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Abstract The low molecular weight carbohydrates in
various species of the red algal genus Hypoglossum
(Delesseriaceae, Ceramiales) were analysed using HPLC,
'"H and '3C-nuclear magnetic resonance spectroscopy
and high-resolution mass spectrometry. All specimens
contained the heteroside digeneaside which is considered
as chemosystematic marker for the Ceramiales. A new
HPLC method was developed for the separation and
quantification of this compound, and concentrations
between 131.6 mmol kg~' and 539.6 mmol kg~ ' DW
could be measured among the species tested. In addition,
during the HPLC analysis another new low molecular
weight carbohydrate was detected in two species from
The Philippines (H. barbatum) and Western Australia
(H. heterocystideum), and its chemical structure eluci-
dated as digalactosylglycerol applying various NMR
experiments. The remaining Hypoglossum taxa lack this
compound. Although digalactosylglycerol occurred in
high concentrations in the range of 221.7 and
438.7 mmol kg~' DW in H. barbatum and H . hetero-
cystideum, respectively, it has never been reported for
any other algal species before. Therefore, to test the
possible physiological function of this unusual carbo-
hydrate as organic osmolyte, H. barbatum was treated
with a range of salinities. While the digeneaside content
remained almost unchanged, the digalactosylglycerol
concentration strongly increased with increasing salini-
ties from 70 mmol kg~' DW at 20 psu to 215 mmol
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kg~' DW at 45 psu. In conclusion, while neither pub-
lished work nor the present study indicate digeneaside to
play more than a minor role in osmotic acclimation, the
data presented strongly support an osmotic function of
digalactosylglyerol.
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Abbreviation (psu): practical salinity units

Introduction

The main photosynthetic and reserve product in mem-
bers of most orders of Rhodophyta is the heteroside
floridoside  (a-D-galactopyranosyl-(1-2)-glycerol). In
contrast, Ceramialean taxa generally synthesize and
accumulate instead of floridoside the chemically related
digeneaside (x-pD-mannopyranosyl-(1-2)-glycerate Kre-
mer 1978). Kremer and Vogl (1975) proposed the pres-
ence of this compound as a chemosystematic marker for
the Ceramiales. In addition, all members of this order
are not only uniaxial, but are also separated from all
other red algal orders on the basis of post-fertilization
events in the female gametophyte, that is, the auxiliary
cells are formed after rather than before fertilization
(Garbary and Gabrielson 1990). Molecular data on the
rbcL gene also support the supposed monophyletic po-
sition of the Ceramiales (Freshwater et al. 1994).

More recent studies, however, indicate a more com-
plex picture on the diversity and distribution of low
molecular weight carbohydrates among the Rhodo-
phyta. Members of the Bangiophycean order Bangiales
such as Porphyra and Bangia contain in addition to
floridoside two isomeric forms of floridoside, p-isoflor-
idoside  (a-p-galactopyranosyl-(1-1)-p-glycerol)  and
L-isofloridoside (a-p-galactopyranosyl-(1-1)-L-glycerol
Meng et al. 1987; Karsten et al. 1993). Although the
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distribution of different heterosides within red algal or-
ders had been regarded as chemotaxonomically useful
(Kremer and Vogl 1975; Kremer 1978), recently it has
been demonstrated that some genera of the Ceramiales,
Laurencia and Osmundea, do in fact produce and accu-
mulate floridoside and not digeneaside (Barrow et al.
1995). Other biochemical exceptions in terms of major
carbohydrates are also recorded in this order, with taxa
such as Bostrychia, Stictosiphonia and Caloglossa char-
acterized by polyols such as sorbitol, dulcitol and
mannitol compounds which are otherwise very unusual
in the red algae (Karsten et al. 1992a, 1992b). Most
interesting is the fact that all known low molecular
weight carbohydrates found in the Ceramiales, that is,
heterosides and polyols, are evident in the Bangiophy-
ceac as well (Karsten et al. 1999, 2003). Since the
bangiophycean orders are considered to be more
ancestral relative to the Florideophyceae (Pueschel 1987,
Garbary and Gabrielson 1990), the ability to synthesize
all of the same compounds found in the ‘advanced’
Florideophyceae indicate the maintenance of ancestral
physiology in advanced taxa.

