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ABSTRACT



PART I

Investigation of the Carbohydrates synthesised by the marine 

greed alga Acetabularia crenulata»

By means of sequential extractions with different 

solvents the following carbohydrates were isolated and 

characterised,

1, Prom an alcoholic extract ^glucose, B-fructose, allulose, 

myo-inositol and an alcohol tentatively identified as 

allo~-cfuercitol. This is only the second time allulose has 

been found in Nature and the first time in any alga. An 

homologous series of fructose-containing oligosaccharides 

were also separated and characterised as 2,1—linked units 

terminated by a molecule of sucrose at the potential reducing 

end.

2. Aqueous extraction gave a mixture of a fructan (major) and 

a sulphated heteropolysaocharide.

a) These two polysaccharides were separated on a column of 

DEAE~oellulose, Using the classical techniques the fructan 

was characterised as an inulin type polysaccharide,

b) (i) The sulphated polysaccharide contained D-glucuronic acid, 

^galactose, ^rhamnose and small proportions of xylose and 

4-0-methylgalactose, Each of the sugars were separated and 

characterised. The presence of the last sugar has not been 

reported.as a constituent of any green algal polysaccharide before*

a.H.C.
' TP TP.l
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(ii) By extraction of stalks and caps' separately with cold 

and hot water and elution from the BEAE-cellulose with 0.5 

and 1.0 M potassium chloride similar sulphated polysaccharideb
pAO-

with variable proportions of the different sugars and portions 

of sulphate were separated,

(iii) Structural studies by partial desulphation, méthylation, 

periodate oxidation and partial hydrolysis established the' 

essential similarity of these fractions and that the main 

structural features are: highly branched molecules containing

1 ,3-lihked D-galaotose, ^-sulphate (rnajor)̂  and 6-sulphate,

1 ,2-linked L-rhamnose^and glucuronic acid, galactose and 

rhamnose all present as end groups. Glucuronic acid is linked 

to both rhamnose and galactose and galactose units are 

mutually linked in the macromolecule.

3. A j3-(l -^4)linked maiman was extracted with alkali. Méthylation, 

periodate oxidation and gel filtration studies proved this 

structure and indicated some degree of branching and a higher 

molecular weight than those of previously reported for mannans 

from green algae,

PART II

Photosynthetic studies on 1, Acetabularia mediterranea, 2,Fucus 

vesicuXosus and 3* Ulva lactuca^
14-1. Pulse labelling experiments with CO^ on A .mediterranea
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followed by ethanolic extraction led to the separation of 

labelled sucrose, glucose, fructose and the first three 

oligosaccharides characterised in Part I (l), A possible 

biosynthetic interconver&ion of these carbohydrates is 

described from the results of these experiments*

142. a) Pulse labelling experiments with COg on Fucus vesiouloaus 

a marine bcrown alga, show that of the low molecular weight 

carbohydrates formed by photosynthesis, mannitol is formed first 

The possible conversion of mannitol' into laminaran via mono-and 

di- glucosylmannitol is discussed*

b) The polysaccharides, laminaran, xylogalactofucogluouronan (A), 

xylogluQur-onogalactofacan (b ), fucoidan (C) and alginio acid 

were extracted and separated by various fractionation techniques.

The radioactivity in each was measured as was the radioactivity 

in the constituent sugars of the fucose-containing polysaccharides 

(all of which are sulphated). From the changes in the radioactivity 

of these polysaccharides in different samples it is postulated 

that (a ) is synthesised first and transformed into (C) via (E).

Low molecular weight carbohydrates present in the acid extract 

are suggested as precursors for the acid polysaccharides. The 

residual material after acid and alkali extraction was hydrolysed 

and the radioactivity of the sugars in the hydrolysate was
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measured. Glucose was the major radioactive sugar.

3. Ulva lactuca, a marine green alga. Similar experiments on 

U.laotuca were carried out.

a) Examincation of the 80^ ethanol extracts showed that sucrose 

is the first sugar to be synthesised and this is followed by 

glucose and fructose. Xylose, ribose(?) and myo-inositol also 

incorporated radioactivity.

b) Starch and a sulphated glucuronoxylorhamnan were extracted

and their radioactivities were measured. The former appears to be 

synthesised most rapidly and to be an active metabolite and the 

sulphated polysaccharide is laid down as a long terra storage 

product or as part of the skeletal structure of the alga.

c) The residual material after ethanolic and aqueous extractions 

was examined in the same way. Glucose is again the major sugar 

and the results indicate that the carbohydrate is laid down in 

the cell wall after other constituents.
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P A R T I

STRUCTURAL STUDIES OP CARBOHYDRATES IN ALGAE



Most of the plants growing in the sea belong to the 

class known as algae. They are one of the most primitive groups 

in the plant kingdom and evolved early in the earthfel history, 

and morphologically they.differ very little from those found as 

fossils. Although there are some freshwater species, they are 

mainly found in marine waters. They vary in form from unicellular

plants, free-floating in the sea, to species which are several 

metres long and are fastened to rock with a root-system called a 

rhizoid. The algae are not differentiated into root, stem and 

leaves as are the land plants. Instead they have a thallus which

varies in form from species to species, some looking almost like 

flowers with a ”stem’̂ and "leaves”, and others looking like lettuce, 

for example, the sea lettuce, Ulva lactuca.

The algae are classified mainly according to their colour, 

as the difference in pigments generally coincides with important 

morphological distinctions. They are divided into the following 

groups; Brown (Phaeophyceae), red (Rhodophyceae), green (Chloro- 

phyceae), and blue-green (Cyanophyceae), They all possess chloro­

phyll and photosynthesis© as do the land plants. Generally the 

green and brown seaweeds grow nearest to the surface of the sea, 

while the red ones are found further down, but examples of all 

types can be found at all levels from the surface.

Brown weeds were early collected for production of iodine,



soda and potash, but now there are other cheaper ways of getting 

these products. Brown and red weeds have been used as food both 

for human beings and for animals, particularly in Asian countries. 

Industries using algae for production of gelling materials such 

as alginate and agar can be found in several parts of the world.

The carbohydrates of the red and brown weeds have received the 

most attention because of their economic importance. It is only 

during the last few decades that interest has arisen in the carbo­

hydrates of the green algae. Pew chemical studies have been 

carried out on those of the blue-green algae.

The carbohydrates present in algae can be roughly divided 

into three groups according to their solubility in various solvents,

I Low molecular weight carbohydrates, (soluble in 80^ ethanol)

II Other soluble carbohydrates (mainly water-soluble)
a) Pood reserve material
b) Other soluble polysaccharides.

III Cellwall material or structural polysaccharides.

I. Low molecular weight carbohydrates.

The algae, like landplants, photosynthesize and it was 

shown by Bean and Haseid (1955) that the first product of photo­

synthesis in the red weed Iridaea flacoidum, is 3-phosphoglyceric 

acid. ThiS:is also the first product of photosynthesis in certain 

landplants (Bassham and Calvin, 1957)* Each of the groups of 

algae contain characteristic low molecular weight carbohydrates.



Most of these compounds are present in very small amounts, except 

in a few instances where they account for a considerable proportion 

of;the dry weight of the alga.

■ PHABOPHYCBAE 
D-Mannitol occurs in large amounts in the brown weeds, 

e.g. up to 255S of the dry weight in some Lain inaria species is due 

to mannitol (Black, 1950), and this is believed to be a storage 

product and also a substrate forrespirâtion in these plants 

(Bidwell 1967).

D-Volemitol has been found in Pelvetia canaliculate and

1-0-^mannitol-j3-^glucopyranoside, and 1,6-0-D-mannit01-di (-(3-D 

-glucopyranosid^, has been reported in several brown algae (Lindberg 

and Paju, 1954)* Laminitol has been found in Laminaria-species 

(Lindberg and McPherson, 1954) and sucrose, galactose and mannose 

have been found in Gladostephus species (Panshawe â id Percival, 195®)

RHODOPHYCEAE.

Plor-idoRidfty 2-:6i-glycerol-oi:-jlrgalact08ide, is present in 

most species of the Rhodophyceae (Majak ^  ad, I966), and seems to 

be an end-product of photosynthesis and a reserve material in the 

red algae (Bidwell, 195®)* In species lacking floridoeide,

2-jD-glyceric acid-a-D-mannopyranoside seems to be the most important 

sugar-derivative, e.g. in Polysiphonia (Colin and Augier, 1939).

In addition to these, 3-0_-floridoside-a-^-mannopyranoside and
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iso-fltoridoBide- (b“0;~glyce;rol--(2-D~i^lactop^jrarLOside) has beea 

isolated from several red algBB (tCajak ^  1966^)and a small

quantity of mannitol has also been found (Craigie at 1^66],

CHLOBDPHIUSAS. - 

The main low molecular carbohydrate of photosynthesis In 

green algae seems to be sucros*e (Craigie ^  1966b). Sucrose,

glucose and fructose have all been found in all the species 

investi,gat©d. In addition small quantities of other sugars, 

some polyalcohols and myq-inositol have been found in a few 

species. Recently a new sugar, sucroselactate, has been found 

in a freshwater Hfeizoclonitim species and in the marine alga 

Cladophora laetevirena (Percival and Young, 1971).

II. Soluble, higher molecular weight carbohydrates. 

a. Fbod reserve material.

FEAEOPHYCEAE

b̂ zmiinaran, a 3) linked glucan (B^chli and Percival,

1952) is present in most of the brown algae (Quillet, 195®).

In the Laminarias the ainovnt present varies from 20-36^ of the 

dry weight of the fronds in autumn and winter - to only a small 

percentage in, spring (Black and îiüwar̂ - 1949.)* Seasonal variations 

are not so great in. the f

Laminaran yields glucose as, the main reducing sugar 

present after acid hydrolysis (Beattie ^  al, I96I) but small 

proportions (0.2^) of mannose have been reported ( Smith and 

■ünraüL.,1959), Peat et all (195®) found 1.?^ and 2.7% of mannitol



in insoluble (from L.hyperborea)and, soluble (from L.digitata) 
laminaran respectively. Prom the proportions of mannitol 

present, it was calculated that 4^% of the molecules have mannitol 

as‘"the terminating carbohydrate at the potential reducing end of 

the molecule, linked at C-1 or 0-6, and the rest of the molecule 
terminated by a reducing glucose unit linked at C—3. A small 

quantity of gent io bio se is also obtained when the laminairan is 

subjected to mild a.cid hydrolysis, indicating the presence of 

(l — > 6) 1 inks. :;:iThere is still some dispute as to whether 

this is due to a true branch point or to (1 —9 o) inter-eteawi 

gesid^j^a. But there is a greater evidence for (l — f 6) branch 

points than for (l — ÿ 6 ) linkages in the samples of insoluble 

laminaran from L.hyperborea and the soluble laminaran from 

Lydigitata (Percival and Mcltovell, 1967“j>-*

RHODOPHIUSAS

Flor-idean. staxuh. This reserve polysaccharide wa.s first 

isolated from Puree 11 aria, faatigiata by Kyi in in 1913» (und shown 

to be a glucan #hich is related structurally to starch aizice it 

was .hydrolysed by malt diastase. Floride an starch from Bilsea 

edulis was studied by Pleraing* ̂  al (l956) who found an average 

chainlength of £ glucose-reeidues and the presence of (l —  ̂6) 

branch-points. This polysacchailde is an amylopectin-glycogen- 

type polysaccharide. Peat et al (1959) have shown that floridean 

starch is closely related to a^ylopectin of land plants# A



small proportion of a (l „— > 3) linkages are present as shovjn 
by the isolation of «i.ge rose:'.from a partial acid hydro lysate»

Floridean stsc'ch is maiversally present In the red algae.

" CHLOROPHYCEAE,
Starch.. X-râ y diffraction patterns of si; arc has from 

various species of gireen algae closely resemble those of 

starches .found In land plamte (Meeusa anti Kreger 1954)• They 

comprise approxlMatalj 2% of the dry weight of the algae» The 

first to be invest iĵ ïted m s  the glucan from Csailerpa filifomls 

(Mackie and. Perc3lva.l, I960). îYactionatlon of this starch was 

miauccessfial, bat fiiuy any lose present might ha.Ti’̂i» been destroyed 
dmring the fairly drastic pretreatmeiit of the weed during this 
exi;raction of the polysaceharidee. Méthylation showed the

presence of (l —  ̂4-) and (1 —9 6) linkagee, and an average 
chainlength of 23 units. These data show that the glucan is 

probably an amylopeotin-type pblyBaccharicle. Love et (1963) 

isolated starches from a numbor of green seaweeds by precipitation 
as their starch-iodine complexes from the aquous extracts of 

these weeds. All except that from Caulerpa ware separatted into 
anylojse and amylopectin. There seems to be a great similarity 
between the starch froBr gireen seaweeds and that from land plmits, 

althougti sta.rches frwn the Chlorophyceae sti?e mor'e readily 
hydro!L;ys0ci thEi.n those of land plants (Meeuse and Smith, 1962} and 

appear to ha,w a lower molecular welgiit,



JiDOûliana,. thought to be of the inulin-type, i.e.

(2 0  Hiked, have been found in various green algae, (du Msrac,

1955, 1 9 % i Percival and Young, 1971). As the study of fructans 

represent a part of this thesis, they will he discussed in more 

detail later.

b„ Other soluble polysaccharides.

