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Abstract—The algal family Cystoseiraceae (order Fucales, class Phaeophyceae) includes the genera Acrocarpia,
Acystis, Bifurcaria, Bifurcariopsis, Carpoglossum, Caulocystis, Coccophora, Cystophora, Cystoseria, Halidrys, Hor-
mophysa, Landsburgia, M yriodesma, Scaberia and Stolonophora. Among these Cystoseira and Cystophora, the richest
in species, are the most representative of the family. Cystoseira is a genus of worldwide distribution with about 80% of
the species occurring along the Mediterranean and adjoining Atlantic coasts, while Cystophora is limited to the coasts
of Australia and New Zealand. Members of the genus Cystoseira generally synthesise tetraprenyltoluguinols.
Compounds of the same structural type have also been isolated from species belonging to the genera Halidrys
(northern coasts of England), Bifurcaria (coasts of the Galapagos Islands), and Cystophora. Some species of these last
two also elaborate linear diterpenoids as do some Cystoseira species. Tetraprenyltoluquinols have never been found in
Caulocystis and Acrocarpia, which instead accumulate acetogenins. Finally, Landsburgia is the sole genus which
produces naphthoquinone derivatives. Phytochemical studies of the secondary metabolites of the remaining genera
are not reported. The chemistry of secondary metabolites and their distribution in the family Cystoseiraceae will be
illustrated, and some taxonomic implications will be discussed.

God said, “Let the waters under heaven come together into a single mass, and let dry land appear.” And so
it was. God called the dry land ‘earth’ and the mass of waters ‘seas’, and God saw that it was good.
Evening came and morning came: the third day.
(Genesis,1. 9,10-13)

N oo . .
INTRODUCTIO of the great contribution that chemical data can give to

Within the past twenty years various research groups
have shown an increasing interest in marine natural
products chemistry. This area is particularly attractive
not only because a small percentage of the over 200 000
species supposed to be present in the seas and oceans (by
contrast with terrestrial organisms) have been chemically
investigated, but also because of the fascinating struc-
tural peculiarity and unusual molecular arrangements of
many marine compounds [1].

Up to 1972 only 210 compounds had been isolated and
characterized (Fig. 1) [2—4], whereas over 6000 new
structures have been identified between 1973 and 1994
confirming this considerable development in marine
chemistry (Fig. 2) [5-20]. The reason for this uninterrup-
ted interest can undoubtedly be ascribed to an awareness

exploring important pharmacological properties [21-33]
or some fascinating phenomena at the interface between
chemistry and biology (see for example the explosion of
marine ecology [34-44]). However, it is appropriate to
point out that the above-mentioned attention would not
achieve such results without the power of modern
chromatographic and spectroscopic techniques with
which it is possible to purify an organic extract and to
determine the chemical structure of a new compound
with just a few grams of starting material and a few
milligrams of purified substances, respectively.

Even though the hope of obtaining new molecules
from the sea for therapeutic use has been below expecta-
tion, and the current interest in marine ecology seems to
have diminished since it has diverted towards other more

1257



1258

Nitrogenous comp.

Non-isoprenoids

Benzenoid comp.

Isoprenoids

Number of compounds

Fig. 1. Marine metabolites (total = 210 compounds) recorded
up to 1972, grouped on the basis of their structure.
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Fig. 2. Marine metabolites (total = 6363 compounds) reported
in the period 1973-1994, grouped on the basis of their structure.

fashionable (also more financed) research fields, the great
number of secondary metabolites isolated from marine
organisms has certainly brought forward both the dis-
covery of new biosynthetic pathways occurring only in
a few taxa or the revision of known ones [45-47], and
also the utilization of chemical data as useful support for
taxonomic studies [48-60]. Perhaps chemotaxonomy is
the one area which can better utilize the enormous
amount of chemical information gathered on marine
organisms up to now. Notwithstanding this, apart from
the pioneering chemotaxonomic attempt of Bergmann’s
group on Porifera essentially based on the sterol patterns
[48], only two significant examples are reported in the
literature; in 1983 Berquist and Wells used chemical
data, in conjunction with systematic arrangements based
on structural, reproductive and histological criteria, to
review the classification of Porifera [49], and more re-
cently Stonik and FElyakov have utilized secondary
metabolites from echinoderms for chemotaxonomic pur-
poses [50]. However, 1 believe the use of secondary
metabolism products as taxonomic markers may prove
to be extremly helpful in the chemotaxonomy of algae
[51-61].

Algae, possibly due to their ease of collection, are the
marine organisms that have been most subject to study
(Fig. 3). Of all the algae, the genus Laurencia of Rhodo-
melaceae and the two genera Dictyota and Dilophus of
the Dictyotaceae are the most studied, but an important
contribution has also been provided by Cystoseiraceae
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Fig. 3. Phyletic  distribution of marine metabolites
{total = 6363 compounds) reported in the period 1973-1994.
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Fig. 4. Metabolites from algal families Cystoseiraceae, Dic-

tyotaceae and Rodhomelaceae (total = 1010 compounds) to-

gether with those from their most representative genera Cys-

toseira, Dictyota and Dilophus, Laurencia (total =790 com-
pounds) reported in the period 1973-1994.

(Fig. 4) involving mainly Mediterranean and Australian
research teams. Over 130 compounds have been isolated
from algae of this family, and their structures have been
determined essentially by physical methods. These com-
pounds range from acetogenins to linear or variously
cyclized and functionalized terpenoids. Even if few of the
isolated metabolites displayed interesting biological ac-
tivity, apart from some recent encouraging antioxidant
and radical scavenger properties [62], the chemical data
up to now accumulated from Cystoseiraceae can be used
to clarify some phylogenetic aspects of this important
family of brown algae, and constitute a good example of
how the phytochemical studies can be used for the above-
mentioned taxonomic purposes.

DISCUSSION

This paper first gives a general view of the family
Cystoseiraceae and the geographical distribution of its
genera; then deals with the results of phytochemical stud-
ies, discussing the chemical data obtained separately on
the individual genera with more emphasis on those of
Cystoseira and Cystophora, the two richest in species and
the most widely studied. Finally, on the basis of
phytochemical studies, it proposes a complete and de-
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tailed biogenetic scheme for Cystoseira meroditer-
penoids, suggests a separation of the Cystoseira species
into chemical groups showing the close relationships
between this chemical classification and those based on
morphological information, and concludes with some
considerations that permit a hypothesis for the chemical
classification also for the other Cystoseiraceae genera,
although less investigated than Cystoseira.

Present and past distribution of Cystoseiraceae

In order to understand the present-day distribution of
Cystoseiraceae (order Fucales, class Phaeophyceae), it is
necessary to briefly analyse the evolution and diffusion of
Fucales.

It has been suggested that Fucales (along with
Laminariales, Desmarestiales and Sporochnales) orig-
inated in the late Mesozoic (Jurassic) somewhere in Aus-
tralasia and that they differentiated and evolved from the
Miocene to the Pliocene. The present-day geographical
distribution of species and genera reflects in part sub-
sequent changes in the relative positions of the continents
and in the earth’s climate, and in part the result of
evolutionary processes as an adaptive response to the
environment [63-65].

The six families in Table 1 are currently recognized in
Fucales. Some of these were probably in existence prior
to the land mass split in the late Cretaceous (80 million
years ago), while it has also been suggested that both the
more widespread Fucalean genera, as well as the Austra-
lian species, were formed successively from simple chro-
mophyte ancestors that were distributed over the tropical
and subtropical Pacific and Tethys oceans. Thus, when
between the Cretaceous and Oligocene the enlargement
of the split formed the Paleoatlantic and Paleoindian
oceans, the Cystoseiraceae family gave rise to various
genera according to the biogeographic phenomenon of
vicariance [66]. Among these, Cystoseira is distributed
through the subtropics but with its centre of speciation in
the Mediterranean, while Cystophora is confined to the
Australian hemisphere, particularly to South Western
Australia.

