evolutionary significance of the flavonoid
variation at the aglycone level within and between these
taxa.

RESULTS

Ten flavonoid aglycones were detected in the vegeta-
tive parts of Eurasian species of Sedum, Sempervivum, and
Jovibarba after acid hydrolysis (Tables 1 and 2). The
flavonoids were identified by a combination of chromato-
graphic and spectroscopic comparison with authentic
samples, ie. TLC, GC/GC-EIMS, and HPLC with
diode-array detection (Table 2). Limocitrin and sexan-
gularetin were not available as standards, and were iden-
tified in phenolic extracts of Sedum acre and S. sexan-
gulare by comparison with spectra in Ref. [26], GC-MS,
and conversion to gossypetin and herbacetin, respective-
ly, with pyridinium chloride [27].

For the purpose of multivariate analysis of quantita-
tive flavonoid data (see Discussion), a GC method was
developed to quantify flavonoid aglycones in plant ex-
tracts after trimethylsilylation, using the internal stan-
dard calibration method. Fisetin (3,7,3',4'-tetrahydroxy-
flavone) was chosen as the internal standard, because it
proved to be absent from species of Sedum and Semper-
vivum in preliminary experiments, it does not interfere
with other flavonols in the gas chromatogram, and it can
be readily purchased from commercial source. The
quantitative data of Table 1 refer to flavonoid contents
on fresh weight basis. As the moisture content of the
species amounts to ca 85% for Sedum species and to
more than 90% for Sempervivum, the flavonoid contents
listed in Table 1 will be approximately ten times higher
when calculated on dry weight basis.

Conversion of the aglycones to their trimethylsilyl or
methyl derivatives is generally considered to be necessary
prior to GC analysis [28-30], although Schmidt et al.
[31] reported on the GC analysis of flavonoid aglycones
lacking catechol functions on the B-ring without derivat-
ization. We tested a number of silylating agents at differ-
ent reaction times and temperatures, i.e. HMDS/TMCS,
BSTFA containing 1% TMCS, and BSA. Silylation of the
flavonoids with BSA at 70° overnight proved to be satis-
factory in our study. In two cases flavonoid trimethylsilyl
ethers could not be completely separated with GC, i.e.
herbacetin/sexangularetin  and  quercetin/gossypetin.
However, GC-MS allowed identification and even quan-

tification of these pairs on the basis of prominent [M-
151" ions in their electron impact spectra [30] (Table 2).
Sedum urvillei (accession no. 31685) contained a hexa-
hydroxyflavone monomethyl ether (an abundant
[M-15]" ion at m/z 677 was observed) after acid hydroly-
sis, which differed from corniculatusin in GC retention
time and Re-value. The phenolic extract of this plant
yielded gossypetin on demethylation with pyridinium
chloride. [27]. The principal flavonoid aglycone of this
species was thus characterized as a monomethyl ether of
gossypetin. Isolation of the compound was not possible
due to the limited availability of the plant material.

Two of the three plants of S. album contained small
amounts of a hepthydroxyflavone (an abundant [M-
157" ion at m/z 823 was observed) in addition to herba-
cetin, gossypetin, and myricetin. As an 8-hydroxylation
enzyme system is apparently present in these plants, the
heptahydroxyflavone was tentatively identified as 8-hy-
droxymyricetin (= hibiscetin). Hibiscetin has not been
reported from Sedum previously, though its 8-O-methyl
ether occurs in S. sexangulare [10].

The report of an eriodictyol glycoside from Sedum
sediforme [12] prompted us to examine the species of S.
ser. Rupestria for the presence of flavanones with TLC.
Hydrolysed extracts were chromatographed on silica gel
with  toluene-HCOOEt-HCOOH (5:4:1) against
eriodictyol, hesperetin, and naringenin. Developed plates
were sprayed with sodium borohydride/aluminium
chloride [32], and subsequently fumed with HCI vapour
to intensify the colour of the spots. Eriodictyol was found
absent from our diploid plant of S. sediforme as well as
from the other species of S. ser. Rupestria. Only S. mon-
tanum ssp. orientale and S. rupestra ssp. erectum showed
faint traces of an unidentified flavanone with the specific
spray reagent. With GC—MS flavanones could neither be
detected in any of the six accessions of S. series Rupestria.

