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The distribution of green light-harvesting pigments, siphonaxanthin and siphonein, and their precur-
sors, lutein and loroxanthin, was investigated in about 40 species of marine benthic green algae collected
from various habitats. Among the members of the Ulvales, Cladophorales and Siphonocladales a large
amount of lutein was detected only in shallow-water species, whereas a large amount of loroxanthin or
siphonaxanthin was in deep-water species. In the eusiphonean orders, Codiales, Derbesiales and Cauler-
pales, siphonaxanthin and siphonein were detected in all species, and a small amount of lutein or loroxan-
thin was present in some species collected from shallow waters. In Dichotomosiphon tuberosus, the only species
studied belonging to the Dichotomosiphonales, collected from sunny site in fresh-water, considerable
amounts of lutein, loroxanthin and siphonein were detected. The results implies that the eusiphonean
orders originated in deep waters. The fact that some species of the Caulerpales were found on sand at
depths exceeding 30 m suggests that the caulerpalean algae common on sand in shallow lagoon have come
from sand in deep waters.

The pigment composition of the eusiphonean algae, as well as the life style of the caulerpalean algae on
sand, may be in the most ancestral condition among green algae since the Chlorophyta is concluded to have
appeared about one thousand million years ago a time when strong ultraviolet rays at a lethal level

penetrated 5 to 10 m into seawater.
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Siphonaxanthin and its ester, siphonein,
have been found in a number of siphonous
green algae (Strain 1951, 1965, Jeffrey 1965,
Kleinig and Egger 1967, Kleinig 1969). It
was reported by Kleinig (1969) that both
siphonaxanthin and siphonein were present
in all species examined of the three eusiphone-
an orders, Codiales, Derbesiales and Cauler-
pales, whereas in a fourth order
Dichotomosiphonales, only siphonein was
present, and in some species of the orders
Cladophorales and Siphonocladales, only

Contribution No. 537 from the Shimoda Marine
Research Center, University of Tsukuba.

Ulvales.

siphonaxanthin was present. He regarded
this specific pigment distribution as an aid in
the classification of the siphonous green algae.

However, Yokohama and his colleagues
have reported that siphonaxanthin is charac-
teristic of most deep-water green algae, and
that siphonaxanthin and siphonein function
as photosynthetic pigments harvesting green
light which prevails in deep waters (Kageyama
et al. 1977, Yokohama et al. 1977, Kageyama
and Yokohama 1978). The function of
siphonaxanthin was further confirmed by
Anderson (1983) who isolated a light-harvesting
siphonaxanthin-chlorophyll a/b-protein com-
plex from a Codium species.
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Yokohama (1981a) examined the distribu-
tion of siphonaxanthin and siphonein in
about 50 species of marine green algae with
special reference to their habitats. It was
confirmed that in all species of the eusiphonean
orders examined, siphonaxanthin and/or
siphonein was present. In the other orders,
the distribution of siphonaxanthin was re-
stricted within species found in deep or shaded
sites.

As pointed out by Yokohama (1981a,
1981b, 1982), the fact that all the members of
the eusiphonean orders have siphonaxanthin
and/or siphonein implies that they originated
in deep waters, and in fact, many species of
the eusiphonean orders were collected by
trawling from the depths of 50 m or more (Ueda
and Okada 1938). Although many species
of these orders inhabit sunny sites in shallow
waters, the amount of siphonaxanthin and its
ester, contained in them, is so small that these
pigments seem to be relics. It is very interest-
ing that most members of the Caulerpales
have well developed fibrous rhizoids which
anchors them on unstable sand. Many species
of this order can be found in calm lagoons sur-
rounded by reefs. Their original habitat may
be a sandy place in deep calm waters.

The present authors have searched for
species of Caulerpales inhabiting sand in deep
waters. In the spring of 1988, six species of
Caulerpales and one of Codiales were found
on sand at depths over 30 m in the southern-
most part of Japan. In the present paper,
the distribution of siphonaxanthin, siphonein
and their precursors, lutein and loroxanthin,
in marine green algae, including those algae
collected from sand in deep waters, is
reported.

Materials and Methods

Most species of Caulerpales and
Dichotomosiphonales and some species of
other orders were collected at the Yaeyama
Islands, in the southern part of Japan. Seven
species (Codium sp., Caulerpa filicoides, C. lentil-
lifera, C. subserrata, Udotea javensis, Tydemania
expeditionis and Halimeda opuntia f. opuntia)

were collected from sand at depths of 34 or
37m in Amitori Bay, Iriomote Island in
Yaeyama Islands. Some of these are shown
in Fig. 1.

Most species of orders other than Cauler-

“pales and Dichotomosiphonales were collect-

ed at Shimoda in Central Japan. Collected
thalli were soaked in a large volume of sea-
water and transported to the Shimoda Marine
Research Center, where pigment extraction
was undertaken. Species collected at the
Yaeyama Islands were transported frozen.