According to Prsfston (195®)* .these polysaocharicles are 

mainly constituents of the continuouis amorphous phase of the 

cellwaXls and comprise 30-70% of the dry weight in different algae 

(Borers and Preston, 1959)*

fHAEOPHYCEAB

Fucoidan, found in all brown seaweeds, was first isolated 
by Kylin (1913)» It is thought to occur in the intercellular 
tissues or mucilaginous matrix (Black, 1954) and has been shown to 

be present in the excudate from the fronds of Laminaria digitate 

(Liînde and Heen, 1937 )i Ascoiphyllum nodosum (Dillon ^  al, 1953) 

and llacrocvstls (Schweiger, 1962), Hydrolysia of fucoidan gives 

mainly fucose, but galactose, xylose and uironic acid have also been 

found. In a highly pm'ifled sample from Himanthalia the

fucose content was 56.7%, 3®% sulphate, 9% galactose, 1.5% xylose 

and ca„3% uronic acid (Percival and Ross, 1950)* Facoidan. 

extrciicted from Ficus vesioulpsuB and Ascophyllura nodosum when, 

subjected to free boundary electrophores'is (Lasrsen and Haug, I963), 

gave rise to three different boundaries, indicating that this 
fraction compi'ises more than one polysaccharide, À fucati, free



from an,y other sugar units has so far never been isolated.

The fucoidan from ?,vesiculosus, with fucose-content 3 ^  

and sulphate content 32.8^^ has been studied (Percival and Ross, 

195OÎ Conchie and Percival, 1952). This high sulphate content
V.

corresponds to about one sulphate group per fucose unit.

Méthylation studies combined with the fact that most of the sulphate

is stable to alkali, indicate that the main structural feature of
ir*this polysaccharide is ( I 2) linked fucose-units, sulphated

on 0 .1 4

O g S O

After complete méthylation of the fucoidan, free fucose was found 

in the hydrolysate indicating the presence of either a disulphated 

residue or a branchpoint with one sulphate*

" G lue urono Jt;Tlo foe ana " Extraction of brov.oi algae with 

dilute alkali, following the removal of acid-soluble carbohydrates, 

yields a mixtirre of alginic acid and, a sulphated polysaccharide.

This polysaccharicle fraction from Ag-cophyllum nodosum (Haug and Larsen, 

1963, Larsen <|t ed, I966) wai.s called "Ascojphyllan.” and contained 

ca,25/15 fucose, 26% x;ylos6 , 19^ spdiunjuronate, 13^ sulphate aud 1:2̂  

protein* .Attempts to remove the protein moiety from this polysacchar­

ide were unsuccessful, and it was thought that a. chemical linkage



smst exist between it and the carbohydrate,

VJhen this polysaccharide was subjected to 0.5N~ojcalic aĉ id 

iiydrolysis at 1 0 0 -  and dialysed - there remained inside the 

dialysis tube a soluble polysaccharide which contained almost all 

of the uronic acid present in the original material. The authors - 

therefore concluded that the backbone of the polysaccharide consists 

of a giucuronan, with relatively long sid.echains of sulphated fucose 

and xylose residues.

When Asoophyllum nodosum wa:3 extracted with ammonium oxalate/ 

oxalic acid at pH 2.8,, after acid and alkali extractions, poly­

saccharides consisting of 17-20^  alginio acid and a "glucurono^sylo- 

fucan” which contained o. fucose, xylose and glucuronic acid, in 

molar proportions ^:l:lp 20^ sulphate and 3.85C protein were obtained 

(Percival, I968), As auto-hydrolysis of the latter in a dialyisis 

tulbo resulted in a degraded polysaccharide containing fucose, xylose 

and gluourohic acid in the molar proportional of 3'5:1:2.5, it was 

'Concluded that this polysaccharide does not have a glucuronic Eicid- 

back bone , A major oligosaccharide present in a partial acid 

hydrolysate of this polysaccharide was characterised 3-0-(|3-Ib- 

g'l 0 pyrur one sy l-̂ -L-fuc o se :

HOH
;ooH

H
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Recent studies in this laboratory indicate that "glucuronoxylofucans" 
comprise a whole family of polysaocharidea containing various 
proportions of fucose, xylose, galactose^ glucuronic acid and sulphate, 
ranging from those with hi#i uronic acid., low fucose and sulphate- 
-contents to low uronic acid and high fucose and sulphate contents 

(man, 1971).
Alginio acid is located mainly in the middle lamella and in 

the primary cell wall of most brom algae (Kylin, 191.5» Anderson., 19156).. 

The alginate is believed to act as a cation exchîuiger and as such 

quickly comes into equilibrium with the salts in the surrounding: 

seawater (Wassermsinn, I948, 1949)» The alginate is present as the 

salt of a mixture of cations, but the calcium-content is high enough 
to render it insoluble. The alginio acid content varies with the 

season (Black, I99O) and seems to be smaller when the algae undergo 
rapid growth and vice versa. Alginic acid is normally extracted 

with dilute sodium carbonate at pllB and purified by precipitation as 
the calcium-salt,

Alginic acid consists of mannuronic acid (Nelson and Cretoher, 
1929, 1930) and guleronic acid wits (Fischer and Borfel, 1955» Drummond 
et al, 1958 and 1962). Periodate and bromine oxidation of alginio 
acid followed by fe.yd:rolysis gave both threaric sind erythraric 

acid, which shows that both uronic acid residues are (l — ) 4 ) 1 inked.(
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ÇOOH •

— 0 — J ,

ÇOOH ('-)

H*

COOHI
H CDU 

I
HCOH

I
COOH

ïîrythrario aisid

— 0

— 0*

t)>
OOH 

OH HO

i
(1) 10] 
(2) Br,

-0
COOH \ '  

OOH CTOH

"0 ,

1H"

COOH
I

HCOHI
H O C H

COOH

Threaric acid

Fig 1.

>Ih.©n alginic acid was subjected to liydrolysis with 

IfM-oxalio acid for 10 hours at 100°C (Haug ̂  gQ., 1966) part of 

the polysaccharide was readily hydrolysed to oligosaccharides 

le?avlug an insoluble residue,. The hydrolysis was repeated, and the 

residue from this hydi’olyaed a third time. The first hydrolysis 

gsive a more rapid depoljnnerisation than the other two. From this 

the authors conoludad that the polysaccharide had been split 

randoiûly in the first hjrdrolysis, and that the two later hydrolyses
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attacked at the ends of the chains- The reeistant polysaccharide 
was separated into two fraction® by precipitation of one containing 

mainly gularonic residues at pH 2.85 and tbs other one that remained 
soluble consisted mainly of maniauronio acid residues.

In the supernatant from the first hydrolysis guluronio and 

ffianmironic acid were found in addition to two diuronides. The 

same diuronides were probably also obtained after the other . 

hydrolyses. Based on these observations, the structure of alginic 

acid is thought to be a molecule built up of blocks of nuannuronic 

acid and gnluronic acid units, separated by sections of alternating 

guluronio and mannuronic acid residues. The homogenous sections 

are thought to be protected from hydrolysis by their crystalline 

character.

The ratio of mîannuronic acid to guluronic acid in al^nic 

acid varies in different species of brown.algae (Percival and McDowell, 

L96Tlĵ .

RHOTOFHîtIEAE

The water soluble polysaccharides from the red .algae are • 
mainly sulphated galactans. They are essentially linear polymers 

of alternating (1 —  ̂ 3) and (1 4) linked .galactose units.

This simple pattern is often masked by other features, depending 

on. the alga from which the polysaccharide ha,s been isolated. The

differences are due to the presence of both D and L-galactose,

3,6-zmhydro-D and L~galactose, imonomethylgalactoses and various
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degrees of Biilphation (Peat and Turvey, I965, Rees, 196$).

The sulphated galactan® can be divided into three distinct 

types of polymersî-

1. the agar-type
2. the carrageenan-type
3. the porphyi'an-type

although recent studies have revealed polysaccharides related to 

more than one type, e.g. the galactan from Polysiphoîiia fastigiata 

(Peat and Tvirvey, I965)*

Agar is synthesised by a wide variety of species of the red 

algae, generally called agarophytes. It is the common name for a 

mixture of polysaccharides, which originally were thought to consist 

of two polysstccharides only, nasit-ely the neutral polysaccharide agarose 

and the sulphated polymer agaropectin (Ai'aki, 1937, Araki amd Hirase, 

i960),, The structure of agarose has been studied extensively, both 
chemically ahd enzymically, and these results show that the polysacch­

aride is mainly composed of alternating  ̂3) linked jQ-galactose

and 0£"(1 — J* 4 ) linked 3,6 anhydro^-galactoe© units. 6-0-M.et'h;vl-D— 

-galactose has also, been found,

Enziymic hydrolysis (AraJci and Arai, 1956) of the polysacch­

aride gave the two oligosao char idee, ne o-agaroSb i o se (2.-3,6-a.nhydro- 
-a-Lf-i-ralactop̂ irranosyl-Cl ^  . 3 lactose and the corresponding • 

tetrauaccharide. No free ^  or L- galactose could be detected, 
which indicates that the 3»6-anh5»tlro-L-galactose is present at the
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non-reducimig end of the polysaccharide chains. Méthylation did not 

give rise to 2,3,4,6-tetra-^-niethyl-galactose, further confirming 

these findings. The general formula for agai’ose is believed to be:

9  Ct-^OR ■ Q CHgOR n Ct^OR

R = H o r C H 3 ^ i „

ilgi3.ropect in. This polysaccharide is sulphated and contains 

mainly D-gîtlaotoste a.nd .Iĵ -ardiLydro-Jl-galactoss, as in agafoea, but 

some of the 3,6 aohydrci-^-galactose residues a.rs thought to be replaced 

tfith Jj~g’al5ii::tOBe-siulpfcieite(Araki, I966) and some of the It-g-alcLctose in 

Gelidium fsipecies is replaced with the pyruvic acid acetaJ,, 4,6-2r 

( 1-Ciarbo.yyetlhylidene)-*D-galactose (Hjlraae, 19571 * Ârai (1961 ) reported 

the pr@set.u30 of az'ahinose and g.lucuTonic acid in the agâ rcpecstin from 

ihnf 2 It ià pli c at a ►
Sirymic st\i,dies have shoi-m that -agaropectin has: ;Home features 

in oommon with agarose,, as neo-agarose, tetraose and hexa^se can be 

obtained onc leavago of the polysaccharide„ The site of the sulphate 

group is not yet knO'Wji,.

Bscent frac'tkmation studies on DEAE-Sephadex A5(!) (Duckworth 

and Yaphe,, 19?l) Jiaire indicated that agar is not made up of one 

neutral ami one charg<xl polysfjccharide, but is composed of a complex 

series of related, poly&acchari-des ranging from an almost neutral

mailto:pr@set.u30
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polysacchari.de to a highly charged galaotan. It is fOimd that 

4,,6'»0ilil-oarhoxyethylideirif=s)£rgalactose is.present in that part of 

the molecules where there is low sulphate content. Further 

evidence of heterogeneity was obtained by fractionation on Dowex 

1 x 2  ion exchange columiaai (izunii, 1971). .

Garrag^ienan.' The red algae, Chondrus and Gigartlna are 

the species mostly utilized for preparation of carrageenan. It 

differs from agar mainly in that 3r6-anhydroi~^galactose replaces 

the 3,6 anhydro-L-galactosie of agar (Perclva.l, 1954» O'Neill, 1955) 

and in that it has a higher content of, mainly alkalijstabla,, ester- 

sulphates*

Smith and Cook (1953) separated the carrageenans by 
fractional precipitation with potassium chloride into aninscluble 

fraction, Mc-carrageenan, and a soluble fraction, K -carragoenan, 
KrCarrîLgeenan is mainly a linear podymer, of alternating 

|3f(l — ^3) linked ̂ -galactose, and a-(l ‘-9 4 ) linked 3,6 a.nbydro-£r 
galactose, some of the units o#* which are sulphated. The disaccharides 

oarrabiose, 0-î3-D~galactopyranosyl (1 —  ̂4 ) -3,6-anhydro-D-(^lact08e, 

and neo-carrabiose-sulobate. ̂ 0-a-~3,6-anhydrO'galactojiyranoŝ -l-(l — ) 3) - 

^‘-galactoBô-4““Sulphate, ha;ve been isolated by merc-aptolysia (O’Neill, 

1955) and enzymic hydrol^yais respectively (W’eigl et 1969)

Ali:ali treatment of IÇ-carrageenan I'emoved some sulphate and 

more 3»6-anhydro-j^galactose was formed (Rees, I96I) indicating the 

presence of (1 4 ) linlced f-galactosa sulphated at in the

original material. The 1 — ^3 linked units are thought to have
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. 4-sulphate and the (l -4 4) linked 3,6-anhyiiro sugars are associated 

with 2-lihkad sulphate (Anderson ^  al, I96S). The (l —  ̂4) linked 
^-galactose is probably sulphated at C-6'or C-2<WC~6*

General formula for Krcarragsenan;

c m  OH!

R = H or SO

- 0

ÇH2OSO3H 

 Ov

•0

OR
A ' B

• A and B are alternatives.

A -cari'ageenan, the soluble fraction obtained by potassium -
chloride fractionation, represents a very complex system. It is

highly sulphated, contains mainly B-galactose, but also some 3,6-anliydro-

D-galactose,. The polymers may be fractionated further by precipitation
with ethanol, thus giving a polymer containing only j^galactose (Smith

et al, 1955)*. This consists of highly sulphated alternating (l — » 3)

and (1 — ) 4) 1 iniced galactose units. Some of the sulphate is alkali-

labile, indicating som.e ■ sulphate on C -3' or C-6 j'Jhen subjected to

precipitation with potassium chloride (Anderson ^  al, 196$) this gave after

alkali treatraent an insoluble ̂ carr8.geenaa, containing all the

(1 —  ̂3) iinkied D-galactose-4-3ulphate units and most of the 3»6-aniiydro-

lî-galactose units, which probably were the D-galactose~6-sulphat0

units in the 'unmodified form. The soluble polysaccharids,from

Düodified À-carreĵ enaîii, had all the 3-linked ^galactose-2-sulphate
«

units and a high proportion of the 4-”linked 3,6-anliydro-B-galactose~

2-sulphate units., ■ The latter is probably the 4-linked ^-galactose-
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2,6“>di8uipha'ts unit the original material,

%OSQi)HCI^OH 
H O y p  0

/p
./

:k o s c ^h

>•— carrageensai

yAC -carrageenan

Some SO^ may be 
replaced by ÏÏ.