Table 1 . Families and genera of the Fucales

Families Genera

Cystoseiraceae Acrocarpia, Acystis, Bifurcaria, Bifur-
cariopsis, Carpoglossum, Caulocystis, Coc-
cophora, Cystophora, Cystoseira, Halidrys,
Hormophysa, Landsburgia, Myagropsis,
Myriodesma, Scaberia, Stolonophora

Fucaceae Ascophyllum, Fucus, Hesperophycus, Pel-
vetia, Pelvetiopsis, Xiphophora

Himanthaliaceae = Himanthalia

Hormosiraceae Hormosira

Sargassaceae Anthophycus, Carpophyllum, Cladophyi-
lum, Hizichia, Qerstedtia, Sargassum, Tur-
binaria

Seirococcaceae Axillariella, Cystosphaera, Marginariella,

Phyllospora, Scytothaliu, Seirococcus
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Cystoseiraceae and its two most important genera Cys-
toseira and Cystophora

Cystoseiraceae includes the 15 genera reported in
Table 2, which also shows the number of species present-
ly listed in each genus and their geographical distribu-
tion.

Cystoseira. The genus Cystoseira was created in 1820
by the Swedish phycologist Carl Adolph Agardh. Origin-
ally the taxon contained 37 species {67], but since then at
least 114 entities have been assigned to it, until the two
monographs of Valiante (1883) [68] and Sauvageau
(1912) [69] put forward an organization fairly similar to
that of today. Later some Mediterranean taxa were re-
vised by Ercegovic [70]. Several new Mediterranean spe-
cies were successively described by Gerloff and Nizamud-
din [71,72], but all of them are regarded by Giaccone as
invalid [73,74]. Today most taxonomists list 50 species
of Cystoseira, of which only 14 were originally recognized
by Agardh [53,75-80].

The vicissitudes of this genus demonstrate how it is
still imperfectly understood. Any uncertainties which still
exist may be due to the polymorphism of some species, as
well as its ongoing active speciation {77]. The eventual
hybridization between species which have evolved closely
together may constitute a further complication. Table 3
reports the geographic distribution of Cystoseira in the
seas and oceans around the world according to Giaccone
[79,80], while Table 4 lists the Mediterranean species (29
in total with 19 endemic species asterisked) and Fig. §
points out their distribution in this area.

The geographical distribution reported in Table 3 re-
flects the evolutionary history of Cystoseira genus. Its
speciation process began from a simple ancestor in the
late Cretaceous, around 80 million years ago, in
Wegener’s sea of Tethys, a deep gulf placed between

Table 2. Genera of the family Cystoseiraceae*

Genus Number Distribution
1. Acrocarpiat 2 Australia
2. Acystis 1 Red Sea
3. Bifurcariat 3 Atlantic Ocean (South and
North
4. Bifurcariopsis 1 South Africa
5. Carpoglossum 4 Australia-Guadalupe
6. Caulocystist 2 Australia
7. Coccophora 2 Sea of Japan
8. Cystophora 23 Australia—New Zealand
9. Cystoseirat 46 See Table 3
10. Halidryst 2 Atlantic, Indian and Pacific
Oceans
11. Hormophysa 1 Australia
12. Landsburgiat 2 New Zealand
13. Myriodesma 8 Australia
14. Scaberia 2 Australia-Tasmania
15. Stolonophora 1 Guadalupe

*Adapted from M. Roberts (see ref. 77).
+The genera studied from a phytochemical point of view.
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Table 3. Distribution of the Cystoseira species

Number

Sea of species
Indian Ocean 1
Red Sea, Persian Guli, Eastern African coast,

Carribean, Florida, Eastern Australia 2
Sea of Japan 4
Pacific Ocean (North American coasts,

Sea of Okhotst) 4
Atlantic Ocean 12
Mediterranean 29*

*Nineteen species are endemic (see Table 4).

Table 4. Mediterrancan species of Cystoseira
(according to Giaccone [80])

. abies—marina
. algeriensis*
amentacea™
barbata
barbatula*
brachycarpa*
compressa
corniculata*
crinita*

. crinitophylla*
dubia*
elegans*

C. foeniculacea
C. humilis

C. hyblaea*

anao0n0nNnNnnn

C. jabukae*

AN aNOn

. mauritanica

. mediterranea*
. nodicaulis

. pelagosae*

sauvageauana*
schiffneri
sedoides*
spinosa*
squarrosa*
susanensis*

. tamariscifolia
. usneoides
. zosteroides*

*Endemic species.
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Eurasia and Africa. ‘The subsequent movement of the
crustal plates gradually transformed the bottom of the
Tethys into an almost landlocked sea, the Mediterra-
nean, from time to time connected with a new ocean, the
Atlantic, which was opening between America, Europe
and Africa. In the course of these movements some species
of Cystoseira remained confined to the Pacific, while
others entered the Atlantic and the adjacent Mediterra-
nean, where they began to differentiate actively. A little
more than 5 million years ago, in the Cenozoic, as a con-
sequence of its complete isolation from contiguous seas
and evaporation of water, the Mediterranean turned into
an immense salt plain with several hypersaline lakes and
this caused the disappearance of the majority of marine
organisms. When, at the beginning of the Pliocene, the
waters of the Atlantic forced a passage through the Gib-
raltar diaphragm, Cystoseira species again reached the
Mediterranean, where they found the ideal conditions for
the speciation process which is still active today (Piattelli
[58] ) (Fig. 6).

Cystophora. The genus Cystophora was created by
Agardh [81-83]. Together with Acrocarpia (two species)
and Caulocystis (two species) it is the most common
genus along the Australian coastline [84] having 23
species, the most part of which inhabit Southern Austra-
lia. Six species occur in New Zealand, four of which also
occur in Australia while two are endemic of the New
Zealand region. No species of this genus is known out-
side the Australian region. In fact, after its birth which
may be dated back to the same period as Cystoseira, it
remained confined to Australia where it found the most
suitable environmental conditions for its evolution
(Table 5).

Bifurcaria, Halidrys, Acrocarpia, Caulocystis and Land-
shurgia. Bifurcaria and Halidrys are the two genera mor-

W 0°E

Fig. 5. Distribution of genus Cystoseira in Mediterranean sea (circled numbers represent the extant species in the
different geographical areas).
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Fig. 6. The movement of the crustal plates from 200 million years ago (Triassic) to the present time, and the
Wegener's sea of Tethys.

phologically closest to Cystoseira; they have three and
two species respectively, and grow prevalently on Atlan-
tic coasts. The genera Acrocarpia and Caulocystis, de-
scribed by Areschoug in 1854 [85], were placed under
Cystophora by most subsequent authors until, on the
basis of morphological differences, Womersly separated
them from Cystophora. They have two species each and
are reported only for Australian coasts [84] (Table 5).
Landsburgia is a genus endemic to New Zealand consist-
ing of two distinct species: L. quercifolia, which grows on
the North and South Islands, and L. myricaefolia which is
endemic to the Chatham Islands [86] (Table $).

Cystoseiraceae: phytochemical studies and chemotaxo-
nomic results

This part of the review is devoted to phytochemical
studies that have been made on Cystoseiraceae, stressing
those results of chemotaxonomic relevance. First of all
this section takes into account the most studied genus,

Cystoseira, followed by Halidrys and Bifurcaria, the two
genera morphologically closest to it; then deals with
phytochemical data from Cystophora, and the two genera
closely related to it, namely Caulocystis and Acrocarpia,
as well as Landsburgia, the last studied from a
phytochemical point of view. The metabolites isolated
and characterized from every genus are inspected from
the simpler compounds to the more complex ones, allow-
ing one to gradually construct a biosynthetic pathway so
they can be logically interrelated.