Special attention was also paid to the report of scutel-
larein from Sempervivum ruthenicum [19], but we were
not able to confirm the presence of this 6-hydroxyflavone
in §. ruthenicum with GC-MS using the single ion
monitoring option in the full scan mode. The compound
was also found absent from this species by co-TLC with
an authentic sample of scutellarein.

DISCUSSION

Of the major flavonoid classes, only the proan-
thocyanidins [33] and the flavonols are widely distrib-
uted in Eurasian Sedum and Sempervivum. Although we
studied the flavonol variation at the aglycone level, our
results are in good agreement with literature reports of
flavonoid glycosides from species of Sedum, Sempervivum,
and Jovibarba (c¢f. Introduction) which indicates that
Table 1 gives a good impression of the flavonoid chem-
istry of the taxa included in the survey. However, several
Sedum species show considerable infraspecific variation
in their flavonoids. Extreme examples are S. ursi and
S. urvillei of S. ser. Alpestria. Consequently, in Sedum
the significance of flavonoid variation for assessing
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taxonomic and evolutionary relationships loses impor-
tance, in particular between species of S. ser. Alpestria.

Sedum is characterized by the widespread occurrence
of 3'-O-methylated as well as 8-hydroxy and 8-0-methyl-
ated flavonols. These derivatives might be considered as
specialized compounds relative to kaempferol, quercetin,
and myricetin. However, no clear phylogenetic informa-
tion (that is, consistent with the phylogeny and in-
frageneric classification according to van Ham [34] and
*t Hart [35]) could be inferred from the flavonoid data by
cladistic approaches [36-38]. Instead, we used phenetic
methods (cluster analysis and principal components
analysis) to assess the systematic significance of both the
original and transformed flavonoid data (see Experi-
mental), however, did not result in groupings consistent
with previous classifications [35] as closely related taxa
were scattered through the phenogram.

With principal components analysis (PCA) of the
whole data set after transformation (see Experimental)
Sedum and Sempervivum are distinguished as separate
groups (Fig. 1). The separation of the two genera is large-
ly due to the overall dominant presence of kaempferol in
Sempervivum as indicated by the corresponding loadings
plot (not shown).

Sempervivum contains a simple array of flavonols, i.e.
kaempferol, herbacetin, quercetin, and myricetin. It is
also very uniform in its flavonoid composition with
kaempferol being the major flavonol. However, the dis-
tinct Sempervivum cluster seems to consist of two groups,
which, on close examination of the data set, differ only in
the contents of the minor flavonoids. Here the PCA
method employed primarily causes the apparently ideal
subdivision, and thus probably lacks any taxonomic sig-
nificance. On the whole, the flavonoid chemistry of the
species Sempervivum nicely reflects their similarity in eco-
logical preference as well as the morphological uniform-
ity of the genus. Sempervivum species all have succulent,
monocarpic rosettes and terminal, cymose inflorescences
with 8- to 16-merous flowers. They occur predominantly
in rocky places at high altitudes [39].

The three plants of Jovibarba heuffelii were placed in
a cluster separate from Sempervivum, but the separation
can be associated with the method used as well, and
hence must be regarded as being artificial. The Jovibarba
plants contain only very small amounts of kaempferol
and myricetin (Table 1), and the pattern is similar to that
of Sempervivum (cf e.g. Sempervivum calcareum and Jov-
ibarba heuffelii in Table 1). Jovibarba resembles Semper-
vivum in habit, but differs by its 6-merous flowers with
yellowish, fringed, erect petals [39]. The systematic posi-
tion of Jovibarba has been much disputed, and it is often
included in Sempervivum as S. section Jovibarba DC.
[25, 40,41]. Our results are in favour of the latter classi-
fication, namely the inclusion of Jovibarba in Sempervivum.