Porpbyran This type of polysaccharide is mainly found 

in Po%'phyra, and Lancent ia spp. Porphynan resembles agarose in 
containing 3,6-anh]niro-L-galactose and 6-0~methylngalaotoi3e and 
resembles earrageer^an in containing g-alactose-ô-salphate (Turvey 
and Rees, 1961, Su and Hassid, 1962). The polymer consists mainly 
of M. 0-(l — !» 3) lin-iced D-galactose or 6-0-ioethyl-D-galactose residues 
alternating with a-(l — 4) linked. L-galactose-é-salphate or 3,6- 
aiihydi’o galaotosa^ (Turvey and Williams, 1961 and 1964) the 
proportions of the sugai's varying from eeafson to season and in 
diffe:reK.t environment (Rees and Conway, 1^52), The sum -of L-suga.rs 

seems always to be equal to the sum of D-sugars and the galactose-6- 
sulphate accounts for the total sulphate content of the polysaccharide.
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When an alkalisnodified porphyran was methylated, a 
molecule, with the same constitution as methylated agarose was 

produced, and this on methanolysis gave methylated agarobiose 

(Anderson and Rees, I965)* .

There seems to be a great similarity between agarose 
and porphyran, the main difference being the degree of sulphation 
of ̂ -galactose and méthylation of the jD-galactose.

CHLOROPBYCEAH

Sulphated watersoluble polysaccharides are found in 
all the green marine algae which have been investigated, They 

can roughly be divided into groups:
1, Containing mainly galactose, arabinose and xylose.

2, Containing rhamnose, xylose and glucuronic acid.

The following species belong to Group 1 ; Cladopbora (?is@?her 

and Percival, 195?) Chaetomorpha (Hirst at I965), Cau1erpa 

(.Mackie and Percival, I96I) Codium (Love and Percival, 1964)

and RhizooIonium (Percival and Young, 19?l). The polysaccharides 

have a sulphate ester content of l$-20^ and arabloose and galactose 

are in most samples the major sugars in the polysaicoharide, Althou^ 

D-galactose, L-arabinose, D-xylose and traces of L-rhamnose Ihave been 

found in these polysaccharides, all attempts to fractionate them into 

homo-polysaccharides have been unsuooessful(ÿ f and Percival,195?, 
Johnson and Percival, I969). Cladophora rupestris was the first 

eeaweed in this group to be studied chemically (Pis$her and. IPercival, 
195?)* The sulphate esters were foisnd to be stable alkali and
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oietliylation and periodate oxidation studies ,gave evidence for. 

xylose and galactose as non-reducing end groups, The rest of the 

xylose seemed to he present either as ( 1 — ^ 4 ) linked units or 

as 4“sulphated end groups, and galactose as (1 — 3) link.ed 

galactopyranose and 1,6 linked galactcfuranose, There are also 

indications that arabinose and rhamnose are present as (1 —  ̂3)
1inked pyranose residues. After Barry-degradation which removed 

all the xylose (O'Bonne11and Percival, 1959^ all the sulphate is 

believed to be located on arabinose and gailactose. Later studies 

(Hirst al, 1965) gave an increase in xylose content after alkaline 

desulphation, indicating sulphate at G-2or̂  0-3 ofarahinose. Treatment 

with sodium-methoxide gave 3-^-methyl-L-az'àlaànose and 2-0-mettiyl-L- 

xyloee, indicating sulphate on G-3of arabinose units. Recent studies 

(Bourne et al, 19-70) have shown that the polysaccharide from 0,rupestris 

is comprised to a considerable extent of blooKs of at least eight 

(1 4) linked arabinose units, some sulphated at C-^and linked

together by single galactose units.

Studies on. the water soluble polysaccharide from Chaetomorpha 

(Hirst et 1965) indicate that its structure is very similar' to 

that of Cladophora. The main difference is a lower galactose content 

in Chaetomorpha. The polysaccharide from Codium fragile is also similar 

to the above mentioned polyeacchafides (Love and Percival, 1964). It 

Gontains galactose and arabinose as the major sugars, with smaller 

amounts of mannoee, xylose and glucose. The mannosa is probably due 

to contaminât ion with some of the ce 11-wall mannan.
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Wh-en-nfractionated-on a DEAB-cellulose coluirm, a small 

amount of pure sulphated &rabinogalactan was obtained as one of 

the fractions.. After alkali treatment of. the polysaccharide, an 

increase in 3,6-anhydrd-galaotose occurred-,, indicating sulphate-eeter 

on or G~6 of galactose. Partial acid hydrolysis gave two disacchar­

ide 8, galactose (l ^  3) galactose and ai’abinose (1 ^“->3) arabinose. 

Galactose-6 sulphate and galactose~4-«3ulphate were also isolated.

No arabinose-sulphate was found.

The water soluble polysaccharide from Caulerpa (Maokie and 

Percival, I96I) has not been studied extensively. Apart from that 

from Codium, it differs from the other polysaccharides in containing 

D-mannose and having a very small proportion of arabinose. In fact 

in one sample arabinose was absent, the xylose present is probably 

due to a low molecular weight j3-(l —9 3) linked xylaae which is known 

to be present in the alga.

Ho structural studies have been reported on the polysaccharides 

from Rhi2PCIonium sp.

Group II The following green algae have been shown to synthesize 

sulphated polyuronides: Ulva lactuoa (Brading et al, 1954) Enteromor]

compressa (McKinnel and Percival,. 1962) and Acrosiphonia arc ta 

(0 'Donnell and Percival, 1959^»

The watersoluble polysaocharide«: from these three species 

contain the same sugars and have .many similar properties. The uronic 

acid content is lS~20^, sulphate content 16-17.5^ iu Ulva and
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lilnteromorpha and. 7,8^ in Acrosiphonia, Snteroniorpha and Ulva. 

polysaccharides contain similar ratios of L-rhamnose.^xylose.'and ̂  

glucose, while that from Acrosiphonia contains relatively less 

rhamnose. Ho fractionation into homo-polysaccharides has been, 

successful, but a.fractionation of the polysaccharide from Ulva 

(Percival and Wold, 1963) on DEAS-oellulose gave three fractions, 

which on hydrolysis were shown to contain the same sugars but 

at different proportion of sulphate. Ultra centrifugation of 

one of the fractio.ns aoui of the mixture, revealed one band, for 

the first and indications of heterogeneity in the latter, 

suggesting that the mucilage from Ulva lactuca consists of poly- 

dlisperse heteropolysacoharides. All thèse polysaccharides give 

a high proportion of 4-:i2.-3-^glucopyriironos:yl-^-rhamn08e (O'Donnell 

and Percival, 195%. McB'innel and Percival, 1962)* OMu partial 

hydrolysis. Méthylation studies (Brading et al, 1957» O'Donnell 

Sind Percival, 1959^ confirmed (l — 4) linked' rhamnose and 

indicated (1 — > 4 ) linked xylose as well as xylose end groups.

The polysaccharide from Ulva lactuca has been most 

extensively studied. The position of sulphate ester has been 

deduced from the following experiments to be at Ĉ ]2of rhamnose and 

C-;2of xylose (Percival and Wold, 1963). When the polysaccharide 

was subjected to periodate oxidation before and after dësulphation, 

E'lors rhamnose was cleared in the latter case. VJhen period.ate:,' 

oxidation , was performed on the de sulphated material at 4-2%, rhamnose
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was still cleaved,-indicating free cisvicinal hydroxyl groups 

confirming C-4 linkages* An ijifrared spectrum of the polysaccharide 

gave a peak at 85O cm~^ indicating sulphate on an axial hydroxyl group. 
When L-rhamnose is present in a polysacchai'ide it is thought to he 

more stable in the IC conformation, where C-2 is exial. The sulphate 

is therefore thought to he on the C-2 position of rhamnose.

After alkaline desulphation, arabinose and lyxose were found 

in the hydro lysate of the desulphated polysaccharide, and 2-0-methyl- 

xylose was formed after treatment with sodium methoxide, thus indicating 

sulphate on O/̂ gof xylose*.
u

H

OMe

Partial acid hydrolysis (Hag and Percival, 1 ^ 6 ,^ve two gluciironoxyloses 

thought to foe glucuronic .acid(,l-̂  3) xylose and glucuronic acid (l -v 4) 
xylose. Hydrolysis of tbe desulphated reduced polysaccharide from UIva 

gave the following oligosaccharide: 

rlhamncsyl (1 •+ 4) xylosyl (l 3) glucose, (glucose being derived 

from the glucuronic acid),

.An acidic oligosaccharide (a ) was isolated after a Smith degradation of
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the polysacchardde (Haq and Percival, 1966b)

CH^OH
GloA (1 ^4)Rha(l ->3)Glc(l

2S 2S 2^ 6S

Méthylation studies and gas liquid chromatography (g.l.c*) on this 

together with the site of sulphate esters indicate the following 

structure for the oligosaccharide,

GloA(l 44)Pha(l ^4)GlcA(l ^3)xyl(l ^4)Bha(l ->3)Glc(l ->4)%yl 25 25 25 65
This must be a major structural feature of the polysaccharide*

Although the Ulva polysaccharide is the one that has 

been most extensively studied in this group, it is believed that 

the others have a similar structure. They are all higlily branched, 

sulphated, contain the same sugars, and give glucuronic acid (1 -d-4) 

rhamnose on a. partial acid hydrolysis.

Ill Cell wall material or structural polysaccharides.

The main organic substances in cell walls are 

polysaccharides, but it has been proved that proteins and lipids 

are also present (Morthcote ^  1998, I96O). The carbohydrate part

of the cell wall in algae has normally a less complicated structure 

than the soluble polysaccharide. They can be divided into three 

groups, according to their constituent sugar:

gluean (cellulose), xylan and mannan.

Cellulose has been found in a number of algae* Its 

presence in brown algae was postulated as early as 1915 by Kylin,
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and structural studies Have 'been carried out on samples from 

Laminaria hyperborea, L.digitata and Fucus vesiculosus. (Percival 

and Ross, 1949). Evidence for -9 4) linkages was obtained 

and the average chainlength found to be about 160 units.*

Cellulose has bean postulated in various species of 

red algae (Ross, 1953) but that from Gelidium ama.nsii (Araki and 

Hashi, 1948) is the only one whose structure has been studied.

This cellulose was found to be similar to that of cotton except 

for its colloidal properties.

X-ray diffraction studies suggest that cellulose is 

present in various families of the Ghlorophyceae, but no structural 

studies have been carried out as it has not been possible to 

isolate pure cellulose.

Xylans have been found mailnly in red and green algae, 

but evidence for the presence of a; xylan in brown:algae has been 

obtained (Lloyd, I96O). The xylan of green algae is composed of 

3) linked D-xylose units, as found in Caulerpa filiformis 

(Mackie and Percival, 1959)* This was proved by méthylation 

studies, negative rotation and a 90̂ 3 recovery of the starting 

material after periodate oxidation. The average chainlength was 

found to be 42-43 units. The xylan of the red alga Rhodymenia 

]̂ lmata has been extensively studied and found to contain both 

|3{1 4 3) and I3(l 4 4) linked xylose, mainly the latter (Percival 

and Chanda, 195^^, Manners and Mitchell, I963). Recently it
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has been shown that this xylan can be separated into two 

polysaccharides by extraction with water and dilute acid. The 

essential structures of the two xylans are similar, but the 

proportions of 4  3) and |>(1 4  4 ) -linkages differ, (Bp^rndal

1965). .

Mannans have been found in the oellwall of Rhodophycean 

and Chloropbyceaen algae only. All mannans so far investigated 

comprise [3(1 ->4 ) linked^nannoae-units, with an average chainlength 

between 12 and 16 units. Small proportions of glucose, do occur 

in seme mamians, but only once has there been found evidence for 

a true glucornannan (Love and Percival, I964).

As studies of a mannan comprise a part of this thesis, 

they will be discussed in more details later.
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General methods

lîlvapora.tion was carried out under reduced pressure at c^*40°C,

Specific rotations were measured in a 10 cm. long polarimeter 

tube in. a Perkin Elmer 141 polarimeter. Unless otherwise stated, 

water was used as solvent,

IDial.ysis was carried out in cellophane- tubes against distilled 

water. Toluene wa.s added inside the dialysis tube to prevent 

microbi al growth,

Çarbohydrate conteuit was determined by the phenolsulphuric acid 

method (Dubois et 3d, 1956) Standarc^raphs were made either of 

a monosaccharide, or of a synthetic mixture of sugars resembling 

the polysaccharide being investigated.

Ketose content was determined by the method of Arni and Percival,

(1951).
8uIphat e content v/a.s .measured by the method of Scott (I96O ).

Uronic acid content was determined either by the method of Scott,(cpc), 

(i960 ) or the modified carbaaole method (Bitter and Muir, 1962), 

Melting point was determined on a Gallenkamp micro melting point 

apparatus.

Water used was either distilled or deionised.

Periodate oxida-tioji was carried out according to the spectrophoto- 

metric method of Aapinail and Perrier (1957)*

Degree of polymeria ation (PP). This was determined by the method 

of,. Time 11 (i960).
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Acid hydrolysis

1, Formic acid hydrolysis

The sample (5-10 mg) was dissolved in 90^ formic acid 

(1 ml) and heated in a sealed tube in a carbok^ioxide atmosphere 

at 100°C for 6 hrs. The hydrolysate was diluted with water 

(5 vols.) and heated for another two hours at 1 0 0 to hydrolyse 

the formylisters. The solution was evaporated to dryness and

all formic acid was removed by repeated evaporation after addition 

of methanol,

2, Oxalic acid hydrolysis

The sample was dissolved in 2^ oxalic acid solution, 

heated at 80^0 for 4 hours and neutralised with calcium carbonate. 

The neutral hydrolysate was filtered, and evaporated to dryness. 