Both fresh and frozen material was extract-
ed with cold methanol which was subse-
quently mixed with a nearly equal volume of
diethylether. Pigments were transferred to
the ether layer by shaking with a 109 sodium
chloride solution. After repeated washing
with 109 sodium chloride, the ether layer
was evaporated under reduced pressure and
residue was redissolved in a small volume of
ether.

Chromatography of the pigments was car-
ried out on thin-layer plates of Kieselgel 60
(Merck). A mixture of petroleum ether 30°-
60° and acetone (7 : 3, v/v) was used as the
developing solvent. Each of xanthophylls
and chlorophyll a was eluted by a solvent from
thin-layer chromatogram under a stream of
nitrogen. The solvent for xanthophylls was
ethanol and that for chlorophyll a was
diethylether.

Absorbances of pigments were measured at
their absorption maxima by a Shimadzu UV-
3000 spectrophotometer with eluates from the
thin-layer chromatograms for each species,
and their quantities were calculated using the
following molar absorption coefficients: 91.0
for chlorophyll a, 145.0 for lutein, 103.0 for
loroxanthin and 69.7 for siphonaxanthin.
For the absorption coefficient for siphonein,
the value of siphonaxanthin was tentatively
used as that of siphonein is unknown.
Although the molar ratio of each xanthophyll
to chlorophyll a was calculated using these
values, that of chlorophyll 4 to chlorophyll a
was calculated from absorbances of the pig-
ment mixture in ether, at 642.5 nm and
660 nm, using the equation of Comar and
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Green algae of the eusiphonean orders from sand at depths over 30 m off Amitori of Iriomote Island
1, Tydemania expeditionis on sand at 34 m; 2, Caulerpa lentillifera on sand at 37 m; 3-6, C.

lentillifera, Udotea javensis, Halimeda opuniia and Codium sp. respectively collected from sand at 37 m. Barin 1,

2=15 cm; minimum division of scale in 3-6=1 mm.
Zsheile (1942) and their molecular weights.

Results

Fig. 2 shows the molar ratios of the xan-
thophylls to chlorophyll a, determined in
about 40 species of green algae collected from

different habitats. The ratio of chlorophyll 4
to chlorophyll @ is also shown, since it is closely
correlated with the light field of the habitat
(Yokohama 1973, Yokohama et al. 1977,
Kageyama and Yokohama 1978, Yokohama
and Misonou 1980).

As can be seen in the column which indi-
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Fig. 2. Relative pigment composition of benthic green algae collected from different habitats. *Cultured
for more than one month under 2 klux of fluorescent light with a daylength of 14 hr at 20 °C. Closed circle and x
denote shaded site and sand, respectively. CGHL 4=chlorophyll a; CHL B= chlorophyll ; LOROX. =loroxan-

thin; SIPHONAX. =siphonaxanthin.

cates the habitat, some deep-water samples of
the eusiphonean orders grow on sand.
Among these Codium sp. is especially remarka-
ble. It was collected from sand at a depth of
37m and had delicate fibrous rhizoids as
shown in Fig. 1-6. All other species of Codi-
um, including deep-water ones, have sucker-
shaped rhizoids and grow on rocks. Tydema-
nia expeditionis is also an interesting species.
It was collected from sand at 34 m depth, as
shown in Fig. 1-1, while in shallow water it oc-
curs on rocks or dead coral.

The second column of Fig. 2 indicates a

general tendency, in chlorophyll 4/ ratio,
that samples collected from deeper or shaded
sites have higher components of chlorophyll
b. The other columns indicate that the distri-
bution of xanthophylls is clearly correlated
with habitat in the upper three orders, the Ul-
vales, Cladophorales and Siphonocladales.
In these orders, the green light-harvesting pig-
ment, siphonaxanthin, is found in algae in-
habiting deep or shaded sites, while lutein,
the precursor of siphonaxanthin, is found in
the algae inhabiting sunny sites in shallow
water, although a trace amount of lutein was
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Table 1. Distribution of xanthophylls in the seven orders of green algae.

Order Habitat Lutein Loroxanthin Siphonaxanthin Siphonein

Ulvales Sun + Trace or —

Cladophorales Deep or + - -
Shade Trace or —

Siphonocladales - +

Codiales Sun Trace or — Trace or —

Derbesiales Deep or + +
Shade - -

Caulerpales

Dichotomosiphonales Sun + + - +

detected in a deep-water species, Cladophora
wrightiana, which contained a large amount
of siphonaxanthin.

From these results it is clear that deep-
water species contain a large amount of
siphonaxanthin and shallow-water species
contain a large amount of lutein. However,
there are some deep-water species lacking
siphonaxanthin and containing a large
amount of loroxanthin, the intermediate
product from lutein to siphonaxanthin.
These also lacked lutein. There are some
shallow-water species containing both lutein
and loroxanthin. The total amount of lutein
and loroxanthin in these species seems equiva-
lent to that of lutein, loroxanthin or siphona-
xanthin in the other species. The molar ratios
of these pigments to chlorophyll a are around
0.3.