Because of these exceptional biochemical features
BC-nuclear magnetic resonance spectroscopy (°C
NMR) was used to screen for further new low molecular
weight carbohydrate patterns among the Ceramiales.
The consistent presence of digeneaside together with a
new compound was noted in some members of the genus
Hypoglossum (Delesseriaceae, Ceramiales), and hence a
survey in members of this taxon was undertaken. A new
HPLC method for the quantification of digeneaside was
developed and the chemical structure of the unknown
carbohydrate elucidated. To provide first information
on the possible function of this new low molecular
weight carbohydrate as an organic osmolyte, algal
samples were treated with a range of salinities.

Materials and methods
Plant material

Collection locations and dates of the species used for the
low molecular weight carbohydrate analysis are pre-
sented in Table 1. All algae were grown as unialgal
cultures in sterile seawater (30-32 practical salinity units
(psu)) enriched with Modified PES/2 (West and McBride
1999). Cultures were maintained in 500-ml Pyrex dishes
at 23-25°C in a climatic chamber and irradiated with
20-30 pmol photons m>s~! using cool-white fluores-
cent tubes under a photoperiod of 16 h light: 8 h dark-
ness. The algae were grown in continuous immersion
culture; the medium was changed every 2 weeks. All
algal samples were oven-dried at 40°C overnight prior to
chemical analysis. This treatment did not affect the low
molecular weight carbohydrate concentrations, and such
samples could be stored for many months without any
degradation when kept under dry, cool and dark con-
ditions.

Digeneaside extraction and crystallization

Digeneaside was isolated from the red alga Ceramium
rubrum (Hudson) C. Agardh collected from the upper
sublitoral of the rocky island Helgoland (North Sea,
Germany). About 50 g dried plant material were
extracted with 500 ml of 70% ethanol (v/v) for 3 hin a
waterbath at 80°C, followed by filtration over several
layers of Miracloth and evaporation to dryness under
reduced pressure. Pigments and nonpolar compounds
were removed by treatment with trichloromethane, the
residue dissolved in water and then applied to a self-
packed 100-ml column of Amberlite XAD-4 (Sigma) to
eliminate further hydrophobic contaminations. The
aqueous eluant was again evaporated to dryness under
reduced pressure, dissolved in 10-ml 10% methanol (v/v)
and applied to a commercial Sep-Pack VAC C'® -col-
umn (Waters) to remove further hydrophobic com-
pounds. The methanolic eluant was evaporated to
dryness under reduced pressure, dissolved in 20-ml dis-
tilled water and transferred to a self-packed 200 ml
column of anion-exchange resin DOWEX 2x8 (OH™
form Sigma). Elution with a linear salt gradient (0-0.3
M NaCl) removed weakly bonded contaminating an-
ions, followed by the application of 100 ml 1 M NaCl to
elute digeneaside from the column. The aqueous eluant
was again evaporated to dryness under reduced pressure,
dissolved in 10 ml distilled water and finally applied to a
self-packed 140 ml column filled with a size-exclusion
gel Superdex 30 prep grade (Pharmacia Biotech). The
digeneaside containing aqueous fractions were com-
bined, evaporated to a final volume of about 2 ml under
reduced pressure, and mixed with 50 ml ice-cold 100%
ethanol (v/v) until small white crystals were visible. The
Na™ -digeneaside crystals were harvested by centrifu-
gation (10,000 g), dried at 60°C overnight (253 mg) and
stored frozen at —20°C. The crystals exhibited a melting
point of 190-192°C, which is identical with the data of
Barrow et al. (1993).