Paper chromatography mb.s normally carried out on Whatman No, 1 paper. 

Preparative paper chromâtography was carried out on Whatman No,3 #  

paper.

Solvent systems:

A, Sthylacetat© : Acetic acid:. Formic .acid: Water - I8i3:1:4

B. n.-Butanol ; E thanol: Water : 40 :11:19 ,

G* Ethylacetate Pyridine ; Acetic acid; Water ~ 5; 5:1:3

D . jr-Eutan01 Pyridine ; Water - 6:4:3

E. Ethyl-methyl-rke tone, half saturated wi th water + Vfa #.L

F. Chloroform: Acetone; 5 - 1:8’ : 1

G. Benzene: Ethanol - 20;3 or 9: 1 *
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Sugars and alcohols were located by means of one 

of the following reagents:

1, Âïiilir^jxalate, saturated in $0^ ethanol* After spraying, 

the paper was heated at 105°C for 5-10 min. (Hough ̂  al, 

1950).

2. Urea-hydrochloride, After spraying, heated at 105^0 for 

5-10 min. (Bedonder, 1952)*

3* 2 parts 2^ sodium metac^eriodate and 1 part ifa potassium

permanganate were mixed prior to spraying. The papers 

were allowed to dry at room temperature (Lemieux and Bauer,

1959)
4, Glucos(^oxidase (Salton, I960.).

5* Silveijnitrate^ sodium hydroxide dip. (Trevelyan ejk al, 1950) 

6, Ninhydrin.

7* Periodate-benzidine. (Gordon et 1956)

Thin-1aver chromâtography was carried out on silic^gal plates, 

0,25 mm thick, in either solvent system F or d*

~ Distance travelled by "unknown" comnound 
X Bisrance travelled by reierence sugar X

p 1 „ Distance travelled by compound,
f Distance travelled by solvent front.

Electrophoresis was performed in a Shandon High Voltage 

Electrophoresis Apparatus, model L24 on Whatman No.3 MM paper.
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Buffers:

(a) Pyridine acetic acid buffer, pH 6*7

( 6 ml glacial acetic acid + 92.3 ml pyridine), at 

3000 V for 2 hours.

(b) Borate buffer pH10 [ 17*8 g boric acid + 8 g sodium

hydroxide in 2 litre water]

T., , Distance travelled by "ujnicnown" compoundM- values « yr"—;-..."r-"" T " — — %y Distance travelled by reference compound j)

eparation of BEAB-cellulose colujnn

^l^thyKaminoethyl cellulose (BE $2 microgranular, 

Whatman) (50 g.) was suspended in B 1 O.5 K HGl and de-a^rated 

for 20 minutes. The supernatant was decanted off, the cellulose 

filtered and washed with water till neutral. The cellulose was 

then suspended in 1 1 O.5 ^ potassium hyd.ro.xide and treated as 

above*. This was repeated three times, and cellulose was then 

transferred to a column and washed with water until free of 

chloride ions.

The polyisaccharide solution was applied to 

the top of the column and gradient elution was carried out 

with potassium chloride (G — 1.0 M). .Fractions of 20 ml 

were collected and tested for carbohydrate content, and thus 

the strength of the potassium chloride solution which was required 

for elution of the various fractions of the polysaccharides was 

determined.
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Gas liquid chromatography (g.l.c*)

A Pye Argon gas chromatograph with an Argon 

ionisation detector using dry argon as carrier gas was need.

The gas flow and temperature was adjusted to get the desired 

conditions according to the samples being analysed.

Columns used were:

1. Butane-diol-succinate polyester 15^

2. Polyphenyl ether [ m-bis-(m-*phenoxy-phenoxy) benzene] 10^

3. Apiezon K 7*5^ Chromosopt W

4. S.E. 30 3^
5» ECKSS—M 3^ Ghromosorb W

6. Sthyleneglyool adipate polyester 10%

The liquid phases were coated, on Celite or Ghromosorb W which had 

been acid and alkali washed and preooated with dimethyl dichlorosilane. 

Preparation of Trimethylsilyl ethers (TMS derivatives) (3weeley al,

1963). ' '

The material (5-10 mg) was dried, dissolved in 1 ml 

pyridine,and to the solution was added 0,1 ml trimethyleilylchlorids 

and 0.2 ml hexamethjl disilasans. After shaking for several minutes, 

the mixture was evaporated tO' dryness. This residue warn then dissolved 

in n-hejî.amé before â nalysis by g.l.c, on. columns 3 and. 4*» Retention 

times T, for sugars and their alcohols, is relative to -that of the 

trimethylsilyl derivative of xylitol.

Méthylation of polysaccharides was carried out after Bjp'rndal and 

Lindberg's (1969) modification of the Hakomori method (1964). The
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fflethylsulphinylcarbanion was prepared as described by Sandford 

and Conrad (1966).

Me thylglyco s i datIon.

The dried hydrolysate was refluxed with dry methanol 

using methanol treated Amberlite 1 R 120 (H^) resin as catalyst 

■(Bollenback, 1963). After filtration the mixture was evaporated to 

dryness. The syrup was.dissolved in chloroform and analysed by g.l.o,, 

using columns 1,2 and 6. Retention values T, are relative to that 

of me thyln.,-2,3,4? 6-tetra-O-me thyl |3-^glucopyranoside •

Alditcl acetates were prepared by the method of Bj^rndal e_t al 

(1967)* After dissolving in chloroform, the mixture was analysed 

by g.l.c. on column 5*

The retention values T are given relative to the acetate of 

2,3 ,4 Ï 6-xetra-”0-raethyIglucitol*

Be me thy 1 at. i on. The method of Bonner £t ad (1960) was used*

Proportions of sugars present in polysaccharides were determined by

g.l.c. After hydrolysis of the polysaccharides, the sugars were
boro-

reduced to their respective alcohols with potassiurr/hydridei The 

reaction mixture was left over-,night and excess borohydride was 

destroyed by adding Amberlite IR 120 (H^) resin which would also 

remove potassium ions. Borate was then removed by evaporation 

after addition of methanol. The derived alcohols were analysed by 

g.l.c. as their trimethylsilyl ethers on column 3* The areas under 

each peak, were measured, and the amount present was read from 

appropriate standard graphs.
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Measurement of radi oac t i vi ty(i1Li qui d scintillation counting,

.A measured aliquot of the sample was placed on a

filter paper - 2 x. 4 cm^ after drying, the paper was placed in

a counting vial and ca, 12 ml of a scintillant was added. Counting 

was carried out to an accuracy of 3% in a Tracerlab 

machine. Scintillants were either

A, PPO (2.5-dipheny1-oxazole) 5 B*

DimethyIPOPOP ■ (l,4-di-[2(4-methyl-5-phenyl-oxazolyl)]benzene 0.3 g. 

Toluene 1 1, 

or B. p-Terphenyl 6 g.

DimethyIPOPOP 0.3 g.

Toluene 11,

To measure the radioactivity in the different sugars 

of a polysaccharide, the hydrolysate was chromatographed on paper 

in appropriate solvent systems. Guide strips were used for the 

location of the monosaccharides and the appropriate areas were cut 

out and counted a.s described above,

(iiJ Scanning of paperchromâtograms and electrophonetograms was-.

carried out in a Panak thinlaysr Radiochromatogram Scanner, after 

cutting tbs paper to the right size to fit on top of a thinlayer 

plats.

Ciiid R ad i'Oau t o graphy was carried out by placing a Kodak Micro tax 

X-ray film on the paper chromatogram and leaving it for ca, 1 week.

After development of the film the radioactive components could be
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located on the paper chromâtograsa. 

Conditions for the culture experiments.

R c A

A, 4 200W. 'bulbs,incandescent*

B. Watersoreen with constantly changing water 

0. Culture vessel*

The culturing experiments were carried out in the 

system shown in the figure* The light intensity at the centre 

of the vessel was l800 footcandleis. The water screens were

used to prevent heating., of the seawater in the culture vessel*
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CARBOHYDRATES OF ACETABUIARIA sp.
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Acetaimlaria is described by Prescott (1969) as 

a "gracefully stalked, eaucer-like disc with the romantic 

common name of Mermaid’s Wineglass", The alga can be up to 

.10 cm,tall, grows on shells and corals and is calcified when 

growing in the sea. It is relatively easy to culture 

AcetabulariaI but then it is not calcified. It is a giant 

unicellular alga, and because of its abnormal size and the • 

fact that the alga survive for long periods following such 

operations as enucleation and transplantation, it is probably one of 

the alga#which has been most extensively studied both from a 

biological and a physiological viewpoint,

Aoetabularia is regarded as a sub-rfamily of the 

Dasycladaoeae, order Siphonocladalæand class'Chlorophyceae 

(Sweiger, 1969; Keck , I964), The mature cell consists of 

rhizoid, stalk and cap. The rhizoid is a ball of entangled 

branches, one of which contains the cell nucleus. The cap 

can be up to 10 mm in diameter and is the reproductive organ.

In the main phase of its life cycle, Aoetabularia 

is mononucleate and diploid. After formation of the zygote the 

alga starts growing. At one end, the rhizoid is formed, which 

holds the nucleus, and at the other end a stalk starts growing.

As the stalk is growing, whorls of hairs develop, whioh fall off 

after a short time leaving a ring of small soars on the stalk.
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When this reaches a certain stage, fertile "whorls", i.e. the 

cap, start forming*. At this stage, the nucleus starts dividing 

in the rhizoid and a cytoplasmic streaming takes place, transporting 

the secondary nuclei and the stalk cytoplasm into the now fully-grown 

cap. After a certain period the spores (cysts) are formed* After 

a resting period, gametes are produced whioh fuse and form the 

zygote.

The important finding by Hammerling (l93l) that the alga 

is uninuclear, and that the nucleus is located in the rhizoid «'during 

the vegetative phase, made it possible to develop techniques for 

amputation and other operations on the alga. It was found that on 

a 2 cm*long sample at the time of enucleation it was capable of 

continuing the growth of the stalk, forming whorls and finally 

producing a cap (Hammerling, 1932). Various people have reviewed 

this type of work and other manipulations carried out on the 

alga (Schweiger, 1969; Keck, 1964» Brachet and Bonotto, 1970).

Aoetabularia has been studied biochemically, mainly 

to see whether or not there are .any differences between nucleate- 

and enucleate cells, and if there are, which parts of the metabolism 

are concerned. Very few chemical studies oa the carbohydrates 

present in Aoetabularia have been done. Claiuss and Keck (1959) 

found that the ethanol extrasct of Acetabular:!a mediterranea 

contained fructose, glucose, sucrose and six other ketose-coLitaining
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oligosaccharides which they postulated were fruetans, heoause 

du Me-rac (1953, 1955) had shown that the reserve polysaccharide 

was a fructan. X-ray powder photographs and a rotation of -39° 

indicated that the fructan was probably of the Inulin type.

Studies of the growth zone of A « me di te rranea $ combined

with histochemical studies, indicated that part of the oellwall

was composed of anionic polysaccharides, probably of the polyuronide

type (Wertz, I960). , Culture experiments involving incorporation of 
3b8 into the alga suggested that sulphate esters were present,in 

the oellwall, probably as sulphate-containing polysaccharides 

(Clause, 1961).

Z^che. ( 1967) studied the composition of the oellwall 

of caps and stalks separately. These were extracted first with 

acetone, followed by O.IM sodium dssoxycholate. The residue was 

hydrolysed and analysed by paper chromatography. It was found 

that cap and stalk contained various proportions of the carbohydrates. 

Galactose, glucose and’mannose were the main sugars in both, caps 

and stalks, but rhamnose and traces of xylose were only found in 

the hydrolysate from the caps.

The oellwall itself, from A.calyculus was thought by 

Iriki and Mi va (i960) to be a mannan with -50.6 (C =* 1.54 in

50^ ZnClg). Periodate oxidation suggested a (1 4 4) linked mannan 
with an average chainlength of 16. No further studies concerning 

the structure of the carbohydrates in AcetabuLaria sp.have to the

author's knowledge been carried out.
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EXPERIMENTAL
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Aoetabularia crenulata (identified by the Marine 

Biological Station at Discovery Bay, Jamaica, West Indies) 

was obtained from various shores on Jamaica. Batch I was 

collected around Christmas I968, Batch II ih."March I969 and 

Batch III in September 1969« The alga was contaminated with 

other algae and sand, and after their removal and separation of 

the alga into caps and stalks, the following amiounts were 

available for analysis:

TABLE I

Stalk Cap
Batch I 2.1 g 6 .9 g
Batch II 9.5 g 24.5 g
Batch III 8 g 11 g

As Zetsche (196T) had found a difference in the carbohydrates

present in the oellwall of caps and stalks, it was decided to

investigate.the two parts of the alga separately.

Extraction of the alga» The caps and stalks were

separately ground to a fine powder in a mortar in liquid nitrogen,

transferred to a'Soxhlet apparatus and successively extracted with

I Light petroleum (%p ), II Benzene^ III Chloroform. Each

extraction was repeated until the extract was colourless. The

purpose of this pretreatment was to remove chlorophyll, lipids

and other coloured material, which in a preliminary experiment

had been found to interfere in paper chromatography of components
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soluble in Bcfo ethanol, ‘All these extracts were discarded,

Ihe pretreated alga was than extracted as follows:

(a) With" 80yS ethanol, refliixing for 3 periods of 60 minutes each,

(h) The residue from (a) was exhaustively extracted with cold 

water for several hours,

(c) This was followed by exhaustive hot water extractions (90°C).

(d) The residue from (c) was extracted with 4^ sodium hydroxide 

at room temperature undac* a :nitrogen atmosphere for four hourst

(e) This was followed by an extraction with 20fo sodium hydroxide 

at ?0^C under a nitrogen atmosphere for nine hours,

(f) After washing free from alkali, part of the residue was 

hydrolysed with formic acid.