In contrast to Sempervivum, the flavonoid compostion
of the Sedum species is much more diverse. Sedum forms
a large cluster in the centre of the scatter plot that is well
separated from the Sempervivum cluster with the excep-
tion of S. brissemoreti (included in the Sempervivum clus-
ter) and S. tuberosum (almost included in the Jovibarba

cluster). Whereas the similarity between S. brissemoreti
and Sempervivum must be due to a parallel development,
the resemblance between S. tuberosum and Jovibarba
heuffelii is merely due to their flavonoid poverty.

PCA of the flavonoid data of Sedum was performed to
distinguish infrageneric groups (Fig. 2). Four groups
were separated from the bulk of the species, ie. S. ser.
Rupestria, a part of S. ser. Alpestria, S. album, and S.
brevifolium. The latter two species are characterized by
the presence of (large amounts) of herbacetin and gos-
sypetin. Sedum album has been reported to contain her-
bacetin, quercetin, gossypetin, and isorhamnetin glyco-
sides [9]. Sedum brevifolium has not been investigated
previously: it has been classified in S. series Pedicellata
[35], and its distinct flavonoid pattern might be useful to
study relationships within this group. Unfortunately, the
other species of S. ser. Pedicellata were not available at
the time of the present survey.

The five species of Sedum ser. Rupestria included in the
present survey are characterized by a combination of
quercetin and myricetin in addition to minor amounts of
limocitrin. In previous phytochemical studies of Sedum,
S. ser. Rupestria was found to contain a unique pattern of
epicuticular triterpenes [24,42]. Chemical characters
evidently emphasize the distinctiveness of this taxon.
Morphologically, the species of S. series Rupestria differ
from the other Eurasian Sedoideae by a unique combina-
tion of characters: they have creeping and rooting non-
flowering shoots with densely imbricate, linear to oblong,
mucronate leaves, long flowering shoots with a dense
cymose or corymbose, terminal inflorescence, and 6-9
(— 12)-merous flowers with acuminate or mucronate se-
pals. The seven species of this group are closely related
and can be hybridized in all combinations [43, 44].

The flavonoid patterns of the species of S. ser. Alpestria
show a dichotomy. Six out of the 12 species of this series
investigated contained sexangularetin (S. tuberiferum was
the only species of the series not sampled). These six
species formed a distinct cluster, while the remaining
species of this series were placed in the centre of the
scatter plot along with other taxa of Sedum. Sexan-
gularetin was isolated from S. sexangulare (belonging to S.
ser. Alpestria) for the first time [45]. Because this rare
flavonol is restricted to S. ser. Alpestria within Eurasian
Sedum, it could be an important chemical character. How-
ever, the presence or absence of sexangularetin in this
series could not be correlated either with geographical
origin or morphological and cytological features [46].
Moreover, the variable flavonoid patterns contrast with
the homogeneous alkaloid profiles of the species of §. ser.
Alpestria [23]. In view of the infraspecific flavonoid vari-
ation in S. ursi, the species of S. ser. Alpestria should be
more extensively sampled to obtain an adequate concep-
tion of the distribution of sexangularetin in this series.

The remaining 18 Eurasian Sedum species form a clus-
ter near the centre of the scatter plot (Fig. 2). It contains
S. acre, S. meyeri-johannis, all species of S. series Maca-
ronesia, half of the species of S. ser. Alpestria, S. anglicum,
S. melananthera, and S. lydium. Kaempferol, quercetin,
and limocitrin are commonly encountered in these taxa,
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Table 2. Chromatographic and spectral properties of flavonol aglycones from Sedum and Sempervivum spp.