Cystoseira. The earliest and simplest compounds, iso-
lated from species belonging to the genus Cystoseira are
geranylgeraniol ‘1’ and the products of its oxidation (2-10)
[87-93]. The quite exceptional occurrence in C.
brachycarpa (erroneously reported as C. crinita [94]) of
high concentrations of geranylgeraniol suggests that it
has evolved the enzymatic machinery for its biosynthesis,
but not yet that for its utilization. Thus the various
above-mentioned oxidation products are nothing more
than geranylgeraniol catabolites. The literature reports
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Table 5. Species of Cystophora, Acrocarpia, Caulocystis, Landsburgia and their distribu-
tion (according to Womersley [84] and Lindauer [86])

Genus and species Distrib. Genus and species Distrib.
Cystophora expansa A C. platylobium B,A,NZ
C. grevillei A C. torulosa B, N.Z.
C. monilifera A C. xiphocarpa T. only
C. moniliformis A C. brownii C

C. polycystidea A C. gracilis C

C. racemosa A C. pectinata C

C. retorta A

C. retroflexa A, NZ Acrocarpia robusta C

C. siliquosa A A. paniculata A B

C. subfarcinata A

C. botryocystis B, A Caulocystis uvifera A

C. congesta B, N.Z C. cephalornithos A

C. cuspidata B

C. cymodoceae B Landsburgia quercifolia N.Z

C. intermedia B L. myricaefolia Ch. Is.

A = Southern Australia; B = Eastern Australia (Victoria and/or Tasmania included,
usually extending into South Australia and in some cases up the New South Wales coast);
C = Western Australia (extending into South Australia but not reaching Victoria or
Tasmania); N.Z. = New Zealand; T. = Tasmania; Ch. Is. = Chatam Islands.
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the isolation of these by-products also from two other
species, C. balearica and C. elegans, but the first was
suggested by Giaccone to be a variety of C. brachycarpa
[79,80], while C. elegans analysed by French researchers
was, in my opinion, misclassified. In this light, it should
be noted that an exact botanical classification of the
plant material used in chemotaxonomic studies is of
prime importance. Therefore, it would be useful to pro-
mote interchanges of algae between researchers in order
to verify any discrepancies in the chemical data with
respect to morphological ones. Is the Cystoseira species
collected by French authors really C. elegans?

The acquisition by some Cystoseira species of the ca-
pacity to utilize geranylgeraniol as an alkylating agent
for an activated aromatic unit seems to constitute the

o]
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o]
7
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9
H. 0
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next evolutionary step. The simplest compound suppos-
edly produced from this reaction was isolated from C.
jabukae as geranylgeranyltoluquinone (11) which is prob-
ably an isolation artifact, its natural counterpart most
likely being the corresponding quinol [95]. Further
transformations of geranylgeranyltoluquinol involve the
oxidation of the tetraprenyl motety and lead to about 20
compounds with a linear diterpenoid chain variously
oxygenated [96-106]: compounds 12-21 are some repre-
sentatives of the whole group and a simple inspection of
the reported structures is sufficient to note that the pre-
ferred oxidation sites on the side chain, apart from the
compound 12, are the C-5, C-12 and C-15 positions [61].
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Some of the oxidation products, for instance glycol (12)
isolated from C. hyblaea [97] and successively both from
C. crinita and C. ercegovicii (now C. schiffneri [80]) [94],
seem to be dead ends in the metabolic pathway, while
others prelude further manipulation. One of these manip-
ulations is the cyclization of the terminal isoprene unit to
form a furan ring; the co-occurrence in C. spinosa var.
squarrosa (now C. squarrosa [80]) of the diol (14) and their
metabolites with the terminal furan ring (22-24) may be
explained in Scheme 1: by introducing a carbonyl func-
tion at position 13, followed by hemiketal formation and
subsequent dehydration, diol (14) could give compound 22
in which the terminal isoprene unit easily converts into
a furan ring [96]. Another possibility is that offered by
compound 19 which, by nucleophilic attack of the alco-
holic hydroxyl on the oxirane ring, would afford a metab-
olite having a terminal tetrahydrofuran ring like com-
pound 25 isolated from C. zosteroides [102]. A third
possibility is that of a hypothetical compound 26 which,
by simple transformations reported in Scheme 2, would
afford both compound 21 and the two geometrical
isomers, usneidol E (27) and usneidol Z (28) which for
dehydration give usneidone E (29) and usnetdone Z ( 30),
reported from C. usneoides [107-109]. The same two
geometrical isomer alcohols, 27 and 29, have been re-
cently isolated also from C. stricta (now C. amentacea
var. stricta [80]) [110]. Among all the oxidation prod-
ucts, the two main geometrical isomers 18 and 20 isolated
from C. sauvageauana [103], and more recently from C.
dubia [105], are of great metabolic consequence since
they contain both a conjugated and an unconjugated
carbonyl function and are structurally suitable for further
transformations. In fact, the C-11 proton, activated by
the unconjugated carbonyl, can be removed to produce
a carbanion, which can further attack the §-carbon of the
conjugated system by the Michael mechanism (Scheme
3). This would lead to the formation of a pentatomic
carbocyclic structure, as observed in metabolites (31-34)
[106,111,112] which still contain two unconjugated car-
bonyl functions that can play a very significant role in the
biosynthesis of more complex Cystoseira compounds.
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Diketones 31-33, in fact, can undergo an intramolecu-
lar aldol condensation, from which many secondary
metabolites isolated from C. amentacea var. stricta seem
to be derived. In principle, since the molecules in ques-
tion each have three activated carbonyl positions, three
different pathways may be foreseen for this reaction
(Scheme 4). Condensation between C-5 and C-13 pro-
duces the formation of a bicyclo[4.3.0] nonane ring
system, while C-4 and C-12 bond formation yields the
same bicyclic system, but with a different substitution
pattern. The third type of aldol condensation, namely
that involving C-6 and C-12, gives rise to a bicyclo [3.2.0]
heptane ring system. The first reaction takes place in
Nature leading to compounds 35 and 36 isolated from
C. algeriensis and C. platyramosa (now C. spinosa [80])
[104,111,113] or to cyclo-1-demethylcystalgerone 37 re-
cently reported from C. baccata [114] or to C-3 epimers
38a and 38b obtained from the same alga [115], while the
second had never been observed in Nature until the
recent publication of clareanone (39) a new meroditer-
penoid isolated from a Cystoseira sp. [116] ; however this
type of aldol reaction could be produced in vitro in acidic
conditions [117]. The third type of condensation ex-
plains the occurrence in C. amentacea var. stricta of
balearone (40) [118,119] and its cis-isomer 41 [120].

Among the three types of the above-reported aldol
reaction, the first is probably the more favourite thermo-
dynamic process, while, in order for the other two path-
ways to take place, a very important role is played by
diketo-epoxide 33 since it contains both the terminal
epoxidic function and the B-hydroxyl formed from the
aldol condensation suitable to yield clareanone (39) or
balearone (40) with a second step of reaction. This last
could constitute the driving force of the process and
provides a key to explain the presence of these more
complex metabolites found only in those Cystoseira spe-

Scheme 2.
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cies also accumulating the diketo-epoxide 33. According
to this interpretation, compound 33 becomes the second
key metabolite in the biosynthetic pathway of Cystoseira
meroditerpenoids, the first being compound 18 and its cis
counterpart 20.

Furthermore, the diketo-epoxide 33 through enoliza-
tion of the carbonyl at position 5 (Scheme 5) could evolve
in two different ways: the nucleophilic attack of the enolic
hydroxyl on the carbonyl carbon at position 12 would
result in the formation of strictaepoxide (42) [121],
a hemiketal isolated from C. stricta var. amentacea (now
C. amentacea var. amentacea [80]) having an oxabicyclo
[4.3.0]nonane ring system, whose further elaboration
would yield compounds 43-45 [122], while nucleophilic
attack on C-14 would give a metabolite recently isolated
from C. tamariscifolia, tamariscolone (46), containing an
oxabicyclo[4.3.0]nonane ring system [123].

This latter, in the presence of acid (the acidity of
CDCl; used as solvent in NMR spectroscopy is suffi-
cient), and according to Scheme 6 undergoes a reaction
which is an acid-catalysed aldol condensation followed
by attack of the tertiary hydroxyl on the positively
charged carbon to give a strictaketal 47 [123]. Since this
compound, along with its cis-isomer 48 have been iso-
lated in C. amentacea var. stricta [120, 124, 125], the aldol
reaction reported in the aforesaid Scheme 6 could explain
its biosynthetic formation from diketo-epoxide, via tam-
ariscolone, in the living alga.
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Scheme 5.