Extraction (a) was carried out on all batches of 

Acetabularia separately, but batch I and II were combined for 

extractions (b) to (f)* Extraction (b) was omitted for batch III, 

which was extracted first with hot 80^ athanol and then with hot 

water*

Determination of the carbohydrate and ketosa content in the various
fractions

The carbohydrate and ketosa content of the combined 80^ 

ethanol extracts were .measured. Preliminary studies showed that the 

water^oluble carbohydrates could be separated into neutral and 

charged materials which after separation were dialysed, freeze-dried 

and weighed* Extract (e) was purified and weighed. The amounts of

* HydolyC'is showed the presence of galactose, mannoss and rhamnose.
No further studies were carried out on this fraction.
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the various types of carbohydrates in the alga are 

summarised in Table II.

The samples of alga collected in Jamaica were 

highly calcified and the extent of calcification was estimated 

by two methods.

(a) 5,00 ml 1.0 was added to 211.9 mg of

calcified whole Acetabularia cells and the mixture set aside 

until evolution of carbon dioxide had ceased. The amount of 

sulphuric acid left was then determined by titration with 

K-HaOH (3,58 ml) i.e. 1.42 ml 1.0 N-NgSO. was used to release 
carbon dioxide from the calcium carbonate deposited on the alga. 

This is equivalent to I40 mg calcium carbonate. Therefore the 

amount of calcium carbonate deposited on the alga is ca.65^

of the total dry weight*

(b) The calcified whole alga, 133*3 mg, was covered 

with 4*274 g N-sulphuric acid. This was left in the refriger­

ator and weighed at intervals. When the weight was constant, 

carbon dioxide, equivalent to 66 mg calcium carbonate had 

evolved. A control to correct for any evaporation of water 

containing the same amount of acid was set up. •The content of 

calcium carbonate was found to be $0^ by this method.
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TABLE II

Total carbohydrate and ketosa content present 
in the different fractions of the alga.
(as percentage of the dry weight of the alga*)

Fraction Stalk Cap

"80^ Ethanol extract
Carbohydrate content 0.8# 2.6#
Ketose content 0.7# 0.9#

Cold water extract
Neutral polysaccharide 0.08# 0.?#'
Sulphated polysaccharide 0.46# 1*5#

Hot water extract
Neutral polysaccharide 0.4# 10.3#
Sulphated polysaccharide 0.8# 1.6#

20^ NaOH extract 0.95# 1.1#

* If based on non-oalcified alga, these percentages 
would be at least doubled*

Low molecular weight fraction

Preliminary studies involving paper chromatography

in solvents A,B and B, and location with reagents 1,2,5 and 
p.27

D,/indieated, in addition to sugars and alcohols, the presence 

of inorganic salts and amino acids, and also the presence of 

oligo-ketoses. The charged compounds were removed by 

passing the concentrated extracts-. - successively through 

columns consisting of Amber 11 te IR 120(H^) (l7 x 2 cm ) and
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Araberlite IE 45(HG00***) (20 x 2 cjn;), and elution with water.

The carbohydrate and ketose contents of these derived neutral 

extracts were measured (see Table IX )•

The neutral extracts were separated into monosaccK- 

arides and oligosaccharides by preparative paper chromatography 

on Whatman N0.3MM paper, using solvent A.

The following components were separated and characterised.'

B-Glucose. This had the same chromatographic mobility

as authentic glucose in several solvent systems and was confirmed

with the glueose-oxidase spray.

B-Fructose. The paperchromat^ mobility was the

same as that of authentic fructose, and it gave a blue colour

with spray 2. The crystalline 2,3%4,5-di-0-i80propylidene

derivative was prepared and had mp and mixed mp 9 3 - 9 5 (Cadette

ad, 1952).(Major component^.

Allulose This sugar had R  ̂ ..values of 1-45  ....    ” glucose
(solvent B) , 1.74 (solvent A) and 1.31 (solvent B). ^o^xucose 

in borate buffer, 3000? for 1 hour was 0,76. These values were 

identical to those of an authentic sample of allulose. This 

allulose was isolated from the leaves of Itea vir^niana (kindly 

supplied by the University of London's Botanical Supply Unit), 

and was purified by the method of Hough and Stacey,(1963).

This is the only known natural source of allulose.

G.l.c. of the trimethylsilyl derivatives of the 

unknown and of the authentic material both gave three peaks with
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identical retention times on column 3 at 175 0̂ ; 1*74 (strong)

1*93 (weak) 2.0 (strong). On column 4» under the same conditions,

they each gave a single peak with retention time I.46.

Myo-Inositol An alcohol with the same chromatographic

mobility as myo-inositol in solvents A,B and D, was separated.

When analysed by g.l.c. as the trimethylsilyl derivative on

column 4» both the unknown and the myo^inositol gave a single

peak, T * 4*55*

Unknown alcohol When the total neutral extract was

left, crystals formed. These had a mp. of 262-263^0 and

R - 1.40 (solvent A). The melting point was net depressedglucose ' * ®
by mixing with authentic al.lp-<îuercitol (1,2,3,4/5)* Due to 

lack of more weed, further studies on this were not possible, 

Ketose-containing oligomers.

Of these, the fastest moving compound, ran like 

authentic sucrose in all paper chromâtography solvents. The. 

syrup obtained, after separation and purification, was non­

reducing and gave on hydrolysis with oxalici.,a,cid glucose and 

fructose in equal quantities.

The lower oligo-ketoses were separated by preparative 

paper chromatography in solvent .B, Ibieir respective &UIC/X v/Ow

values were ( see Table ÎIï)t
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•TABLE III 

A B D

Compound:
0.47 ' 0.61 0 .72

^4 ' 0.22 0 .40 0.53

0.10 0.26 0 .39

^6 0 .04 0 .14 0 .30

* The oligoosaccharides are given the symbols
etc, according to the number of sugar 

units present.

A slower moving fraction contained higher homologues 

of the same type of oligosaccharides. This mixture was chromato­

graphed in solvent B with as reference compound. After 19 

days the paper chromatogram was taken out of the tank and oligo­

mers up to had separated» As had been used as a 

reference compound and the value for this had been found 

previously, the R values of the higher oligomers could be ► 

calculated.

The formula log ( l/R. - 1) was applied to this 

series (Bate-Smith and V/estall, 1950)« WhennR^ was plotted 

against the assumed BP, a straight line was obtained (Pig.2 )

indicating;that the compounds form a true homologous series.
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Aliquots of F^, and Fg were hydrolysed with

oxalic acid* The syrup^sgave glucose and fructose upon

paper chromatography. The amount of fructose relative to

glucose increased from F. to P.,3 6

Méthylation of P. and F^.

These two oligosaccharides were separately methylated

by one Haworth and two PFùrdie procedures (Hirst and Percival, 

1963Î a) and b)). After hydrolysis with oxalic acid, the 

resultant syrup when chromatographed in solvent S spray 2, 

revealed two ketose-containing components. R^^-0,62 (A) and 

0.86 (b). These compounds were separated by preparative paper
' 4
chromatography and an aliquot of each was converted into the 

methyl glycosides and analysed by g.l.c. Column 1 and 2 

were used at 179^C. Compound (a ) gave peaks with the 

retention time of those given by me thy 1,3 $ 4 $ 6-tr i-̂ O-me thy 1- 

fructofuranosides and compound (b ) peaks corresponding to 

those given by methyl l,3,4»6-»tetra-^-methyl~fructofuranosides 

and methyl 2,3,4i.^-tetra-O-methyl-glucopyranosideB (Table IV).



48
TABLE IV ^

C ompound Column 1 Column 2

Me thy1 3,4,6-t ri-O-me thyl- 
frue10 furanos i de

0.99
1.88

1.49
2.13

0.92 1.07 ' 
1.27 1.53

Methyl 1,3,4,6-tetra-O-niethyl- 
fruotofurano ai de (l.OO)* 1.27 (l.OO) 1.19

Methyl 2,3,4,6-tetra-O-methy1-
glucopyranoside (TMG) (l.OO) 1.40 (1.00) 1.35

^ T-value8 are relative to methyl-2,3,4,6-tetra-O-methy1-p-D- 
glucopyranoside (TMG)

* Retention times in parenthesis correspond to incompletely 
resolved peaks.

Another aliquot of compound (à) was subjected to 

electrophoresis in borate buffer at 3000 V for 2 hours. 1,3,4-Tri- 

0-methylfructcfuranose and 3,4»6— tfi-O-methylfructofuranose were 

run at the same time. (Tetramethylglucose and glucose were used 

as markers). The 1*3,4-trimethyl derivative does not move, 

as no completing with the borate is possible, whereas the 3,4,6- 

derivativss have- free hydroxyl groups at and available for 

complex-formation and therefore moves under the described conditions, 

of electrophoresis. The tri-0~methyl fructose.isolated, moved to 

the same extent as the authentic 3,4,6-tri-O-methylfructofuranose,
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thus confirming the results from the g.l.c. analysis, that the 

tri-O-methylPfructose is 3,4,6-tri-O-methylofructofuranose

(Mg « 0.52).'
Discussion

Ethanolic extracts from both caps and stalk of Acetabularia 

crenulates were separately investigated. Neutral fractions, 

obtained after i-emoving amino acids, inorganic salts and other 

charged compounds by ion-exchangers, contained monosaccharides, alcohols 

and oligosaccharides.

The following:monosaccharideB were identified: Allulose,

D-glucose and D^fructose (p. 43 )• This is the second natural source

where allulose has been detected, the first being in Itea sp.(Hough 

and Stacey, The alcohol myo-inositol, was shown to be present •

and another alcohol was tentatively identified as allo-quercitol.

A homologous series of non-reducing oligofruetana of the 

Inulin-type was also preserît, in both caps and stalks. The presence 

of 3,4,6-tri-0-methylfrücto88, 1,3,4,6-tetra-O-raethylfructOBe and 

2,3,4,6 tetra-O-methylglucose after méthylation of and (p. 47 )

proved that the fructofuranose residues were (2 1) linked and a

gluoopyranose residue was present at the potential reducing end.

When log ( :̂ - 1) was plotted against DP of the oligofructans, a

straight line was obtained (fig, 2 p. 46 ) confirming the

presence of a true homologous series*
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FRUCTAN
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Introduction

Fr^ctans are widely distributed throughout the 

plant kingdom* Among land plants they are mainly found in. 

the Graminaceae and CR%positae families, where they are .known 

to act as reserve carbohydrates either alone or with starch.

Among the algae, fruetan has been found only in the Chlorophyceae,

All known f rue tans contain D-fructo^furanose.- residues 

11 liked either (2-»l) or (2->6) to other D-fruotofuranose- residues. 

Most of them terminate with (2 l) linkage to 2̂ -glu.copyranose at 

the potential reducing end, and are non-reducing polysaccharides.

Three main types can be found:

1, Inulin - containing (2 ^ l) linked p-D—fructofuranose residues.

2* Levan - containing (2 * 6) linked p-B'-fr.uctofuranose residues,

3. High3.y branched fruetans - containing both types of linkages*

' Inulin has been found in Dahlia and Jerusalem artichoke 

tubers (Hirst ^  ̂ »1950)* Méthylation of the dahlia Inulin. gave 

3,4,6-tri-O-mst.hyl-^fructose as the main product, showing that 

this fructan is,(2 -» l) linked. Du Merac (1953) reported high 

molecular weight Inulin in the algae, .Acetabularia mediterranea 

and Batophora oerstadi, whereas lower molecular weight "Inulin" 

was found in other species of the order Dasycladales (du Merac, 1956). 

Her characterisation was based on the optical rotation of this 

"Inulin" found to be ~39̂ ». and the presence of fructose in a 

hydrolysate of tiie polysaccharide.



Recently fructane of the Inulin type have been . 

found in various species of the Cladophorales and in some 

Rhisocloni'um species (Percival and Young, I97I), All these 

algae contain a homologous series of linear oligofructans 

containing (2 l) linked fructofuranose'.'residues attached to 

the fructose moiety of sucrose.

The levan type is mainly found in grasses. It 

consists mainly of linear chains of 20-30 units terminating 

in sucrose molecules. It is possible that some grass levans 

contain single branch points (Bell and Palmer, 1952). The 

levans from bacteria are probably far more branched than those 

of plants, and have a much higher molecular weight (Bell an.d 

Dedonder, 1954)« The branch point was found to be at the 1-position, 

Highly branched fructana are mainly found in cereals 

and plants (Schlubach, I96I). They also terminate in a sucrose 

unit, Montgomery and Smith (1957) studied the fructan from the 

wheat endosperm and proposed the following structure, (The 

distribution between(2 ^ l) and (2 6) linkages has so far not

been determine

Pruf(2 :.^6)Fruf(2 ^ 6)Pruf(2 -^6)Pruf(2 y^6)Fruf(2 ^.l)Glup 
1 1 
Î t
2 2

Fruf Fruf
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Experimental

The mixture of polysaccharides obtained after 

dialysis and freesedrying of the cold and hot water extracts 

of the stalks and caps of Acetabularia (see p. 40 ) contained

both neutral and acidic polysaccharides.

TABLE V,

Total weight of water soluble polysaccharides (crude), 
from 11.6 g and 31*4 g respectively.

Stalks Gaps

Cold water soluble 100 mg ll80 mg
Hot water soluble 225 mg 6100 mg

The dialysable fraction

During dialysis of the water extract, carbohydrates 

passed through the dialysis sac. After the dialysate had been 

deionised with'biodeminrolit—resin in carbonate form, the 

carbohydrate fraction obtained after precipitation with ethanol, 

gave on hydrolysis mainly fructose with a trace of glucose..

The ratio between glucose and fructose was determined by measuring 

the total carbohydrate content and the total fructose content and 

was found to be 1:33*

■Attempted separation of the polysaccharides using Sephadex G*75*

A column of Sepliadex G.75 (2 x 58 cm.) in O.5 M sodium 

sulphate was made* The void, volume was 55 determined by 

passing Blue Dextrandown the column. The total exclusion volume



54

was 185 ml determined by passing sucrose through the column.