TLC system* (Rg x 100)

Spot colour GC GC-EIMS HPLC UV max. (nm)
No. Flavonol 1 2 3 under UV/NA+ RRy i [M-15] RR;§ with HPLC-DAD
1 Kaempferol 34 40 9 Yellow-green 0.992 559 1.78 266, 295sh, 322sh, 371
2 Herbacetin 14 30 9 Dull brown 1.015 647 1.57 278,332,388
3 Sexangularetin 38 47 21 Brown 1.016 589 1.71 274, 330, 379
4 Quercetin 11 26 3 Yellow—orange 1.070 647 1.65 258, 300sh, 377
5 Gossypetin 3 15 4 Dull brown 1.073 735 1.47 264, 275, 345, 386
6 Corniculatusin 15 28 10 Brown 1.097 677 1.57 262, 277sh, 336sh, 384
7 Isorhamnetin 36 39 10 Yellow—green 1.062 589 1.69 255, 269sh, 375
8 Limocitrin 39 42 26 Brown 1.086 619 1.61 260.273sh, 340sh, 384
9 Myricetin 2 16 2 Yellow—orange 1.113 735 1.51 255, 300sh, 377
10 Hibiscetin — — — — 1.108 823 —- —

*System 1: Silica gel (Merck art. 5715) run with Bz~ Pyr-HCO,H (72:18: 10); system 2; microcrystalline cellulose (Merck art. 5718)
run with HOAc-H,O (60:40); system 3: polyamide 11 F254 (Merck art. 5557) run with Bz—MeCOEt-MeOH (40:30:30).
+Colour under UV light (350 nm) after spraying with a solution of 1% diphenyl--boric acid—ethanolamine complex (‘Naturstof-

freagenz A’) in MeOH-diethylamine (90: 10).

1 GC conditions: see Experimental. RR; of flavonol TMSi-derivatives relative to fisetin—TMSi ether.

§HPLC conditions: see Experimental. RRy relative to rutin.

I:*1 RZ RS
1 H H H
2 OH H H
3 OCH, H H
4 H OH H
5 OH OH H
6 OCH, OH H
7 H OCH, H
8 OCH, OCH, H
9 H OH  OH
10 OH OH  OH

albeit in smaller amounts. Though not separated, Sedum
acre differed from the other species by the presence of
isorhamnetin and limocitrin in larger amounts.

In conclusion, Sedum and Sempervivum (including Jovi-
barba heuffelii) can be delimited on the basis of flavonoid
aglycone patterns. Flavonoid variation in Sempervivum is
minimal, which reflects the uniform morphology and the
similarity in ecological preference of the species of this
genus. The flavonoid chemistry of Sedum is quite diverse
and shows a high degree of parallellism (8-hydroxylation
and 8-O-methylation of common flavonols), which ren-
ders any statement as to evolution speculative (see also
Refs. [47] and [48]). On the whole, the flavonol aglycone
diversity in Eurasian Sedum seems to mirror the enor-
mous morphological and cytological variation present in
this taxon [35].

EXPERIMENTAL

Plant material. Living plants were collected in the wild
and cultivated for further study in the experimental gar-
den at Utrecht. The origins of the cultivated plants are
given in Table 1. Voucher specimens, preserved in 70%
alcohol, are deposited in the Botanical Institute at Ut-
recht. Mature shoots of Sedum and rosettes of Semper-
vivum of approx. the same age and raised under uniform
conditions were either used fr. or kept at — 18° prior to
phytochemical analysis.

Extraction and hydrolysis of the flavonoids. Approx.
10 g of leafy shoots (Sedum) or rosette leaves (Semper-
vivum) were washed with CHCI; to remove leaf waxes.
The air-dried plant material was homogenized in 40 g of
acetone with a food processor after addition of the int. st.
(2.00 mg fisetin per 10 g of plant material). The mixture
was centrifuged, and the clear supernatant concd. on
a rotary evaorator. The resulting aq. soln was diluted
with H,O to 10 g, and washed with hexane to remove the
majority of lipids and chlorophyll. The aqueous layer
was mixed with 10 ml of 2M HCI and kept at 100° for
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Fig. 1. Principal components analysis (PCA) of transformed flavonoid data (see Experimental) of Eurasian
Sedum and Sempervivum. The first and the second PC account for 33% and 21% of the variance,
respectively. Numbers in the scatter plot correspond with the sample numbers in Table 1.
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Fig. 2. Principal components analysis (PCA) of transformed flavonoid data (see Experimental) of Eurasian

Sedum. The first and the second PC account for 27% and 20% of the variance, respectively. Numbers in the
scatter plot correspond with the sample numbers in Table 1.