Digeneaside and low molecular weight carbohydrate
quantification

Digeneaside and other low molecular weight carbohy-
drates were separated and quantified by HPLC. For
these analyses, the algal samples (10-15 mg DW) were
extracted in 1 ml of 70% (v/v) ethanol for about 3 hin a
waterbath at 70°C. After centrifugation for 5 min at
5,000 g, 700 ul of the supernatant was evaporated to
dryness under vacuum (Speed Vac Concentrator SVC
100H). Dried extracts were re-dissolved in 700 pl dis-
tilled water and vortexed for 30 s. After passing through
a 0.2 um membrane filter, samples were analysed with
an isocratic Agilent HPLC system equipped with a dif-
ferential refractometer. Carbohydrates were separated
on a stainless-steel Phenomenex Rezex ROA-Organic
Acid column (300 x 7.8 mm O.D.) protected with a
Phenomenex Carbo-H " guard cartridge (4 x 3 mm
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Table 1 Origin, digeneaside and digalactosylglycerol concentration in different isolates and species of the genus Hypoglossum

Species Culture no.  Origin Digeneaside Digalactosylglycerol  Total
(mmol kg~' DW) (mmol kg~' DW) (mmol kg~' DW)
Hypoglossum sp. 2403 Puerto Morales, 296.1£37.1 n.t. 296.1
Quintana Roo,
Mexico, 27.7.1980
Hypoglossum barbatum 2926 Talisoy, Virac, 177.0+13.4 221.7+45.1 398.7
Okamura Catanduanes,
The Philippines,
14.5.1988
Hypoglossum tenuifolium 3386 Media Luna Reef, 385.4+£58.3 n.t. 385.4
(Harvey) J. Agardh La Parguera, Puerto
Rico, 28.11.1985
Hypoglossum rhizophorum 3388 La Parguera, Puerto 131.4+£9.9 n.t. 131.4
Ballantine et Wynne Rico, 4.12.1985
Hypoglossum caloglossoides 3497 Cooks Bay, Moorea, 131.6+9.7 n.t. 131.6
Wynne et Kraft French Polynesia,
3.7.1995
Hypoglossum caloglossoides 3499 Cooks Bay, Moorea, 194.6+35.7 n.t. 194.6
French Polynesia,
3.7.1995
Hypoglossum caloglossoides 3500 Cooks Bay, Moorea, 107.6 £2.4 n.t. 107.6
French Polynesia,
6.7.1995
Hypoglossum caloglossoides 3502 Cooks Bay, Moorea, 176.2+3.1 n.t. 176.2
French Polynesia,
4.7.1995
Hypoglossum caloglossoides 3503 Cooks Bay, Moorea, 156.0+13.9 n.t. 156.0
French Polynesia,
4.7.1995
Hypoglossum heterocystideum 3985 Aquarium John 539.6+46.8 438.7+51.7 978.3
(J. Agardh) J. Agardh Huisman, Murdoch
University, Perth,
Australia 9.7.1999
Hypoglossum hypoglossoides 4500 Rapada Island, 304.2+£25.1 n.t. 304.2

(Stackhouse) Collins&
Hervey

Ubatuba, Brazil,
April 1999

The concentrations given represent the mean value (£ SD) of at least three replicates and are expressed in mmol kg~ DW

n.t. no trace

1.D.). The mobile phase was 5 mM H,SO, run isocrat-
ically at a flow rate of 0.5 ml min~' and a temperature of
65°C. Low molecular weight carbohydrates were iden-
tified by comparison of retention times with those of
standard compounds, and quantified by peak areas. The
concentrations are expressed as mmol kg~ ' dry weight
(DW), and represent the mean value +=SD of three
replicate measurements.