10 mg of the cap polysaccharide was applied to the 

top of the column and eluted with 0 .5 M sodium sulphate.

Fractions of 1 ml were collected and tested for carbohydrate 

and ketose (Forsythe, 1948). The main peak came off just after 

the void volume. The first 13 fractions, (the main peak (S'}}) did 

not appear to contain ketose. The second peak (F^), fractions 

19-4 0 , gave a positive ketose test. The carbohydrate content of 

the two peaks was 5*3 mg and 2 mg respectively. After dialysis

against distilled water, the two fractions F,̂ and were hydrolysed.

Paper chromatography In solvent A-and D gave for F. the following 

sugars when developed with spray l)î Glucuronic acid, galactose, 

xylose and rhamnose and some oligosaccharides* Spray 2) revealed 

the presence of fructose in this fraction. F^ gave mainly fructose 

with a trace of glucose.

As fructose ms present in F^, this method of fractionation 

of the polysaccharides was not satisfactory, but this experiment 

indicated a possible'upper molecular weight of the fructan of 50,000, 

if one can apply the same rules to the fructans as to dextrans,

A preliminary experiment using Bephadex 0,50 showed that all of the 

polysaccharide applied to the column was excluded from it, indicating 

a lower molecular weight of the fructan of 10.000.
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Separation by PEAS - cellulose column

The column was prepared as described in general methods* (p.29) 

After application of a solution of the polysaccharides to the top 

of the column., the neutral fraction was eluted with deionised 

water, and in this experiment, followed by elution of the acidic 

polysaccharide with. 1 M potassium chloride* The neutral polysacch­

aride was isolated by precipitation with 80^ ethanol after concen­

tration of the oluates, and the acidic polysaccharide was freeze- 

dried after dialysis.

TABLE VI

Weight of polysaccharides obtained from batbh.I-.andiII
Stalk Cap

"  ______Gold ' Hot Cold Hot
Neutral polysaccharide 8 mg 44 mg 365 mg 3200 mg
Acidic polysaccharide 55 mg 89 mg 290 mg 500 mg

Examination of the neutral fraction

Hydrolysis, followed by paper chromatography of all 

four neutral fractions gave fructose as the main sugar, with traces 

of glucose. The amount of glucose relative to fructose appeared 

to be greater in the fractions from, the stalk than in those front 

the cap* Iodine test for starch was negative. As there was too 

little material available from the stalks, no further studies were 

carried out on this fraction.
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The fructan from the caps«

The fructan [a]_ - 36.3° (c, 0,5 in H^O) was hydrolysed 
with oxalic acid and analysed by paper chromatography using 
solvents A and B. When developed with spray 2, one blue spot 
with the same mobility as fructose was visible. Spray 1 showed 
the presence of glucose. The latter was confirmed with glucose- 
oxidase spray. The fructose obtained after hydrolysis was. purified 
by preparative paper chromatography and identified as its 2,3-4,5~ 
di-0«-iso-propylidena derivative, mp and mixed mp 93-95°G,

The average ratio between glucose and fructose determined 

by measuring the total carbohydrate content and the total fructose 
content, was found to be approximately 1:61,
Infrared spectrum of the fructan in a KBr disc in a Unicam SPIOOO 

Infrared Spectrophotometer gave bands at 930, 8yO and 815 (c#

(see fig. 3 ) which is characteristic for a spectrum of Inulin

(Verstraeten, I964).

Méthylation of the fructan was.carried out as for the oligofructans 
described on p. ’ 47 . Analysis of the methylated fructan gave 
identical methyl sugars to those obtained from the oligofructans.

The 3,4,6—tri-O-methylofructose was present in a relatively greater 

amount.
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M s  eus s ion

The neutral water—soluble polysaccharides, both 

from caps and stalks, seems to be a fructan. It has previously 

been reported that starch j^amyloplasts have been observed in the 

chloroplasts of Acetabularia mediterranea (Shephard 1970), but no 

positive starch test was obtained on the present samples. If any 

starch is present, it might be in such small quantities that it 

would be difficult to detect. It is proposed that the higher 

ratio of glucose to fructose in the fructan from the stalk, than 

in that from the caps, may indicate that there is some glucan in 

this fraction, or it may be that the fructan in the stalks has a 

relatively smaller molecular weight than that of the cap fructan.

The optical rotation of the fructan from the caps,

[a]^ » —36.3°, is in quite good agreement with what has previously 

been reported for Inulin ( -39^, du Merac, 1953), Méthylation 

studies and the infrared spectrum of the polysaccharide, both 

confirmed that this fructan is of the Inulin type, i.e, linear 

(2 4 1} linked fructo-furanos’ï units terminating in a molecule of 

sucrose. This agrees with du Merac * s conclusions after comparison 

of X-ray powder photographs of her fructan with authentic Inulin.

The average molecular size of t.ie fructan elùtedi from the dialysis 

sao was found to consist of 33 units, while that remaining inside 

the dialysis sac had approximately 62 units per molecule. The 

results obtained by gelfiltratior of the latter, indicate a



polydxsparoe polysaccharide with a lower molecular weight of

10.000 (i.e, 62 units per chain) and an upper limit of about

50.000 (i.e. 300 units per chain).

H O ^ Ç  / O

H O H 0Ç ^ 0

V ÏÎ number of fructo* 

furano s e uni ts•

Formula of Inulin
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ACIDIC POLYSACCHARIDES
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55 mg

89 mg

290 mg 

500 rag

Experimental

The following sulphated polysaccharides obtained earlier 

(p. 40 ) were now subjected to structural studies.

Cold water soluble polysaccharide - stalk (CS)

Hot " " " " (HS)

Gold " » " cape (CC)

Hot " » " » (HC)

General properties of the different extracts

The optical rotations, the carbohydrate contents (calculated 

from a galactose-graph), the sulphate and uronic acid content of the 

four polysaccharides were measured (Table l) and the protein content 

of the HC fraction calculated from the nitrogen content (determined 

by Alfred Bernhard’s laboratory), is given.

TABLE I

[“Id Carbohydrate
content

Sulphate
content

Uronic acid 
content Protein

CS -14.8° 54f. 24.3#
cpc carbazole

4 .0# —

HS -13.6° , Î5f» 17.6# 5.0# —

CC -4.5* " 57# 27.8# 7.6# -

HC — 13* 8 56.5# 21.3# 6.8# — 7.7#

All results bared on the freezedried weight of the 
polysaccharides.
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Characterisation of the sugars present.

Hydrolysis (a.)

Preliminary hydrolysis with formic acid and paperchromat- 

ography of aliquots of these polysaccharides (5 mg) indicated that 

the same sugars were present in each, but in different proportions.

(t)

The cold water extract of caps (lOO mg CC) was hydrolysed 

with formic acid and the derived syrup was subjected to preparative 

electrophoresis in buffer (a) (3OOO V, 25.mA, 2 hours) The compounds 
present were located by spraying guidestrips with spray (l). Glucuronic 

acid was used as a reference compound with glucose as endosraotic 
marker. Four bands were obtained. Three moved under the described 

conditions and had M  ̂« 1,06(1)5 0.87(2); 0,69(3); respectively
g x C A

and ,4one band (4) remained at the starting line.
Separation of acidic and neutral fractions
wwiwu'WCl."'minim.Mi l w u iL. iuMi»

The four bands were eluted off the paper with deionised 
water and the eluate filtered through Millipore filter (pore size 25/^) 
The following amounts were obtained; (I) - 5 (2) 5 (3) 10 mg;

(4) 35 mg'
Each of the charged fractions was tested for sulphate 

(Ricketts £t al» 1959)» (1) was positive and (2) and (3) were
negative.

Separation, of the Acidic fractions.

Paper chromatography in solvent A, spray 1, revealed 
■compounds with the following mobilities:



63

Fraction 1; Spots with R ,^0; 0,13; 0.36; 0.89; 1*75gic
Fraction 2: Spots with R  ̂0,22; 0.92 (major) 1,61gic
Fraction 3: Spots with R  ̂ 0.33; 0.70; 0.92,

Fraction 1

Visual examination of the chromatogram indicated 

that the five constituents of this fraction were present in 

equal quantities, and that with contained sulphate

(tüfaidine blue spray).

Fraction 2

The major constituent (R 0.92) which had the 

chromatographic mobility of glucuronic acid (solvents A and C) 

was separated by preparative paperchromatography (solvent A).

Both it and standard glucuronic acid when subjected to electro­

phoresis in borate buffer gave 2 spots with 1.00 and O.76.

It was converted into the methylester-methylglycoside, and reduced 

with borohydride. After hydrolysis, paper chromatography of the 

products showed glucose (major) and glucuronic acid (trace)

(spray 2), A second paper sprayed with glucose oxidase gave a 

pink spot with identical mobility to that of glucose run as a 

control. G.l.c. of the derived TMS derivatives of the reduced 

material on column 3» gave a single peak with the same retention 

time (T, 2,54 ) as the first peak giVen by a standard

glucose, but the second peak given by glucose (T, 4*55) was 

absent.



Fraction 3
These thm-æcomponents were separated, and purified 

by preparative paper chromâtography in solvent A* Hydrolysis 

of aliquots indicated that these compounds were oligo-uronic 
acids and will be dealt with later (p. 77 ).

Separation of the neutral fraction (fraction 4)»

Paper chromatography (solvent A) revealed four 

compounds which were separated by preparative paper chromato­

graphy.

D-galactose. Paper chromatography showed the same mobility 

as authentic galactose in all solvents. It had = 4*58*

=> 0 ,3 (HgO) determined by the phenol-sulphuric acid method)
(Literature:D-galactose-[a]^ - +80^. The TMS derivatives of 

the sugar and the derived alcohol had identical retention times 

to those of standard galactose, T « 2.06 and 2,7» and galactitol,

T « 2.64 (column 3) run as control. The 2,4-dinitrophenylhydrazone 

derivative gave mp and mixed mp 117-118*0 (Dominguez, I951).
Xylose A syrup which had the same paper chromatographic mobility 

as authentic xylose in all solvent systems was obtained. When 

subjected to g.l.c. (column 3) as its TMS derivative, it had 

T = 1 .4 and 2.07 (Standard xylose T «-■ 1.43 and 2.07). The TMS 

derivative of the reduced sugar gave T == 1.00, identical to that 
of standard xylitol trimethylsilylether,
4-0-methyIgalactose. ' A sugar giving a brown colour when located 

by spray 1 had the following paperchromatographic mobilities^
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Solvent A, - 1,75; Solvent B - R . - 1,39; Solvent B, 1.42.

(üf. 4-0-taethyIgalactose —'R , 1.75; 1.39 » and 1,4.2 in the respectivegai
solvents). The TK8 derivative of the sugar had T - 1.66 and 1,87 (colman 

3) and that of the derived alcohol was 2,05, An aliquot on déméthylation 

(Bonner s_t ^  I960) gave only galactose.

Preparation of authentic 4-“ü~fnethylgalactose, a-Methyl 2,3»6-tri-O- 

benzoylgalactopyran'irde (kindly given to us by Br.Turvey, Bangor) was 

methylated after the method of Purdie ('Hirst and Peroival, I963). The 

methylated product was dissolved in anhydrous methanol, ammonia was 

passed through the solution for 45 niin, and then allowed to stand at 

0°C overnight, followed by evaporation to dryness (Thompson and W.rlfrom, 

1963), This residue was hydrolysed to get 4r2"^thylgalactose. 

L-Rhamnosa Paper chromâtograph;io mobility as authentic J^i’hamnose 

in ail solvents. The TMS derivatives of the sugars and the derived 

alcohol had'the same retention times as authentic samples (Rhamnose 

- T a 0.85 - 1*25) Ehamriitol - 1,45) oil column 3- [a]^.=»= +7«9°(C = 0.33)

H,.,0; determined by the phenol sulphuric acid method) Literature +8.9*̂ ,

The 2,4-d 1 nitrophenylhydrazone derivative had rap and mixed mp 165*̂  

(Dominguez, 1951)*

The Relative Molar Proportions of the Sugars in the four Extracts.

An aliquot (oa. 5 mg) of each of the four polysaccharides 

was hydrolysed with formic acid, and after reduction, the TP5S derivatives 

of the derived mixture of sugar alcohols were prepared, and analysed 

by g.l.c» on column 3. The amount present of each sugar was found by 

measuring the area under each peak and converted into the weight by
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reading the corresponding area on a standardgraph prepared under 

the same conditions (Table II) ,

TABLE II

OS H8 CC HC

Galactose 5.0 4.75 2.09 3.0
Xylose 2.0 1,0 0.59 0.55
4-0-methy1-galao t ose 0.2 0.55 0.59 55 "
Pharanose 1 1 1 ' 1
Glucuronic acid* 0.5 0.45 0.6 0 .7

* calculated from the uronic acid content Table I.

Due to lack of material, no further studies were carried

out on the polysaccharides from the stalks»

Gel Electrophoresis on the Hot Water Acidic Extract of the Caps (KC) 
(steward e t 1965)

a) Analy11c al go le le c trophoresis. ■ The hot water soluble acidic 

polysaccharide (ïïC) was subjected to analytical gelelectrophcresis 

(Shandon analytical polyacrylamide electrophoresis apparatus, model 

S.AS 2734) using tris-glycine buffer pH 8.3. One gel was stained with 

toluidine blue (I) for location of sulphated material (Ricketts et al, 

1954), one with Amide black (2) for location of protein and a third 

with “Stains all” (Serva) (3), which will stain any charged material 

present. The following patterns were observed^
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I glycoprotein
4/

sulphated 
polysaccharide

T  -

Brornophenolblue^used as 
marker*

b) Preparative gelelectrophoresis was performed in a Shandon 

preparative polyalcrylamide electrophoresis apparatus, model SAE 27& . 

using tri8-glycine buffer, pH 8.3* The polysaccharideCHC) (I5 mg) was 

applied to the top of the column, and fractions of two ml were collected. 