Scheme 6.
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The irregular terpenoids neobalearone (49) and epi-
neo-balearone (50) isolated from C. amentacea var.
stricta, are among the most recent secondary metabolites
from Cystoseira species [126]. These compounds can
hypothetically derive from the attack of an activated
form of geranyllavandulol on an aromatic precursor,
followed by modifications possibly catalysed by the same
enzyme systems that are involved in the biosynthesis of
the regular diterpenoid counterpart, balearone (40).

Along with all the above-mentioned compounds in
Cystoseira chromane and chromene derivatives have also
been cited, e.g. 51 and 52 [122,127, 128]. With regard to
compound 51, the authors observe that it occurs as
a mixture of epimers at C-3 and suggest it is a possible
artifact or perhaps a compound formed in living alga
through a non-enzymatic reaction [122].

Aside from the already noted metabolites two interest-
ing classes of rearranged meroditerpenoids, namely
mediterraneols and cystoseirols, have been isolated from
C. mediterranea by some French authors [115,129-134].
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Mediterraneols are characterized by a bicyclo[4.2.1]
nonane ring, while the diterpenic moiety of cystoseirols is
cyclized to give an oxabicyclo[ 5.4.1]dodecane ring. Com-
pounds 53, mediterraneol A, and 54, cystoseirol D, are
two examples of these unusual secondary metabolites,
the others being mediterraneol B (C-7 empimer of A),
mediterraneols C and D (chromane derivatives of A and
B, respectively), cystoseirol E (cis-isomer at C-2
of cystoseirol D), cystoseirols B and C (mixture of
chromane isomers at C-3 of D) and, lastly, the first of
cystoseirols reported, cystoseirol A (55), also present in
the living alga as mixture of epimers at C-3. These com-
pounds have been reported from C. stricta and C. tamar-
iscifolia as well, but we never succeeded in isolating them
from any of the above three species. We found no ex-
planation of why this should be so, therefore, firmly
convinced of the possibility of using the Cystoseira sec-
ondary metabolites as taxonomic markers and, conse-
quently, of their invariability as regards the sites or the
seasons of collection, we tried to evaluate how much the
above-mentioned factors could influence the metabolic
pattern of different species. For that purpose we collected
numerous samples of several Cystoseira species and, after
careful examination of extracts, we ascertained that the
presence/absence of secondary metabolites within each
species is nearly invariant (apart from the total amount
per dry weight of the alga) with respect to the aforesaid
factors [117]. In contrast with these experimental data,
the three Sicilian Cystoseira species seem to accumulate
metabolites different to those of the same species col-
lected on the French coasts. However, regarding cys-
toseirols, I would like to note a curious coincidence. The
original "HNMR spectrum of cystoseirol A (55) kindly
donated by the French authors, shows perfect alignment
with that of the chromane derivative of cystoketal (51)
suggesting that the two compounds are the same, though
without stating which of two is the correct structure
(Fig. 7).

OH
OH v
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0
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Mediterraneols and cystoseirols, being rearranged
meroditerpenoids, are the only metabolites which do not
fit the biosynthetic transformations traced in this general
survey and outlined in Fig. 8, if one does not consider the
still open question regarding the structure of the above-
mentioned cystoseirols.

Chemotaxonomic relationships. The great number of
phytochemical data, up to now collected from Cystoseira
genus, permits the drawing of some important con-
clusions regarding the taxonomic relationships. In this
way, Piattelli subdivided Cystoseira collected along the
Sicilian coasts by the chemical composition of each spe-
cies into seven groups and, after careful comparison of
the arrangements of the Mediterranean Cystoseira spe-
cies in the morphologically based groups proposed by
Giaccone [76], found considerable agreement between
the two types of classification, chemical and morphologi-
cal [17, 58]. The same type of Piattelli’s analysis has been
approached by Valls for Cystoseira species collected from
the French Mediterranean coast and the Atlantic coast of
Morocco. On the basis of his chemical data, compared
with those reported by Amico for the Sicilian Cystoseira
species, he proposes to classify species of the genus Cys-
toseira into three broad chemical groups, the third of
which being subdivided into three other subgroups [60].
Also Valls notes the close relationships between his
chemical classification and those based on morphologi-
cal considerations [76,77]. Nevertheless he concludes
that ‘a reliable chemotaxonomic study of the genus Cys-
toseira should involve not only the determination of the
characteristic chemical structures of the species, but also
the biosynthetic process which led to their metabolism in
alga’, suggesting a confirmation of every biogenetic hy-
pothesis with in vivo labelled experiments of biosynthesis.
With this in mind we have been growing some Mediter-
ranean Cystoseira species in uni-algal culture, verifying
that in these conditions the pattern of secondary metab-
olites is nearly the same of those of the corresponding
wild algae, but we have not yet started tracer experiments
[135].

Agreeing with Piattelli and Valls that the chemical and
morphological data are closely related, I thought it ap-
propriate, after a careful analysis of their two different
arrangements into chemical groups, to combine them
together with all the most recent chemical data, in order
to obtain a new almost definitive chemical classification.
Table 6 reports the proposed chemical groups of Cys-
toseira species showing a very good accordance, apart
from C. schiffneri which requires further investigation,
with those obtained by Giaccone in a different manner
[53,76,79,80], thus validating diterpenoids as taxo-
nomic markers within the genus Cystoseira.

Supposing that biological evolution parallels bio-
chemical evolution, i.e. that species capable of synthesiz-
ing metabolites which require greater chemical manip-
ulation and therefore more complex enzyme systems
should be regarded as more evolved than those which
accumulate simpler metabolites, then the secondary
metabolite biosynthetic pathway of Cystoseira outlined
above Fig. 8 shows the evolution of the genus, and fur-
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Fig. 7. "H NMR spectra of Cystoketal chromane and Cystoseirol A.

thermore its close agreement with the possible
phylogenetic tree traced on the basis of morphological
evidence also confirms the phylogenetic value of chem-
ical data (Fig. 9).

Even though the above itemized biosynthetic pathway
has been strengthened in some key points by in vitro
reactions, namely the intramolecular Michael reaction
on compounds 18 and 20 or the subsequent aldol
condensation (a sort of Robinson annulation) giving
bicyclononane skeleton, the biogenetic proposal for
meroditerpenes from the genus Cystoseira summarized in
Fig. 8 is purely speculative and must be further validated.
Another confirmatory step could be determining the ab-
solute configuration of some key metabolites to establish
they are really interconnected through stereocontrolled
enzymatic reaction. To this end we have recently tackled
the unsolved problem of the absolute configuration of
some Cystoseira metabolites, as well as that of the config-
uration of compounds containing more centres in a flex-
ible structure (linear meroditerpenoids, e.g. 13) [136]. By
applying a recent and more reliable modification of the
Mosher’s method for the elucidation of the absolute

configuration of secondary alcohols [137-138], we ob-
tained results which agreed well with the biogenetic hy-
pothesis thereby taking a further step towards demon-
strating the stereoselectivity of some in vivo transforma-
tions of Cystoseira meroditerpenoids, and consequently
the hypothesized pathway. (The exact R or S configura-
tions at the chiral centres of the compounds studied from
this point of view are reported in the formulae.)
Secondary metabolites of Cystoseira as chemotaxo-
nomic markers. Using the secondary metabolites of Cys-
toseira as markers, results of a certain botanical import-
ance or taxonomic relevance were obtained such as the
identification of a new species, the characterization of
a natural hybrid and the distinction of two species hither-
to considered synonymous. The first result of botanical
interest was the identification of a short length of the
infralittoral fringe along the Southern Sicilian coastline,
in which, C. amentaceae var. stricta, the species usually
dominant at that level, is completely replaced by a mor-
phologically and chemically different species. This sea-
weed was recognized as a new species, C. hyblaea [139];
the limited confines of its distribution area indicate that
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Fig. 9. Possible phylogenetic relationships of the species of Cystoseira according to Giaccone [53, 75,79, 80] (the
boxes indicate the species studied from a phytochemical point of view).

this species has differentiated very recently, thus confirm-
ing the opinion of Ercegovic about the genetic plasticity
of the genus Cystoseira [70,77].