NMR and MS measurements

For NMR spectroscopy 500 mg of algal DW of H.
barbatum (2926) was extracted in 5 ml of aqueous eth-
anol (70% v/v) for 3 h in a waterbath at 70°C. After
centrifugation at 5000g, the supernatant was evaporated
to dryness in vacuo and redissolved in 0.5 ml of D,O
(99.98%) for NMR spectroscopy. The 'H and " C
NMR spectra were recorded with a Bruker AVANCE
500 spectrometer. (‘H: 500.13 MHz; '*C: 125.7 MHz).
Chemical shift values 0 (in ppm) are given relative to the
signal for internal TMS (¢ 0). The calibration of

spectra was carried out using the signals of added
dioxane (6 ("H) = 3.71; 6 (**C) = 67.6). The values for
coupling constants J are given in Hz. Typical 'H and '*C
NMR spectra of the Hypoglossum extract with the sig-
nals of anomeric protons and carbon atoms are dis-
played in Fig. 1 a,b.

The high-resolution positive ion ESI mass spectrum
was obtained using a Bruker Daltronics APEX III FT-
ICR MS equipped with a 7.0 tesla shielded supercon-
ducting magnet and an external electrospray ion source.

Salinity experiment

For the salt stress experiments, H. barbatum (2926) was
treated for 72 h in 500 ml Pyrex dishes with hypo- (15,
20, 25 psu) and hypersaline (45, 50, 60 psu) media at
25°C, 25-30 pmol photons m > s~' provided by cool-
white fluorescent tubes and a photoperiod of 16 h light :
8 h dark. All osmolalities were prepared from North Sea
water (33 psu). While hypersaline media were obtained
by adding artificial sea-salt (WIMEX, Wiegand Ltd,
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Germany), hyposaline seawater was prepared by mixing
with distilled water. Salinity was checked using a
refractometer. All experimental media were enriched
with 2 mM NaHCO; to ensure sufficient inorganic car-
bon supply over the course of treatments. Twice a day
the Pyrex dishes were carefully stirred to decrease any
gradients in nutrient supply. After 72 h algal samples
were harvested, blotted dry using several layers of paper
tissue and oven-dried at 45°C overnight. This material
was kept under dry, cool and dark conditions prior
extraction. Four replicate samples were used for each
salinity.

Results

All specimens of Hypoglossum were investigated by '*C-
NMR spectroscopy for the qualitative occurrence of low
molecular weight carbohydrates (data not shown), and
in most strains only digeneaside was present. However,
H. barbatum (2926) and H. heterocystideum (3985)
showed in addition to digeneaside strong resonances of
another compound.

'H and ">C NMR spectra of H. barbatum (2926) in
D,O solution showed the presence of three different
compounds: digeneaside, which has been described in
detail earlier (Karsten et al. 1994), a disaccharide com-
ponent and an unknown compound which is oligomeric.
Digeneaside and the disaccharide component were
found in a molar ratio of about 1:1. The presence of
these compounds can easily be detected by the signals in
the anomeric region covering both the ' H and *C
NMR spectra (Fig. 1 a,b).

From the dried extract the disaccharide component
could be isolated by column chromatography via the
peracetylated derivative and followed by deacetylation.

OH

OH B
(0]
HO
HO
0o A
O 1 U
HO o1 3'_OH
o

OH

Fig. 2 Chemical structure of the digalactosylglycerol (2, 3-dihydr-
oxypropyl («-p-galactopyranosyl)-(1 — 6)-f-p- galactopyranoside)
in H. barbatum (2926)

By means of one- and two-dimensional NMR spec-
troscopy the structure of this compound was proved to
be galactosylglycerol, namely 2, 3-dihydroxypropyl (¢-D-
galactopyranosyl)-(1 — 6)-f-p- galactopyranoside
(Fig. 2). The respective 'H and '*C NMR data are given
in Table 2.

The 'H and '>C NMR signals were assigned
according to DEPT, 'H,'H COSY, 'H,'"H NOESY and
"H-*C correlation experiments (HETCOR, HSQC,
HMBC). Configuration and glycosidic linkages (« or f5)
were determined by means of HMBC and NOESY
spectra. For example, the following characteristic cor-
relations, besides others, were found: in the HMBC
spectrum C-1(A) with H-1’a and H-1"b; C-1(B) with H-
6a(A) and H-6b(A); C-1’ with H-1(A), and in the 'H,'H
NOESY spectrum, besides others, cross peaks for the
protons H-1(A) with H-1’a, H-1’b, H-3(A) and H-5(A);
H-1(B) with H-6a(A) and H-6b(A); H-3(B) with H-5(B).