The absorption of every other tube was measured at 280 nm for location 

of protein. A protein fraction was obtained between tube 2 and 14 

after elution of the bromophenol blue applied as marker* The tubes 

were also tested for the presence of carbohydrate* Even after 160 

fractions had bean collected no carbohydrate had been eluted. The 

elution was stopped and the gel was removed from the tube, and washed 

with water. The washings gave a positive carbohydrate test, but even 

after dialysis of this solution, the polysaccharide was contaminated with 

some polyacrylamide.
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Attempted, desulphation of the Gold Water Acidic Extract of the Caps (CC) 

(Rees, I96I). ,

25*2 mg polysaccharide CC (p,6l ) was dissolved in $*0 ml water, 6 mg 

sodiumborohydride was added and this was allowed to stand at room 

temperature for 48 hr* 0*2 g .sodium hydroxide and 30 mg sodiur4}oro- 

hydride was added. The flask was loosely stoppered and kept at 8o'"C 

for 4 hr. 30 Tfig Godiumjborohydride was then added, and after 10 hours, 

the mixture was cooled, dialysed and freezedried. Weight of recovered 

material - 24*0 mg. Carbohydrate content 49*3̂ » sulphate content 24*0% 

uronic acid content 11*9^ (cpc method). As seen the ratio between 

carbohydrate content and sulphate content is almost the same, both 

before and after'alkali treatment (oa 2:1).

Further preparation of Acidic Polysaccharides from the Caps.

■ Caps (11 g), after extraction with hot 80^ ethanol, were 

extracted exhaustively with hot water on a steambath ( 5 times). The 

combined extracts were centrifuged, and the supernatant was dialysed, 

concentrated and freesadried (weight 1.8 g).

Fractionation of the Polysaccharide.

Portions of polysaccharide, ca.0,5 g> were applied to 

the top of a DFAE cellulose column in chloride from ( oa. 2.5 % 30 cm) 

and eluted successively with water, 0.3 M KCl, 0,5 M KCl and 1*0 M KCl 

(500 ml of each),' The following weights were obtained after dialysis 

and freezedrying:
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Water (fruct'an) 920 mg
0.3 % KCl 50 mg .
0.5 M KCl 105 mg
1.0 M KCl 310 mg

Hydrolysis of the four fractions showed that the first two fractions

contained mainly fructose and the latter two were devoid of fructose,

Ho further studies were carried out on the former. The latter two

fractions gave on hydrolysis the same sugars, but in different

proportions (visually on paper ohromatogramb).

0.5 M - galactose > glucuronic acid ̂ xylose=4~0-raethylcgalactose=rhamnose

1.0 M - galactose ̂ rhamnose - glucuronicacid xylos8=4--0-methylgalactose.

Analysis of the two fractions 0.5 M and 1,0 M.

The molecular ratios of the sugars in the two fractions 

was measured by two methods,

a) An aliquot (10 rag) of each polysaccharide was hydrolysed with formic 

acid, reduced with sodiunjborohydride, converted into the respective 

TMS derivatives sund analysed by g.l.c, on column 3. The relative 

amounts of sugars were determined as described on p . ,

b) The hydrolysates were paper chromatographed in solvent B, the areas 

corresponding to each sugar cut out, eluted with water, the eluàte

■ filtered through Millipore filter and the amount of sugar present 

in each determined by the phenol sulphuric acid method.

The results of these measurements are presented in Table III.
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TABLE III,

0.5 1.0 M
a b average a b • average 1.0]

Galactose 3.50 3.40 3 .5 ■ 1.25 1.05 1.15 1.3
Xylose 0.42 0 .6 0 .5 0.13 0.16 0.14
4—0—me thy1— 

Galactose 0.40 0.65 0 .5 0.1 0.1 ■ 0.1 ...

Rhamnose 1 1 1.0 1 1 1 1.0
Glucuronic acid* 1,1 0 .9 0.3

* calculated from the uronic acid content of the polysac'ciiarides, Table IV,

The specific rotations, carbohydrate,protein,sulphate and uronic acid 

contents are given in Table IV.

[a]B

TABLE IV.

Carbo­
hydrate Protein -Sulphate

Uronic acid 
Carbazole cpc,

0.5 M -21:6^

1.0 M -6.8"

32.4? 20^ 6.5^ 

4.7^ . 27^

5.7^

13.3?̂

5.1%
10.2^

Investigation of the 0.5 M Fraction

Méthylation and Identification of the Derived Methylated Sugars« 

The polysaccharide 0.5 M (15 mg) was subjected to 

méthylation after the modified Hakomori method. After this méthylation 

one spot was obtained upon analysis of the methylated polysaccharide 

by TLC, solvent G, which indicated a fully methylated polysaccharide 

(Hammer, 1970). The methylated polysaccharide was hydrolysed with 

formic acid, and the derived hydrolysate subjected to paper chromatc-
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graphy in solvent B, and. the compounds detected with spray 1. Free 

galactose was detected in addition to several compounds with 

0.25, 0.29, 0.43, 0.52, 0.59, 0.68, 0.80 (major) 0.93, I.03. The Rg 

of Rhamnose is O.29.
One half of the hydrolysate was converted into the

corresponding methylgfycosides and the other half converted into the
and 2

alditol acetates. Both were analysed by g.l.c., columns l/at 175 C

and column 5 at 156^0. The results are presented in Table V.

Investigation of the 1.0 M Fraction
Besulphation by methanolic-hydrogewh 1 oride (Kantor and Schubert, 19.57)

a) Preliminary Experiment. The polysaccharide 1.0 M fraction (25 mg) 

(carbohydrate content 53»5? sulphate Z'jfc) was shaken for 48 hours at room 

temperature with Ô.08 M methanolic-hydrogerachloride (5 ml). Undissolved 
material was centrifuged off and washed with methanol and ether.

The supernatant was hydrolysed, and paper chromâtography revealed 

rhamnose as the major compound. The insoluble material (l.O M - S) 

was dissolved in water and freezedried (Yield I5 mg. Found: carbohydrate 

content 73*5, sulphate 6.4; uronic acid 9*35^)* The loss of ca,rbo- 

hydrate by this treatment is calculated to be 2 mg (i.e. 15̂ )•

b) Large scale desulphation., Preezedrled polysaccharide (97<*5 mg) 

was shaken with O.O8 M me thanol ic hy:irogenchloride, 20 ml. The 

insoluble material (l.O M-S) was recovered as previously described.

(Yield 53*3 mg Pound: carbohydrate content 88; sulphate 6.9;

uronic acid 10»6), The ratio of glucuronic acid: rhamnose: galactose 

in this polysaccharide (l.O M~S) ia given In Table III (p. 70 )
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Infrared spectra before and after Desulphation of l.OM Polysaccharide•

Infrared spectra were taken of the two polysaccharides 

separately in a KBr disc, using Unicam SPIOOO Infrared Spectrophotometer, 

Polysaccharide l.OM gave a broad band at I24O cm , another at 85O cm 

and a weaker at 820 cm \  The spectrum of 1,0M-S gave a very small 

band at I24O cm and the one at 85O cm had almost disappeared. 

Méthylation of the Beeulphated Pclysaocharide ( 1.0 M--S),

Identification of the derived Methylated sugars. .

The méthylation and analysis of the derived methylated 

sugars were carried out as described for the 0,5 M fraction p. 70 

The methylated sugars were mainly the same, but evidence for the 

galactose and 2-*0“methyIxylose was not obtained. The proportions 

cf the methylated sugars were different from those' of the 0,5 M fraction. 

Periodate Oxidation Studies on the 0,5 M, 1.0 M and l.OM-S polysaccharides. 

1 .Each of the polysaccharides were dissolved separately in

0,2 M acetate buffer, pH 3*6. An excess of sodium metamperiodate 

(see Table VI) was added to all three solutions, and the reaction 

was carried out in the dark at room temperature. The reduction 

of periodate was measured at intervals. An aliquot ^0,1 ml) of each 

solution was removed and diluted to 100 ml with deionised water 

before reading the optical density at 223 nm against a waterblank 

(Aspinall and Farrier, 1957). The amount of periodate reduced 

was found from a calibration graph obtained by reading the optical 

densities of identical dilutions of equimolar solutions of sodium



metaCpeciodate and sodium iodate respectively. The respective 

amounts of sodium meta;'periodate and sodium iodate for these graphs . 

ware identical to those used for the periodate oxidation of the 

polysaccharides. - ,

The reactions were stopped after 24 hours by the addition 

of an excess of ethylerv^glycol (l.O ml). This was allowed to stand 

for two hours. After dialysis, the polyaldehydes were reduced to 

the respective polyalcohols by addition of potassium borohydride 

(20 mg). After 10 hours, excess borohydride was destroyed by 

adjusting the pH to 7.O by addition of acetic acid, and the solutiuus 
were dialysed over̂ -night. After concentration, the polyalcohols 

were freezedried and redissolvad in 10.00 ml water, the carbohydrate ■ 

contents of the polyalcohols were measured, and based on the loss of 

carbohydrate, the theoretio4.reduction of periodate per Cg-anhydro unit 

was calculated (i.e. if 1 mole 10. was reduced per cleaved anhydre 

unit (Table Vl), The polyalcohols were freeaedried again.

TABLE VI

1.0' M-S0 .5 M 1.0 M
7*4 mg 16.4 mg

(0.046 mM) (0 .1 mît)
21.4 mg 53.5 mg
(0 .1 m3-l) (0.25 mM)

25 ml 25 ml
5*1 mg 12 mg

Starting material ) 7*4 zag 16.4 mg 16,7 mg
wt. carbohydrate ) (O.O46 niM) (O.l mil) (O.l roJî)
Halo, added 21.4 mg 53.5 mg 53*5 mg

(0.25 mlÆ)
Buffer, volume 25 ml 25 ml 25 ml
Recovered carbohydrate 5*1 mg 12 mg 11 mg
Theoretic reduction of 10 O.3O 10^/C^ 0.27 lÔ ŷ Ĝ  0.34 1'^^/*^5

Experimentally found reduction 0.25 ” 0.52 " 0,52 "



Analysis of the polyaloohols from the three pol.yalcohols,

a) Polyalconol 0.5 %. This m s  hydrolysed and-examined by thin

layer chromatography (TLG) as for the other two polyalcohols (p.76 )

In this case glycerol was the major fragment followed by threitol

and a little glycolaldéhyde. No propyleneglycol could be detected.

The ratio of uncleaved neutral sugars in the hydrolysate determined
-method

by g.l.c.(a) and the phenolsulphuric acid/(b) (p. 69 ) are given

below (Table VII)
TABLE VII

Before oxidation After oxidation
* a b average a b average

Galactose 3.50 3.40- 3*50 6,0 5*65 5.8
Xylose 0.5 0.6 0.5 0.92 0.8 0.9
4-”0-riiethy Igalac t-

OBe 0.6 0 .5 0 .5 0.95 0.8 0.9
Rhamnose 1.0 1.0 1.0 1,0 1.0 1.0

b) Polyalcohols 1.0 M and 1.0 M-S

Complete hydrolysis, An aliquot of each polyalcohol was subjected 

to formic acid hydrolysis, and the resultant hydrolysate was analysed 

by paper chromatography in solvents A,C and D, No glucuronic acid or 

xylose could be detected. The main sugar left in both polyaloohols 

was galactose, with smaller amounts of rhamnose. The molar ratio 

between galactose and rhamnose was determined by g.l.c. and by the
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phenol sulphuric acid method (p. 69.. ) (Table VIÏl)

TABLE VIII

Rhamnose î Galactose

Polyalcohol from 1.0 M 1 : 1*5

Polyalcohol from 1.0 M-S 1 ' 2.0

G.l.c, analysis of the TMS derivatives of the reduced 

hydrolysate8 on column 3 at 164°C revealed small peaks with retention 

times relative to xylitol 1,0 of 0*71; 0.90; 0.97; 1*15; 1*98 in 

addition to the large peaks T ~ I»45 ajid 2.85, given by. rhamnitol 

and galactitol respectively. The peak 0.97 ie; probably due to 

iylitol and that of 1.98 to 4-0-methylgalactitol, Analysis at 155°0 

gave two additional peaks, with T = 0,47 and 0,65» The former corresponded 

to that given by authentic threitol.

Thin layer chromatography of the hydrolysate, solvent F, 

spray 7, revealed the presence of a tetri toi, glycerol and propylene­

glycol as the major alcohols. Glycolaldéhyde did not appear to be 

present in as large amounts as the alcohols, but some might have 

been lost on evaporation.

Mild acid hydrolysis Polyalcohol 1.0 M-S (5 nig) was dissolved in 

1 ml I N  and allowed to stand at room temperature for five

hours* After neutralisation with barium carbonate, the filtrate 

was evaporated to a small volume. Upon, addition of ethanol, no 

apparent precipitate was formed, indicating that the polysaccharide
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had Dsen extensively cleaved. Paper chromatography solvents A 

and B, showed the presence of threitol and glycerol in addition 

to small amounts of slower moving fragments. No free sugar could 

be detected.

Partial acid hydrolysis. The polysaccharide 1.0 M (200 mg) was

hydrolysed as previously (p, 62 ) and fraction 3» containing the 

oligouronic acids was eluted from the electrophoretogram* Paper 

chromatography (solvent A) gave three spots (3a, 3b and 3c) which 

were separated and purified. The yields, optical, rotations, 

chromatographic and electrophoretic mobilities and constituent 

sugars of each of these fractions are given in Table IX,

Degree of .polymerisation (Time 11, I960).

Small measured aliquots of 3a, 3b, and 3c were dissolved 

in water and subjected to this procedure.