The second result, taxonomically more relevant, re-

gards the occurrence in nature of interspecific hybridiza-
tion within the genus Cystoseira. Field observations of
a mixed population of C. elegans and C. algeriensis re-
vealed the presence of some individual plants whose
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general appearance was intermediate to the two species,
occasionally resembling one or other of them more close-
ly. This suggested that these plants could be the natural
hybrid C. elegans x C. algeriensis. Since studies of the
chemistry of secondary metabolites from higher plants
have been used to establish the existence in Nature of
hybrids, on the basis that in general the chemical com-
position of a hybrid is the sum of that of its parents
[140-143], we investigated the chemical constituents of
the suspected hybrid and found that, as expected, the
profile of secondary metabolites in its lipid fraction is
essentially a composite of that of the putative parent
species [112]. This result permits us to extend the utiliz-
ation of chemical markers as a criterion for interspecific
hybridization to algae as well.

The last result of taxonomic significance regards C.
barbatula and C. barbata. Of these two species, C. bar-
batula, described in 1860 by Kiitzing from samples col-
lected in the Bay of Naples, has been quoted by several
taxonomists (Valiante [68], Hamel [144], Ercegovic
[70]) as a synonym of C. barbata J. Agardh. Since we
obtained samples of two algae closely corresponding to
Agardh’s description of C. barbata [67] and the other to
C. barbatula as described by Kiitzing, we considered
a comparison of their chemical composition as useful in
resolving the problem. The analysis of C. barbatula af-
forded the five new compounds (56—60) [99], which are
closely related to those previously isolated from C. zos-
teroides [102], C. sauvageana [103] and C. adriatica var.
intermedia (now C. spinosa var. compressa [80] ) [98],
whereas the pattern of C. barbata secondary metabolites
was simpler than that of C. barbatula and yielded «-
tocopherol and a single tetraprenyltoluquinol, namely
(12) previously isolated from C. hyblaea [97]. The differ-
ent patterns observed suggested they are both distinct
species as successively confirmed from morphological
observations [80].

Bifurcaria and Halidrys

Bifurcaria and Halidrys are the two genera mor-
phologically closest ot Cystoseira and grow prevalently
on Atlantic coasts. The simple linear diterpenoids 61-69,
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along with compounds 2, 4 and 8 previously reported
from Cystoseira brachycarpa [91], are secondary meta-
bolites isolated from Bifurcaria bifurcata [145-152],
while the species of the same genus, B. galapagensis
afforded bifurcarenone [153], (70), the first meroditer-
penoid isolated from Cystoseiraceae, whose trans-
stereoisomer, 34, we later found in Cystoseira together
with numerous other related metabolites [106]. The
structure of bifucarenone has been successively revised,
as a result of its total synthesis [154].
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Halidrys siliquosa, the only species studied of this ge-
nus, provided the six monomethyl hydroquinols with
oxygenated diterpene side chains 71-75 [155] together
with compound 16 which has also been found in Cys-
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toseira zosteroides [102], confirming the morphological
affinity of this alga to the Cystoseira species.

Cystophora

Despite being very rich in species, the data on com-
pounds isolated from the genus Cystophora are much less
ample than those on Cystoseira, since only seven of the
23 Cystophora species were considered from a phyto-
chemical point of view. Only polyenes, alkenylresor-
cinols, phloroglucinols and polyphenols have been re-
ported from C. torulosa, C. congesta, C. scalaris and C.
monilifera, whereas C. expansa and C. platylobium con-
tain d-tocotrienol as the major lipid-soluble metabolite
[156—-159]. The sole species with metabolites other than
acetogenins is C. moniliformis, which furnished some vari-
ously functionalized and cyclized farnesylacetone deriva-
tives 76-88 [160, 161]. This agrees with the placing of this
alga as one of the most developed species of this genus
(Fig. 10) [84]. Compounds of this chemical type had
previously been described from the brown alga Sargas-
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sum micracanthum and the author had suggested that
these metabolites were derived from tocotrienols, present
in other Sargassum species [162]. Prenyltoluquinol de-
rivatives have also been isolated from Cystophora, but
unfortunately the species of origin is not reported and
therefore the results are taxonomically unusable [163].
However, it should be more morphologically evolved
than C. moniliformis.

Acrocarpia and Caulocystis

The separation of the genera Acrocarpia and Caulocys-
tis from Cystophora on the basis of morphological differ-
ences is fully supported by chemical data, since the sec-
ondary metabolite pattern of the seven Cystophora spe-
cies analysed to date was distinctly different from that of
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C. siliguosa
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' Fig. 10. Possible phylogenetic relationships of the species of Cystophora according to Womersley [84] (the boxes
indicate the species studied from a phytochemical point of view).

Acrocarpia and Caulocystis. In fact, the dominant sec-
ondary metabolites of A. paniculata are two furanoid
ethyl esters 89 and 91 [164], which are probably artifacts
of the methanol/H,O extraction procedure (the natural
counterparts being the corresponding acids 90 and 92),
while the prevalent compound isolated from C. cephalor-

nithos is salicylic acid with other simple acetogenins
93-96 [165-166].

Comparison of the secondary metabolite patterns
found in the brown alga genus Cystophora with those
found in Caulocystis and Acrocarpia are consistent with
all three being distinct but related genera.
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Landsburgia

Apart from a report on carotenoid content [167], the
major metabolite from L. quercifolia is deoxylapachol
(97), a cytotoxic and antifungal 1,4-naphthoquinone iso-
lated along with minor amounts of 1,4-dimethoxy-2-
(3-methyl-2-butenyl)-naphthalene (98) and 2,3-dihydro-
2,2-bis(3-methyl-2-butenyl)- 1,4-naphthalene- dione (99)
[168]. These compounds constitute the sole example of
naphthoquinone metabolites isolated from a Cysto-
seiraceae.

CONCLUSIONS

Within the genus, the chemical data, closely agreeing
with the morphological data, proved that species with the
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most complex metabolites are also the most evolved.
Thus, as regards the Cystoseira genus, C. amentacea var.
stricta which elaborates the more complex mero-
diterpenoids is more evolved than for example C.
sauvageauand, which in turn is more evolved than C.
brachycarpa. Furthermore, C. sauvageauana, accumulat-
ing compounds 18 and 20, constitutes an important
phylogenetic and metabolic crossing.

As for the Cystophora génus, only one species, namely
C. moniliformis, seems to be more evolved than the
others, since it accumulates terpenoids instead of
acetogenins. Chemical data also support the mor-
phological data for the genera considered morphologi-
cally closest to the above two. In fact Halidrys and
Bifurcaria produce metabolites related to those of Cys-
toseira, while Acrocarpia and Caulocystis accumulate
simple acetogenins as do nearly all the Cystophora. Thus,
if one accepts as an evolutionary criterion the capacity to
synthesize more or less complex terpenoids, then it may
be said that Cystoseira is the most evolved genus; Hali-
drys and Bifurcaria follow, and then Cystophora, of which
only one species, in agreement with morphological data,
1s more evolved than the others, without even taking into
account the unclassified species reported in ref. 163.
Support for this hypothesis might come from a study of
the homogeneity of the protein sequences which, analog-
ously with that found by Margoliash et al. for cyto-
chrome ¢, could provide significant phylogenetic correla-
tions between Cystoseiraceae [169-173].

Acknowledgements—1 would like to thank Prof. Mario
Piattelli who introduced me to the fascinating world of
Marine Chemistry in 1975, which I still (after 19 years)
continue to explore with unfailing interest. Well-deserved
thanks goes to Drs Giuseppe Ruberto, Placido Neri and
Francesca Cunsolo (Istituto C.N.R. Sostanze Naturali,
Catania) without whose help these results would not
have been obtained, particularly those concerning the
more sophisticated spectroscopic aspects. I would also
like to thank Prof. Giovanna Oriente and Prof. Corrado
Tringali for their contributions. Prof. Giuseppe Giaccone
(Department of Botany, University of Catania) should
also not be forgotten since, other than having classified
Cystoseiraceae analysed by our group and elaborated the
phylogenetic tree reported in Fig. 8, his advice on the
manuscript was invaluable. Warm thanks finally go to
Mr Agatino Renda for his patient work on the graphics
and figures.

REFERENCES

Faulkner, D. J. (1977) Tetrahedron 33, 1421.