Microdictyon japonicum collected from a shad-
ed site is the exceptional species that con-
tained a large amount of lutein regardless of
habitat. However, it had a ratio of chlo-
rophyll 4 to chlorophyll a equivalent to other
species collected from deep or shaded sites.

Although in the upper three orders (Fig. 2),
siphonaxanthin is restricted to algae inhabit-
ing deep water or shaded shallow sites, the dis-
tribution of this pigment and its ester,
siphonein, is apparently not correlated with
habitat in the lower four orders. Both pig-
ments are present in all members of Codiales,
Derbesiales and Caulerpales regardless of
habitat, and siphonein is present in
Dichotomosiphon  tuberosus collected from a
sunny site in fresh-water. Lutein and loro-

xanthin are present in some members of these
orders inhabiting sunny sites in shallow
waters. However, the amounts of these pig-
ments are very small in species other than
Dichotomosiphon tuberosus.

Green algae cited in this study can be divid-
ed into three groups as shown in Table 1, ac-
cording to the correlation between pigment
composition and habitat. The first consists
of the Ulvales, Cladophorales and Siphonocla-
dales; the second and third are of the eusipho-
nean orders, the Codiales, Derbesiales,
Caulerpales (second group) and Dicho-
tomosiphonales (third group). Dichotomo-
siphon tuberosus, which is the only species
studied belonging to the Dichotomosiphonales,
is unique among the eusiphonean orders in
inhabiting fresh-water and having a large
amount of lutein and loroxanthin, while lack-
ing siphonaxanthin.

Discussion

It is clearly shown that the distribution of
the green light-harvesting pigment, siphona-
xanthin, has an ecological significance in the
Ulvales, Cladophorales and Siphonocladales,
as indicated in the upper half of Fig. 2, while
in the eusiphonean orders, the distribution of
this pigment and another green light-harvest-
ing pigment, siphonein, seems taxonomically
significant. The fact that all members of the
eusiphonean orders have the green light-har-
vesting pigment(s) implies that these groups
of green algae originated in deep waters. In
fact, seven species of these orders are found
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on sand at depths exceeding 30 m. Six be-
long to the Caulerpales. This suggests that
the caulerpalean algae in shallow water, most
of which are common on sand in lagoons,
have come from sand in deep waters.

A surprising fact is that a member of the
Codiales, Codium sp., inhabits sand at a depth
of 37 m. It has fibrous rhizoids which enable
it to grow on sand, while all other species of
Codiales, including deep-water species, have
sucker-shaped rhizoids and inhabit rocks.
The occurrence of Codium sp. on sand in the
deep water might indicate the primitive life
style of the Codiales.

In the Cladophorales and Siphonocladales
there are unique algae lacking siphonaxan-
thin, despite of their inhabiting deep or shad-
ed sites. They have a large amount of loro-
xanthin, the direct precursor or siphonaxan-
thin. Itis remarkable that lutein, the precur-
sor of loroxanthin, is nearly or completely ab-
sent in deep-water species while is abundant
in shallow-water species having neither loro-
xanthin nor siphonaxanthin. O’Kelly (1982),
who analyzed the chloroplast pigments of the
marine chaetophoracean and chaetosiphona-
cean algae, noticed that species having
siphonaxanthin, but lacking lutein, are re-
stricted to deeper water habitats. Lutein
seems essential to some shallow-water green
algae, as pointed out by Yokohama (1981b,
1982). It was suggested by Yokohama (1983)
that this xanthophyll might protect the pho-
tosynthetic apparatus from short wavelength
or ultraviolet light prevailing in shallow
sunny sites.

Yokohama (1981b, 1982, 1983) suggested
that deep-water species having loroxanthin in-
stead of siphonaxanthin might have originat-
ed from deep-water species with siphonaxan-
thin, by failing to oxidize loroxanthin into
siphonaxanthin. In the same fashion, shal-
low-water species with lutein might have origi-
nated from deep-water species with loroxan-
thin or siphonaxanthin.

It is reasonable to regard the ancestor of
green algae as a deep-water alga possessing
green light-harvesting pigment(s): Barghoorn
and Schopf (1965) concluded that the Chlo-

rophyta appeared about one thousand million
years ago, a time when strong ultraviolet rays
at a lethal level probably penetrated 5't6 10 m
into seawater (Barkner and Marshall 1965).

From the systematic viewpoint, it is also ac-
cepted that the ancestral green alga might
have possessed siphonaxanthin. Ricketts
(1970, 1971) reported that this pigment is
widely distributed in scaly green monads,
regarded by Stewart and Mattox (1978) as the
nearest extant relatives of the ancestral green
alga. Therefore, O’Kelly (1982) regarded the
presence of siphonaxanthin as the ancestral
condition, and Anderson (1983) regarded this
xanthophyll as an evolutionary relic in some
Chlorophyta.

The pigment composition of eusiphonean
algae, as well as the life style of caulerpalean
algae on sand, may be in the most ancestral
condition among green algae.
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