1 hr, after which period the mixture was extracted with
Et,O (3 x 15ml). The combined ethereal extracts were
dried with Na,SO, and evapd in vacuo after addition of
1 ml of dimethoxypropane.

Silylation and quantification of the flavonoid aglycones.
Residues of hydrolysed extracts were dissolved in
0.5-1 ml of dry pyridine; 100 ul of this soln was mixed
with an equal volume of bis-trimethylsilyl acetamide and

kept at 70° overnight before GC analysis. An average
response ratio flavonol to fisetin for all falvonols was
estimated with kaempferol, quercetin, and myricetin
standards. Linearity of the FID response was observed in
the range 0.01-2.0 mg quercetin per g fr.wt. The coeffic-
ient of variation of the analysis method was found to be
ca 6% (n =15) in plant material of S. rupestre (acc.no.
16705).
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TLC. Chromatograms of hydrolysed plant extracts
(without int. st.) were run on silica gel, microcrystallin
cellulose, and polyamide with different solvent systems.
Developed plates were sprayed with ‘Natrstoffreagenz A’
(see Table 2). The species of S. series Rupestria were
checked for the presence of flavanones with silica gel
TLC: developed plates were sprayed with solns of
NaBH, (2% in MeOH) and AICl; (5% in EtOH) [32],
followed by fuming with HCl vapour.

GC and GC-MS. GC was performed under the follow-
ing conditions: capillary column, fused silica CP Sil 5 CB,
10m x 0.32 mm i.d., film thickness 0.12 um; temp pro-
gramme: 125-325° at 4° min "}, final temp. programme:
125-325° at 4°min~!, final temp, was maintained for
5 min; inj. temp. 250°; FID temp: 300°. Carrier gas and
flow: N, at 34 cms™ ', Inj. vol: 1-3 pl; split ratio 1:60.
GC-EIMS (70 eV) was performed with a fused silica CP
Sil 5 CB (10 m x0.25mm id., film thickness 0.12 um)
column; temp programme: 125-325° at 4° min~!; inj.
temp: 250°; carrier gas and flow: He at 1 mImin~!; inj.
vol.: 1-3 ul; split ratio: 1:20.

HPLC. HPLC was performed on a Merck S um Li-
Chrospher 100 RP-18 column (100 x 4 mm) protected
by a RP-18 guard column. The solvents were, A, H,O—
HOACc (99:1), and, B, H,O-THF-HOACc (49:50:1). Elu-
tion profile at a flow rate of 2 mimin~!; 10% solvent B in
A for 3 min, followed by a gradient in a linear mode to
40% B in A over 6 min and then to 80% B in A over
14 min; isocratic conditions were maintained for a further
5 min. Equilibration of the column was achieved with
10% B in A for 10 min before injection of a new sample.
The flavonoids were simultaneously detected with a UV
detector operating at 335 nm and a diode array detector
operating in the range 240-400 nm.

Demethylation of flavonoid methyl ethers in phenolic
extracts. Hydrolysed plant extracts (see above) were
covered with 0.5-1 g of pyridinium chloride in a test tube
and heated at 150° for at least 6 hr. After cooling, the
mixture was dissolved in water, and the phenolic prod-
ucts were extracted with Et,0.

Multivariate data analysis. Cluster analysis (single-
linkage method) and PCA of the flavonoid data were run
with the SAS computer package (release 6.03, SAS Insti-
tute, Cary, NC, USA) In order to dim the overwhelming
influence of the abundantly present flavonoids, the
quantitative data were transformed in the following way.
Absence was scored 0, traces (0.0l mgg~! fr. wt) were
given a value of 1, minor and medium amounts
(0.02-0.09 mgg~"' fr. wt) a value of 2, and major
flavonoids (0.1 mgg ™' ft. wt and higher) received a value
of 3. PCA (after mean-centring) and CA of the trans-
formed data were carried out without standardization.
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