The structure was also proved by high-resolution
mass spectrometry (HRMS). HRMS was in accordance
to the structure of galactosylglycerol showing the
[M+Na]+ peak: HRMS of C15H23013Na (M-I—Na)
439.14311, calculated 439.14221 (data not shown). By
using a new developed HPLC method it was possible to

Fig. 1a,b 'H (a) and '>*C NMR

spectra (b) of the anomeric a b
protons and carbon atoms of
H. barbatum (2926) in D,O
solution (Ring A: oy = 4.38
(Ju-1,02 = 8.0 Hz), ¢ =
104.1; Ring B: 6., = 4.93
(Ju-1,a2 = 3.5 H2), 6 =
99.3; Digeneaside: oy = 4.88
(Jurm2 = 1.6 Hz), 6 =
99.7)
Digeneaside
H-1(A) C-1(A) Digeneaside
H-1(B)
oli C-1(B)
'gomer Oligomer
T T { T T T { T T T T { T T T T { T T T T
5.00 4.50 ppm 105.0 100.0 ppm




Table 2 'H and '*C NMR chemical shifts & (in ppm) and coupling
constants J (in Hz) (in parentheses) of the digalactosylglycerol from
H. barbatum (2926) in D,O solution

Gal A* Gal B
61H H-1 4.38 (J1,2: 80) 493 (J1q2: 35)
H-2 3.50 (Jo3= 9.8) 3.78 (Jo3= 10.0)
H-3 3.62 (J54= 3.5) 3.80 (J34= 3.0)
H-4 3.92 3.93
H-5 3.85 3.92
H-6a 3.85
H-6b 3.67 3.70 (2H)
H-1'a 3.83
H-1'b 3.71
H-2 3.88
H-3a 3.62
H-3'b 3.55 (Jya 3 = 11.6)
diac C-1 104.1 99.3
C-2 71.8 69.3
C-3 73.6 70.4
C-4 69.7 70.2
C-5 74.0 72.0
C-6 67.4 62.2
C-l 71.9
C-2 71.4
C-3 63.4

3Gal A: Gal($1-OCH,CH(OH)CH,OH)
5Gal B: Gal(o1-6)Gal.

separate and quantify both low molecular weight car-
bohydrates (Fig. 3). Under the chromatographic condi-
tions described digalactosylglycerol and digeneaside

Fig. 3a,b HPLC chroma-
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showed retention times of 13.3 min and 13.8 min,
respectively, well apart from each other to guarantee full
separation of both compounds. The concentrations of
digeneaside among all strains tested ranged from
131.6 mmol kg~ ' to 539.6 mmol kg~' DW, although
most cultures exhibited amounts below 200 mmol kg '
DW. While H. barbatum (2926) from the Philippines
contained 221.7 mmol digalactosylglycerol kg~' DW,
H. heterocystideum (3985) from Western Australia
showed 438.7 mmol kg~' DW of this new compound
(Table 1).

H. barbatum was treated with salinities ranging
from 15 psu to 60 psu. Plants appeared viable between
20 psu and 50 psu, as reflected by the formation of
some new small branches during the experiment, and
plants retaining theit typical dark red coloration (data
not shown). In contrast, at 15 psu and 60 psu plants
bleached and died within the 3 days of incubation
(data not shown). The digeneaside concentration re-
mained almost unchanged between 25 psu and 50 psu
at about 210 mmol kg~' DW (Fig. 4). However, a
decrease in salinity from 25 psu to 20 psu was
accompanied with a decline in the digeneaside content
by >50 mmol kg~ ! DW. In contrast to digeneaside,
the digalactosylglycerol concentration strongly, and
almost linearly, increased with increasing salinities
from 70 mmol kg~' DW at 20 psu to 215 mmol kg™’
DW at 45 psu (Fig. 4). However, the highest salinity
tested did not lead to further accumulation of diga-
lactosylglycerol.