2. Scheuer, P. J. (1973) Marine Natural Products,
Academic Press, New York.

3. Faulkner, D. J. and Andersen, R. S. (1974) in The
Sea (Goldberg, E. D., ed.), Vol. 5, pp. 679-714, John
Wiley, New York.

4. Baker, T. J. and Murphy, V. (1976) Compounds from

Marine Organisms, CRC Press, Boca Raton,

Florida.

—



1276

e

10.
11.
12.
13.
14.
15.
16.
17.
18.

19.
20.

21

22.

23

24.

25.

26.

27.

28.

29.

30.

31

32.

V. AMICO

Scheuer, P. J. (1978) Marine Natural Products
(Scheuer, P. J, ed.), Vol. 1, Academic Press, New
York.

. Scheuer, P. J. (1978) Marine Natural Products

(Scheuer, P. J., ed.), Vol. 2, Academic Press, New
York.

. Scheuer, P. J. (1980) Marine Natural Products

(Scheuer, P. J., ed.), Vol. 3, Academic Press, New
York.

. Scheuer, P. J. (1981) Marine Natural Products

(Scheuer, P. J., ed.), Vol. 4, Academic Press, New
York.

. Scheuer, P. J. (1983) Marine Natural Products

(Scheuer, P. J., ed.), Vol. 5, Academic Press, New
York.

Faulkner, D. J. (1984) Nat. Prod. Rep.
Faulkner, D. J. (1984) Nat. Prod. Rep.
Faulkner, D. J. (1986) Nat. Prod. Rep.
Faulkner, D. J. (1987) Nat. Prod. Rep.
Faulkner, D. J. (1988) Nat. Prod. Rep.
Faulkner, D. J. (1990) Nat. Prod. Rep.
Faulkner, D. J. (1991) Nat. Prod. Rep.
Piattelli, M. (1991) Oebalia 17, 357.
Faulkner, D. J. (1992) Nat. Prod. Rep.
Faulkner, D. J. (1993) Nat. Prod. Rep. 10, 497.
Faulkner, D. J. (1994) Nar. Prod. Rep. 11, 355.
Kaul, P. N. and Sindermann, C. J., eds (1978) Drugs
& Food from the Sea: myth or reality? The Univer-
sity of Oklahoma, Norman, Oklahoma.

Hoppe, H. A, Levring, T. and Tanaka, Y., eds,
(1979) Marine Algae in Pharmaceutical Science, Vol.
1, W de Gruyter, Berlin.

Hoppe, H. A, Levring, T. and Tanaka, Y., eds
(1982) Marine Algae in Pharmaceutical Science, Vol.
2, W de Gruyter, Berlin.

Shimizu, Y. and Kamiya, H. (1983) in Marine Natu-
ral Products (Scheuer, P. J, ed.), Vol. 5, pp. 391423,
Academic Press, New York.

Shimizu, Y. (1985) J. Nat. Prod., 48, 223.

Munro, M. H. G,, Lutbrand, R. T. and Blunt, J. W.
(1987) in Bio-organic Marine Chemistry (Scheuer, P.
J., ed.), Vol. 1, pp. 93-176, Springer-Verlag, Berlin.
Faulkner, D. J. (1988) in Biomedical Importance of
Marine Organisms (Fautin, D. G., ed.), pp. 29-36,
California Academy of Sciences.

Kobayashi, M., Kobayashi, J. and Ohizumi, Y.
(1989) in Bio-organic Marine Chemistry (Scheuer, P.
J., ed.), Vol. 3, pp. 71-84, Springer-Verlag, Berlin.
Suffness, M., Newman, D. J. and Snader, K. (1989)
in Bio-organic Marine Chemistry (Scheuer, P. J,
ed.), Vol. 3, pp. 131-168, Springer-Verlag, Berlin.
Tringali, C. (1991) in Modern Methods of Plant
Analysis, New Series (Linskens, H. F. and Jackson,
J. F., eds), Essential Oils and Waxes, Vol. 12,
pp. 253-289, Springer-Verlag, Berlin.

Kobayashi, J. and Ishibashi, M. (1993) Chem. Rev.,
93, 1753.

Fusetani, N. and Matsunaga, S. (1993) Chem. Rev.,
93, 1793.

)
B

51
51

39.
13.
69.
7.

90~ W B =
O R N = D

'y

9, 323.

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

43.
44,
45.
46.
47.
48.

49.

50.

51

52.

53.

54.

55.

56.

Yasumoto, T. and Murata, M. (1993) Chem. Rev.,
93, 1897.

Barbier, M. (1981) in Marine Natural Products
(Scheuer, P. J, ed.), Vol. 4, pp. 148-182, Academic
Press, New York.

Norris, J. N. and Fenical, W. (1982) in The Atlantic
Barrier Reef Ecosystem at Carrie Bow Cay, Belize 1:
Structure and Communities (Rutzler, K. and Macin-
tyre, 1. G, eds), Vol. 12, pp. 417-431, Smithsonian
Contr. Mar. Sci.

McConnell, O. J., Hughes, P. A, Targett, N. M. and
Daley, J. (1982) J. Chem. Ecol. 8, 1437.

Paul, V. J. and Fenical, W. W. (1987) in Bio-organic
Marine Chemistry (Scheuer, P. J., ed), Vol. 1,
pp- 1-30, Springer-Verlag, Berlin.

Karuso, P. (1987) in Bio-organic Marine Chemistry
(Scheuer, P. J, ed.), Vol. 1, pp. 31-60, Springer-
Verlag, Berlin.

Fusetani, N. (1987) in Bio-organic Marine Chemistry
(Scheuer, P. J, ed), Vol. 1, pp. 61-92, Springer-
Verlag, Berlin.

Sammarco, P. W. and Coll, J. C. (1988) in Bio-
organic Marine Chemistry (Scheuer, P. J., ed.), Vol.
2, pp. 87116, Springer-Verlag, Berlin.

Davis, A. R., Targett, N. M., McConnel, O. J. and
Young, C. M. (1989) in Bio-organic Marine Chem-
istry (Scheuer, P. J., ed.), Vol. 3, pp. 85-114, Spring-
er-Verlag, Berlin.

Sakata, K. (1989) in Bio-organic Marine Chemistry
(Scheuer, P. J, ed.), Vol. 3, pp. 115-130, Springer-
Verlag, Berlin.

Coll, J. C. (1992) Chem. Rer. 92, 613.

Pawlik, J. R. (1993) Chem. Rev. 93, 1911.

Garson, M. J. (1989) Nat. Prod. Rep. 6, 143.
Garson, M. J. (1993) Chem. Rev. 93, 1699.

Giner, J.-L. (1993) Chem. Rev. 93, 1735.
Bergmann, W. (1962) in Comprehensive Biochemis-
try (Florkin, M. and Manson, H. S, eds), Vol. 3,
pp- 103-162, Academic Press, New York.
Bergquist, P. R. and Wells, R. J. (1983) in Marine
Natural Products (Scheuer, P. J., ed.), Vol 5,
pp. 1-46, Academic Press, New York.

Stonik, V. A. and Elyakov, G. B. (1988) in Bio-
organic Marine Chemistry (Scheuer, P. J., ed.), Vol.
2, pp. 43-86, Springer-Verlag, Berlin.

Howard, B. M, Nonomura, A. M. and Fenical, W.
(1980) Biochem. Syst. Ecol. 8, 329.

Gottlieb, O. R. (1982) Micromolecular Evolution,
Systematics and Ecology, an Essay into a Novel
Botanical Discipline, Springer-Verlag, Berlin.
Amico, V., Giaccone, G., Colombo, P., Colonna, P.,
Mannino, A. M. and Randazzo, R. (1985) Boll. Acc.
Gioenia Sci. Nat. 18, 887.

Kelecom, A. and Teixeira, V. L. (1986) Sci. Tot.
Envir. 58, 109.

Teixeira, V. L., Tomassini, T., Fleury, B. G. and
Kelecom, A. (1986) J. Nat. Prod. 49, 570.

Teixeira, V. L. and Kelecom, A. (1988) Sci. Tot.
Envir. 75, 271.



57.

58.
59.

60.

61.

62.

63.

64.

63.
66.

67.

68.
69.

70.
71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Cystoseiraceae: chemistry and chemotaxonomy

Teixeira, V. L., Almeida, S. A. S. and Kelecom, A.
(1990) Biochem. Syst. Ecol. 18, 87.

Piattelli, M. (1990) New. J. Chem. 14, 777.

Fleury, B. G, Kelecom, A. and Teixeira, V. L. (1992)
in Proceedings of the Seventh International Sympo-
sium on Marine Natural Products, Tipolitografia De
Rosa and Mamoli, Cava dei Tirreni (NA).

Valls, R, Piovetti, L. and Praud, A. (1993) in Hy-
drobiologia (Chapman, A. R. O., Brown, M. T. and
Lahaye, M., eds), Fourtheen International Seaweed
Symposium, Vol. 260,261, pp. 549-556, Kluwer
Academic Publishers, Belgium.

Valls, R. Pellegrini, M., Pellegrini, L. and Peiffer, G.
(1994) Cryptogamie (Algologie) 15, 13.

Foti, M., Piattelli, M., Amico, V. and Ruberto, G.
(1994) J. Photochem. Photobiol. B. Chem. 26, 159.
Clayton, M. N. (1984) in Progress in Phycological
Research (Round, F. E. and Chapman, D. I, eds),
Vol. 3, pp. 11-46, Biopress Ltd, Bristol.

Clayton, M. N. (1988) Bot. Mar. 31, 379.
Orfadinis, S. (1991) Bot. Mar. 34, 541.

Legendre, P. (1990) in Evolutionary Biogeography of
the Marine Algae of the North Atlantic (Garbary, D.
J. and South, G. R., eds), NATO ASI Series, Vol.
G22, pp. 9-34, Springer-Verlag, Berlin.

Agardh, C. A. (1820) in Species Algarum, Lund,
p.- 50.

Valiante, R. (1883) Fauna Flora Golf. Neapel 7, 1.
Sauvageau, C. (1912) Bull. Stat. Biol. Arcachon 14, 8,
3, 133.

Ercegovic, A. (1952) Fauna i Flora Jadrana 2, 1.
Gerloff, J. and Nizamuddin, M. (1975) Willdenovia
73, 565.

Gerloff, J. and Nizamuddin, M. (1976) Nova Hed-
wigia 27, 165.

Giaccone, G. (1985) Boll. Acc. Gioenia Sci. Nat. 18,
429.

Cormaci, M., Furnari, G., Giaccone, G., Scam-
macca, B. and Serio, D. (1992) Bull. Inst. Ocean.
Monaco 9, 21.

Giaccone, G. and Bruni, A. (1971) Ann. Univ. Fer-
rara (N.S.) Sez. IV, Bot., 4, 45.

Giaccone, G. and Bruni, A. (1973) Atti Ist. Ven. Sci.
Lett. Arti. 131, 59.

Roberts, M. (1978) in Modern Approaches to the
Taxonomy of Red and Brown Algae (Irvine, D. E. G.
and Price, J. H., eds), pp. 399-422, Academic Press,
London.

Oliveras Pla, M. A. and Gomez Garreta, A. (1989)
Ann. Jard. Bot. Madrid 46, 89.

Giaccone, G. (1991) Boll. Acc. Gioenia Sci. Nat. 24,
65.

Ribera, M. A., Gomez Garreta, A., Gallardo, T.,
Cormaci, M., Furnari, G. and Giaccone, G. (1992)
Bot. Mar. 35, 109.

Agardh, C. A. (1821) in Species Algarum Rite Cogni-
tae cum Synonymis, Differentiis Specificis et Descrip-
tionibus Succintis, Vol. 1, Lund.

Agardh, J. G. (1841) Linnaea 15, 150.

83

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

1277

Agardh, J. G. (1948) in Species, Genera et Ordines
Algarum, Vol. 1, p. 1, Lund.

Womersley, H. B. S. (1964) Aust. J. Botany. 12,
53.

Areschoug, J. E. (1854) Act. Reg. Soc. Sci. Upsala,
Ser. II1, 1, 329.

Lindaver, V. W., Chapman, V. J. and Aiken, M.
(1961) Nova Hedwigia, 111, 129.

Fattorusso, E., Magno, S., Mayol, L., Santacroce,
C., Sica, D., Amico, V., Oriente, G., Piattelli, M. and
Tringali, C. (1976) Tetrahedron Lett. 937.

Kubo, 1., Himejima, M., Tsujimoto, K., Muroi, H.
and Ichikawa, N. (1992) J. Nat. Prod., 55, 780.
Francisco, C., Combaut, G., Teste, J. and Prost, M.
(1978) Phytochemistry 17, 1003.

Amico, V., Oriente, G., Piattelli, M., Ruberto, G.
and Tringali, C. (1980) Phytochemistry 19, 2759.
Amico, V., Oriente, G., Piattelli, M., Ruberto, G.
and Tringali, C. (1981) Phytochemistry 20, 1085.
Combaut, G., Codomier, L. and Teste, J. (1981)
Phytochemistry 20, 2036.

Amico, V., Neri, P., Piattelli, M. and Ruberto, G.
(1987) Phytochemistry 26, 2637.

Amico, V., Piattelli, M., Neri, P. and Ruberto, G.
(1988) J. Nat. Prod. 5%, 191.

Amico, V., Cunsolo, F., Piatelli, M. and Ruberto, G.
(1985) Phytochemistry 24, 1047.

Amico, V., Cunsolo, F., Neri, P, Piattelli, M. and
Ruberto, G. (1988) Phytochemistry 27, 1327.
Amico, V., Oriente, G., Piattelli, M., Ruberto, G.
and Tringali, G. (1982) Phytochemistry 21, 421.
Amico, V., Piattelli, M., Cunsolo, F., Neri, P. and
Ruberto, G. (1988) Gazz. Chim. Ital. 118, 193.
Amico, V., Piattelli, M., Cunsolo, F., Recupero, M.
and Ruberto, G. (1990) Gazz. Chim. Ital. 120, 9.
Banaigs, B., Francisco, C., Gonzalez, E., Codomier,
L. and Fenical, W. (1982) Tetrahedron Lett. 23,
3271.

Banaigs, B., Francisco, C., Gonzalez, E. and Feni-
cal, W. (1983) Tetrahedron 39, 629.

Amico, V., Neri, P., Oriente, G. and Piattelli, M.
(1989) Phytochemistry 28, 215.

Amico, V., Cunsolo, F., Piatelli, M. and Ruberto, G.
(1985) Phytochemistry 24, 2663.

Amico, V., Piattelli, M., Neri, P. and Recupero, M.
(1991) J. Nat. Prod. 54, 877.

Amico, V., Piattelli, M., Neri, P. and Ruberto, G.
(1990) J. Nat. Prod. 53, 517.

Amico, V., Oriente, G., Neri, P. Piattelli, M. and
Ruberto, G. (1987) Phytochemistry 26, 1715.

Brito Palma, F. M. S,, Aratjo, M. E. M., Urones, G.
J., Barcala, P. B. and Marcos, 1. S. (1991) Planta
Med. 57, Supplement Issue 2.

Urones, J.G.,Marcos, L. S., Barcala, P. B, Pineda,J.,
Fernandez, R., Ligtow, A. Gravalos, M. D. G,
Brito-Palma, F. M. S. and Araujo, M. E. M. (1992)
Phytochemistry 31, 179.

Urones, J. G, Araijo, M. E. M., Brito-Palma, F.
M. S., Basabe, P., Macros, 1. S., Moro, R. F., Lith-



1278

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

V. AMICO

gow, A. M. and Pineda, J. (1992) Phytochemistry 31,
2105.

Amico, V., Ruberto, G. and Bizzini, M., unpublished
results.

Amico, V., Cunsolo, F., Piattelli, M. and Ruberto,
G. (1984) Phytochemistry 23, 2017.

Amico, V., Giaccone, G., Piattelli, M. and Ruberto,
G. (1988) Phytochemistry 27, 1069.