a
tograms obtained from 35 40000 - .
ethanolic extracts of (a) = ] Hypoglossum caloglossoides 3502 P
H. caloglossoides 3502 (a) and £
H. barbatum 2926 (b)containing Py 30000 A
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carbohydrate patterns. For S 20000 4
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digalactosylglycerol at 0 4 8 10 12 14 16
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Fig. 4 The effect of salinity on the intracellular concentrations of
digeneaside and digalactosylglycerol in H. barbatum 2926. Plants
were treated for 72 h with salinities ranging from 15 to 60 psu.
However, at 15 psu and 60 psu Hypoglossum started to bleach and
finally to die over the course of the experiment. Data are expressed
as mean value £SD (n=4)

Discussion

Although digeneaside is known as the major low
molecular weight carbohydrate synthesized in most
members of the Ceramiales (Kremer and Vogl 1975),
reliable quantitative data on this compound were miss-
ing to date. Kirst (1980) quantified in the red algae di-
geneaside using an enzyme assay based on the hydrolytic
cleavage of this heteroside using strong acid followed by
the enzymatic determination of the resulting glyceric
acid. However, this approach also cleaves various cel-
lular and cell-wall macromolecules (e.g. polysaccharides)
that may interfere with the assay or overestimate the
contents. In recent years various '*C-NMR studies have
been undertaken on digeneaside patterns in red algae,
that proved to be a reliable qualitative tool (Karsten
et al. 1994, 1995a, 1999). However, accurate quantitative
information could not be obtained from this technique,
because the NMR is rather insensitive, time consuming,
and needs a relatively high amount of biomass compared
to chromatographic methods. Therefore, the HPLC
method described here for the analysis of digeneaside
provides for the first time a very simple means for
quantitative measurement of this compound. Another
problem related to digeneaside is the fact that this het-
eroside is commercially not available as standard, and
hence has to be isolated and purified from a Ceramialean
red alga.

The digeneaside concentrations measured in various
Hypoglossum strains (131.6-539.6 mmol kg~' DW) are
much higher compared to the NMR data on Caloglossa
leprieurii (15-30 mmol kg~' DW Karsten et al. 1994)
and enzyme assay data on various red algal taxa (29—
79 mmol kg~!' DW recalculated data from Kirst 1980).
Although Kirst and Bisson (1979) reported an almost
two-fold accumulation of digeneaside in Centroceras

clavulatum (C. Agardh) Montagne after increasing the
salinity from 26 psu to 51 psu, these authors considered
the contribution of this heteroside to the internal os-
motic potential of the cells as low and therefore physi-
ologically unimportant. In Caloglossa leprieurii, in
contrast to the main organic osmolyte mannitol, the
digeneaside concentration was unaffected after exposure
to a range of salinities (Karsten et al. 1994). The data on
the salt shock experiment with H. barbatum (2926) fully
confirm these results, that is, the digeneaside values re-
mained almost unchanged between 25 psu and 50 psu.
Therefore, neither published work nor the present study
indicate digeneaside to play more than a minor role in
osmotic acclimation. In addition, the metabolism of this
heteroside, that is, the anabolic and catabolic pathways
are still unresolved, and the biological function remains
unknown.

In contrast to digeneaside, digalactosylglycerol
showed a > 3-fold increase in concentration with rising
salinities supporting its role as an organic osmolyte.
Compared with other heterosides this metabolite is
chemically more closely related to p-/L-isofloridoside
known from members of the Bangiales where the glyc-
erol moiety is also glycosidically linked via the Cl-atom
to the anomeric carbon of the respective galactose
(Karsten et al. 1993; Karsten 1999). p- and L-isoflori-
doside play a major role in osmotic acclimation of var-
ious algal taxa (Kauss 1977; Karsten et al. 1993), which
well supports this function also for digalactosylglycerol.
Since floridoside and its isomeric forms also act as
compatible solutes in the cytoplasm, that is, as organic
compounds stabilizing enzyme systems and other bio-
melecules under hypersaline conditions (Kirst 1990), it is
reasonable to assume this second function for digalac-
tosylglycerol too.