Amico, V., Oriente, G., Piattelli, M. and Ruberto, G.
(1984) Gazz. Chim. Ital. 114, 169.

Basabe, P., Lithgow, A. M., Moro, R. F,, Lopez,
M. S., Aragjo, M. E. and Brito-Palma, F. M. S.
(1992) Stud. Chem. Unic. Salamanca 17, 101.

Valls, R, Piovetti, L., Banaigs, B. and Praud, A.
(1993) Phytochemistry 32, 961.

Norte, M., Sanchez, A. and Gonzales. A. G. (1993)
Tetrahedron Lett. 34, 3485.

Amico, V., Cunsolo, F,, Piattelli, M. and Ruberto,
G., unpublished results.

Amico, V., Cunsolo, F., Piattelli, M., Ruberto, G.
and Fronczek, F. R. (1984) Tetrahedron 40, 1721.
Amico, V., Piattelli, M., Neri, P. and Recupero, M.
(1991) Gazz. Chim. Ital. 121, 335.

Amico, V., Cunsolo, F., Piattelli, M. and Ruberto,
G. (1987) Phytochemistry 26, 1719.

Amico, V., Piattelli, M., Neri, P., Ruberto, G. and
Mayol, L. (1986) Tetrahedron 42, 6015.

Amico, V., Cunsolo, F., Oriente, G., Piattelli, M.
and Ruberto, G. (1984) J. Nat. Prod. 47, 947.
Amico, V., Piattelli, M., Neri, P. and Ruberto, G.
(1989) Gazz. Chim. Ital. 119, 467.

Amico, V., Cunsolo, F., Piattelli, M., Ruberto, G.
and Mayol, L. (1987) J. Nat. Prod. 50, 449.
Amico, V., Piattelli, M., Cunsolo, F., Ruberto, G.
and Bruno, F. (1988) Acta Cryst. C44, 686.
Amico, V., Piattelli, M., Cunsolo, F., Neri, P. and
Ruberto, G. (1989) J. Nat. Prod. 52, 962.

Amico, V., Oriente, G., Piattelli, M., Ruberto, G.
and Tringali, C. (1982) J. Chem. Res. (S) 262.
Amico, V., Oriente, G., Piattelli, M. and Ruberto, G.
(1983) Gazz. Chim. Ital. 113, 217.

Francisco, C., Banaigs, B., Valls, R. and Codomier,
L. (1985) Tetrahedron Lett. 26, 2629.

Francisco, C., Banaigs, B., Teste, J. and Cave, A.
(1986) J. Org. Chem. 81, 1115.

Francisco, C., Banaigs, B., Codomier, L. and Cave,
A. (198S) Tetrahedron Lett. 26, 4919.

Francisco, C., Banaigs, B., Rabka, M. and Teste, J.
(1986) J. Org. Chem. 51, 2707.

Fadii, M., Aracil, J.-M., Jeanty, G., Banaigs, B,
Francisco, C. and Moreau, S. (1991) Tetrahedron
Lett. 32, 2477,

Fadli, M., Aracil, J.-M., Jeanty, G., Banaigs, B. and
Francisco, C. (1991) J. Nat. Prod. 54, 261.

Amico, V., Motta, G., Neri, P., Piattelli, M. and
Ruberto, G., unpublished data.

Amico, V., Neri, P., Bizzini, M. and Piattelli, M.
(1994) J. Org. Chem. (in preparation).

Ohtani, I, Kusumt, T., Kashman, Y. and Kakisawa,
H. (1991) J. Am. Chem. Soc. 113, 4092.

138.

139.

140.

141.

142.

143.

144,

145.

146.

147.

148.

149.

150.

151

152.

153.

154.
155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

Dale, J. A. and Mosher, H. S. (1973) J. Am. Chem.
Soc. 95, 512.

Giaccone, G. (1985) Boll. Acc. Gioenia Sci. Nat. 18,
429.

Pryor, L. D. and Bryant, L. H. (1958) Proc. Linnean
Soc. N.S.W. 83, 55.

Turner, B. L. and Alston, R. E. (1963) Am. J. Botany
50, 130.

Alston, R. E. and Turner, B. L. (1962) Proc. Natl
Acad. Sci. U.S. 48, 130.

Alston, R. E. and Turner, B. L. (1963) Am. J. Botany
50, 159.

Hamel, G. (1939) Pheophyéees de France, Vol. 1,
fasc. 5, Paris.

Biard, J. F., Verbist, J. F., Letourneux, Y. and Floch,
R. (1980) Planta Med. 40, 288.

Biard, J. F., Verbist, J. F., Floch, R. and Letourneux,
Y. (1980) Tetrahedron Lett. 21, 1849.

Combaut, G. and Piovetti, L. (1983) Phytochemistry
22, 1787.

Valls, R., Banaigs, B., Francisco, C., Codomier, L.
and Cave, A. (1986) Phytochemistry 25, 751.
Semmak, L., Zerzouf, A, Valls, R, Banaigs, B.,
Jeanty, G. and Francisco, C. (1988) Phytochemistry
27, 2347.

Hougaard, L., Anthoni, U., Christophersen, C. and
Nielsen, P. H. (1991) Phytochemistry 30, 3049.
Hougaard, L., Anthoni, U., Christophersen, C. and
Nielsen, P. H. (1991) Tetrahedron Lett. 32, 3577.
Valls, R., Banaigs, B., Piovetti, L., Archavlis, A. and
Artaud, J. (1993) Phytochemistry 34, 1585.

Sun, H. H., Ferrara, N. M., McConnell, O. J. and
Fenical, W. (1980) Tetrahedron Lett. 21, 3123.
Mori, K. and Uno, T. (1989) Tetrahedron 45, 1945.
Higgs, N. D. and Mulheirn, L. J. (1981) Tetrahedron
37, 3209.

Gregson, R. P, Kazlauskas, R., Murphy, P. T. and
Wells, R. J. (1977) Aust. J. Chem. 30, 2527.
Kazlauskas, R., King, L., Murphy, P. T., Warren,
R. G. and Wells, R. J. (1981) Aust. J. Chem. 34, 439.
Gregson, R. P. and Daly, J. J. (1982) Aust. J. Chem.
35, 649.

Koch, M. and Gregson, R. P. (1984) Phytochemistry
23, 2633.

Kazlauskas, R., Murphy, P. T. and Wells, J. (1978)
Experientia 34, 156.

Ravi, B. N, Murphy, P. T., Lidgard, R. O., Warren,
R. G. and Wells, R. J. (1982) Aust. J. Chem. 35, 171.
Kusumi, T., Ishitsuka, M., Nomura, Y., Konno, T.
and Kakisawa, H. (1979) Chem. Lett. 1181.
Capon, R. J., Ghisalberti, E. L. and Jefferies, P. R.
(1981) Phytochemistry 20 2589.

Kazlauskas, R., Murphy, P. T., Wells, R. J. and
Gregson, R. P. (1982) Aust. J. Chem. 35, 165.
Kazlauskas, R., Mulder, J., Murphy, P. T. and
Wells, R. J. (1980) Aust. J. Chem. 33, 2097.

Amico, V., Biondi, D., Cunsolo, F. and Ruberto, G.
(1990) J. Nat. Prod. 53, 1379.

Czeczuga, B. and Taylor, F. J. (1987) Biochem. Syst.
Ecol. 15, 5.



168.

169.

170.

171.

Cystoseiraceae: chemistry and chemotaxonomy 1279

Perry, N. B, Blunt, J. W. and Munro, M. H. G.
(1991) J. Nat. Prod. 54, 978.

Fitch, W. M. and Margoliash, E. (1967) Science 1585,
279.

Evans, P. K. and Krogmann, D. W. (1983) Arch.
Biochem. Biophys. 227, 494.

Matsubata, H. and Hase, T. (1983) in Proteins and

172.

173.

Nucleic Acids in Plant Systematics (Jensen, U. and
Fairbrothers, D., eds), pp. 168-181, Springer-Ver-
lag, Berlin.

Devereux, R., Loeblish, A. R. and Fox, G. E. (1990)
J. Mol. Evol. 31, 18.

Valentin, K. and Zetsche, K. (1990) Mol. Gen. Genet.
222, 425,