Although the metabolic pathways for the biosynthe-
sis of floridoside in red algae are well known (Kremer
and Kirst 1981), those for p- and L-isofloridoside in this
algal group are unstudied. The same is true for the
biosynthesis of this new digalactosylglycerol in H.
barbatum (2926) and H. heterocystideum (3985). A lit-
erature search for this compound indicated that diga-
lactosylglycerol represents an important fragment of
uncharged glycolipids in various types of biological
membranes (Bishop et al. 1985), and hence is strongly
involved in the fatty acid metabolism of plants (Vishw-
anath et al. 1996). However, the concentrations of gly-
colipids and their bound digalactosylglycerol are usually
low in the cell. Only one reference was found for any
plant where a free digalactosylglycerol content of only
0.1% of the dry weight in rapeseed meal was reported
(Bengtsson 1985). In Hypoglossum 2926 and 3985 sig-
nificantly higher digalactosylglycerol concentrations of 9
and 19% of the DW, respectively, were measured. From
the data shown it is clear, that this compound represents
a new, and physiologically important low molecular
weight carbohydrate for members of this red algal genus,
which calls for biochemical studies on the anabolic and
catabolic pathways.



H. barbatum 2926 bleached and died after 3 days
treatment with salinities of 15 psu and 60 psu, indicating
a rather limited halotolerance. In contrast, related spe-
cies of the genus Caloglossa which also belong to the
Delesseriaceae, exhibited a broad growth response
between 5.3 and 70 psu which is characteristic for
euryhaline macroalgae (Karsten and West 1993). The
smaller range of salinities which can be tolerated by
H. barbatum can be explained by its predominant
occurrence in the sublitoral zone (H. hypoglossoides
grows at about 10 m depth; Horta et al. 2003). In deeper
waters the environmental factors, particularly salinity,
are much more stable compared to the eulitoral zone,
and hence there is no requirement to develop physio-
logical, mainly energy-consuming mechanisms support-
ing euryhalinity.

Although only seven of 22 recognized Hypoglossum
taxa were studied (Wynne et al. 1989), it is clear that at
least two low molecular weight carbohydrate patterns
exist. One group including Hypoglossum sp. (2403), H.
tenuifolium (3386), H. rhizophorum (3388), H. calo-
glossoides (3497, 3499, 3500, 3502, 3503) and H. hypo-
glossoides (4500) contains only digeneaside and the other
group with H. barbatum (2926) and H. heterocystideum
(3985) contains digeneaside plus digalactosylglycerol
(Table 1). There seems to be even a biogeographic
connection. While both species from The Philippines
and Western Australia exhibited this new compound,
the remaining species from Mexico, Puerto Rico, Brazil
and French Polynesia contained digeneaside only. Since
most of these cultures were grown for many years under
identical laboratory conditions, genotypic rather than
environmental and phenotypic differences may be ex-
pected. Similar differences in low molecular weight car-
bohydrate patterns exist in geographically distinct
populations of Bostrychia tenuissima (Rhodomelaceae,
Ceramiales) which form the polyols dulcitol and sorbitol
(Karsten et al. 1995b). In Australia all populations south
of 34°S contain sorbitol, whereas those north of 34°S
exhibit both sorbitol and dulcitol. Molecular investiga-
tions revealed that those populations with only dulcitol
have rbcL/rbceS spacer H1 haplotype, whereas those with
both dulcitol and sorbitol have H2 and H3 (Zuccarello
et al. 1999), indicating a genetic basis of the different
polyol patterns observed. However, similar studies on
Hypoglossum are lacking.
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