Fraction 3a, From its chromatographic mobilities it was thought 

to be a tri sacchari de, consisting of either (a) G-lcUA .-Gal~Gal 

or (b) GlcUjI-GrlGUâ-Gal, Standard phenol-sulphuric acid graphs

were made of the. following synthetic mixtures l) GlcUA ;Gal - 1:2, 

2)edc5A-GlcUA-Gal*2:l 3) GlcUA. :Gal- 1:1. '

If (a) represents the structure then the aliquot contained 

41 mg of carbohydrate and it was calculated that the derived alcohol 

should correspond to 27,2 Ag of glucuronic acid and galactose.
It was found experimentally to be equal to 26 #g. If (b) represents
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the structure the aliquot contained 56 pig, whose corresponding 

diuronic acid alcohol should contain 38*9 A& of uronic acid. 

Experimentally the value obtained was 39 When calculated on

the basis of aldoijriuronic acid, the theoretical and experimental 

values were very different.

Fraction 3b, This oligosaccharide could be either on aldotriuronic 

acid, as in 3a or an aldohiuronic acid, 3b cannot be triuronic acid 

(a) as the calculated and experimental found carbohydrate content 

for the derived aldotriuronic acid alcohol were very different. 

Considering trisaccharide (b) the aliquot is equivalent to 37 mg 

which theoretically contained 25*3 diuronic acid. The experiment­

ally found value is 21 /ag. If 3b is an aldohiuronic acid, the 

amount present in the sample corresponds to 34 #g and this contains 

theoretically 17,7/gg glucuronic acid* The experimentally found 

amount is 20
Fraction 3o* This oligosaccharide had the chromatographic mobility 

of an aldohiuronic acid. If this is so, then the amount present in 

the unreduced aliquot is equivalent to 79 mg. This should theoretically 

contain 43 mg of glucuronic acid. The experimentally found value 

is 46 mg. . '

Structural studies of the oligouronic acids.

Chromât0graphic analysi s. The oligosaccharides were tested for 

the presence of (l 2) linkages by staining with the tri phenyl tetrar-
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solium reagent (Peingold e_t 1958) No colour was developed 

for 3cy indicating a (l 4 2) linkage between the two sugar units.

Both 3a and 3b gave pink colours with this reagent.

When development with ^phenylamine-aniline reagent 

(Harris and MaoViilliam̂ ,, 1954) 3a produced a bluish spot which 

could indicate (l 4 ) linkagè between the two sugars nearest 

the reducing end. The other two oligosaccharides gave brown and 

yellow colours respectively.

Reduction of the acidic moiety.

The three oligouronic acids (3a,3b and 3c) were converted 

into their respective methylesters - methylglycosides (Bollenback,

1963) followed by reduction of the acid to the corresponding sugar 

with potassium borohydride. An aliquot of each was hydrolysed and 

analysed by paper chromatography in solvent D and the sugars present 

located with spray 1, 3a and 3b gave glucose and galactose while 3o 

gave glucose and rhamnose.

Méthylation. An aliquot of the derived neutral oligosaccharides 

was each subjected to three Purdie méthylations. The allgosaccharides 

were dissolved in a small amount of methanol for the first méthylation. 

After the third méthylation, TLC was run of the derived product, solvent 

G. One spot occurred for each methylated oligosaccharide R^-0,4T;

0,75 and 0,65 respectively. After hydrolysis the mixtures were 

subjected to paper chromatography in solvents B and E (p. 27 ).



3a gave three spots, 3b and 3c gave two spots.

The taethylglycosides of the hydrolysed, methylated oligo­

saccharides were prepared and analysed by g.l.c, on columns 1 and 

2 (Table X).
TABLE X.

Retention times of
peaks obtained . Corresponding to

Col.1 Gol.l2 ■
3a 1.00 - 1.36 1,00 - 1.34 methyl 2,3,4,6-1etra-O-methyIgluc0sides

1.65 ~ 1, b'2 1.52 - 1.61 methyl 2,3,4 ,6-tetra-O-methylgala.cto-
sides

2.00-2.5-3.45-3.74
-4.14

1.77--2.01-
3.11* Unidentified peaks

3b 1.00 - 1.36 1.00 - 1.33 methyl 2,3 »4,6-1etra-O-methyIglucosides
1.65 - 1.82 1,51 - 1.61

5 .3 .

methyl 2,3,4,6-te tra-O-methylgalac 10-
sides

LÎ n identified pe ak

3 c 1.00 — 1*36 1.00 - 1.34 methyl 2,3,4,6-te tra-O-me thyIgluc 0 s i de s
1.76 0.75 me thyl 3,4~di-0-ine thy lOrharanos i de s
3.36 2.02 Unidentified peaks

* Tne g,l,c. was unfortunately stopped soon after this peak came off.

The results obtained for 3a and 3b indicated that 

hydrolysis had occurred during reduction and méthylation of these, 
as both tetra-O-oiethylglucose and tetra-O-methylgalactose were obtained. 
The product after reduction of 3a was checked by'paper chromatography 

and this revealed two spots, which indicate that a hydrolysis takes
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place during this reaction.

Méthylation after the method of Bishop and Perila (1961). Ca.l mg 

3a was suspended in 0.2 ml redistilled dimethylformamide, cooled 

to D^C before addition of 0.2 ml methyl iodide and 0.2 g silver 

oxide. This was shaken at O^C for 2-3 hr followed by 18̂ )20 hr at 

room temperature. After filtration and washing with chloroform, 

the combined filtrations and washings were evaporated under reduced 

pressure, hydrolysed and converted into the methylglycosides.

Ggi, 1 mg 3b was treated the same way, - The results obtained by g.l.c. 

analysis, col.1'and 2 are given in Table XI»

TABLE XI.
Retention times of
peaks obtained Corresponding to

Col.1 Col.2
1,75 - 1.90 1.50 -*• 1.62 methyl 2,3,4,6-tetra-O-methylgalacto-

sidea
■ methyl ester

2.32 - 3,00 1,75 - 2.20 methyl 2,3?4j-tri-O-glucaronosides
1.4,6-3.86^.15- 0.74-2.10-

4,40 • 2.44 Unidentified peaks

1.67 - 1.82 1,49 - 1.60 methyl 2,3,4,6-1e t ra-O-me thyIgalac t O"
sides

methyl ester
2.6 - 2.86 1,75 - 2.20 methyl 2,3,4-tri-0-glucuronosid.es.
3,96 - 4 .17 2.40 - 4 .7 Unidentified peaks
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Neutral oli.goaacchariden

The neutral fraction obtained (p.62 ) by electrophoreBis

showed the presence of oligosaccharides when paper chrornate,graphed 

in solvent Â (R . - 0.29(a) and 0.68 (B)), After preparative'gal
separation of these two areas, and analysis in solvents B and D,

(a ) gave one spot 0.23 and 0.17 respectively), and (B) gave

rise to three compounds? (R  ̂ — 0.18 and 0*12), (R ,-0.39  ̂ 1  ̂ gal • ■ 2 ' gal
and 0,43)* and (major) 0.p7 and 0,6l)f*

They each gave a red colour on a paper chromatogram when

sprayed with triphenyltétrazolium hydroxide (Peingold et a^? 1956) 

indicating the absence of ( 1 >4 2 ') ’ linkages, . When, treated with 

diphenylamins-anillne-rsagent (Harris and MacMilliam; , 1954) 

was the only one which gave blue colour,■ indicating that this might 

contain (l -» 4 ) linkage. No fur the,r evidence was obtained.

The four neuti-al oligosaccharides were separated and 

purified by preparative paper chromâtography in solvent B* The 

degree of polymerisation was measui'ed by the method of Time11 (i960), 

and gave the following results: A - 2.70, B^- 1*8, - 2.0, — 2.04

Formic acid hydrolysis of aliquots of the four oligo-

saccharides showed on paper chromatography the following coustituents:

A — Galactose, traces of xylose

B,}- Galactose, traces of xylose and rhamnose

Bp- Galactose, traces of xylose
B.,- Galactose, traces of xylose and 4-G-methylgalactose.

* (c'f ,1,6-liïik:ed'galactobiose, R „ -j-0,39 and 0.43)£a->-
** (cf* 1,3-linked. galaotobic-se, - 0.57 and 0.61)_______
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Discussion

Preparation of the acidic polysaocharide«

As mentioned on p 37 , Zetsche (1967) found different

proportions of sugars in by;ir-oiysates of stalks and caps, and due 

to this finding, the water soluble polysaccharides of Acetabularia 

were extracted from the caps and stalks separately. The 

extractions were carried out with, cold and hot water, and the 

sulphated polysaccharides were separated from the neutral fructan 

on a DEAFr-cellulose column (p. 5? ),

The four polysaccharides thus obtained, had a somewhat 

different negative specific .rotation, and they contained different
p. 61

proportions of sulphate and uronic acid. (Table ])), Acidic
also

polysaccharide was obtained/b^/ initial extractions of the alcohol 

extracted caps with hot water (p. 4O- ) and this was separated into

two fraction8 by consecutive elution of the DEAE cellulose column 

with 0 ,5 % KCl and 1.0 M KCl. The two fractions agiinhad different 

negative specific rotations, sulphate and uronic acid contents 

(Table IT, p. ?0 ) from the above four polysaccharides.

Nevertheless all six. fractions contain the same sugars 

namely: iK-glucuronic acid,-^galaotope, D-xj'-lose, d-G-metiiylgalactose

and L-rhaiTinoss, The glucuronic acid was identified by having the 

same chromatographic and electrophoretic mobilities as an authentic 

sample. When, reduced to the corresponding sugar, glucose was 

obtained, which was confirmed by glucose oxidase spray.
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The galactose present is believed to be D-galaotose 

as the optical rotation was-4-58"" (literature +80°), The 

amount of galactose present in the sample was measured by 

the phenols.ulphurio acid method, and one must allow for some 

experimental error in the measurements. If +58*̂  were the

exact value for the galactose, this could be a mixture cf ^  and 

L-galactose• (Literature L-galectose-[a]^== -73°). It was 

calculated that the D-galaotose in a sample of this specific 

'.rotation would account for 86^ of the mixture. Due to the 

high proportion calculated., and the fact that the 2,4-dinitro- 

phejw'ldracone was easily formed, it is considered that the 

galactose preeenct is only of the B-ccnfiguration, and the lower 

specific rotation ob-cained is due to experimental error*

This is the first time .f-O-methylgalactose has been 

reported as a oonetituent of a green algal polysaccharide.

Its identity was confirmed by déméthylation which gave galactose, 

and its papei- chroiriatograpbic mobilities and retention times by 

g.l.c. which were identical to those of a prepared standard sample 

of 4““0-raa thy igalac t ose.

The xylose was identified by its mobility on paper and 

g.l.c, chromatography and also by reduction to xylitol and 

analysis on g.l.c.

L-Rhamnose was characterised in the same way and also 

by the formation of the crystalline 2,4-d.initrophenylhydrazons,
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Analytical gel electropiioresis of the unfractionated hot water
 — in. I .........................   ■ r- i-nr-ii-ir-itr-ntiî lfrTii  ........

extract from the caps (p. 66 ) separated a major slow moving

band of sulphated polysaccharide and a small band cf fast moving 

material which appeared to comprise sulphated polysaccharide 

and protein. It is possible that this is s. sulphated glycoprotein 

but the quantity is certainly very small. An attempt to 

fractionate the two materials by prepa.rative gel electrophoresis 

was unsuccessful. The sulphated material appeared to react with 

the polyacrylamide gel and did not move in the electrical field 

applied to the column. It was only after extrusion of the gel 

and extraction with water that any carbohydrate could be recovered 

and even after dialysis this was contaminated with polyacrylamide.

Analysis for nitrogen on the hot water extract {''(*!'%■ 

protein), O.p M {2(J^ protein) and 1.0 M (protein showed that

most of the protein was concentrated in the 0.5 M fraction, 

confirming the presence of protein by the gel electrophoresis 

results, and also explains the low carbohydrate content of the 

0.3 M fraction (Table IV p. 70 ),

Relative moleciilar proportion of the sugars in the various 

extracts and fractions. These wore determined by g.l.c.

as the TMS derivatives of the derived alcohols by measuring the 

peak; areas and conversion into weights by reference to standard



graphs (see Table II, p* 66 ; and Table III p 70 ). In

order to test the accuracy of this technique the two fractions

0.5 M and 1.0 K, were also analysed by eluting from paper ,

chromatograms the areas corresponding to the sugars present in 

the respective hydrolysates and determining the amount present 

with phenol sulphuric acid. The two sets of results aie given 

in Table III and it can be seen that they are in reasonable 

agreement»

The proportions of glucuronic acid were obtained by

calculation from the percentage of uronic acid found by the

modified carbosole method or cpc method, and the total carbchy—
»

drate content of the polysaccharideb .

It can be seen (Tables II and III) that, there are large 

variations in the molar proportions of the sugars present in the 

different extracts, particularly in the proportions of galactose 

to rhamnose which varies from 5:1 in the cold extract of stalks 

to just over 1:1 i n. the 1,0 M fraction from tbs hot water.extract 

of the caps. Apart frcm the 0*5 M fraction the ratio of 

glucuronic acid to rhamnose is in the region cf 1:2, ■ The xylose, 

although on the whole a minor constituent, is present in greater 

proportion than the glucuronic acid in the hot extract of stalks. 

In the 1,0 M fraction of the caps, the material obtained in larges' 

amount, and therefore investigated most fully, the xylose is only
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pi'e!?eni; to the extent of I»4 parts in. 24 parts of total sugars. 

The 4-0-iüGthyl galactose is also a minor constituent arid 

appears to be present in largest proportions in the hot water 

extract from the caps.

Desulphation Since there was no reduction in sulphate relative 

to carbohydrate on treatment of the cold water extract (CC) with 

alkali, it can be deduced that the sulphate groups were not 

located on any carbon atom in. the sugar molcoule where there is 

trails free liydroxylgroups or on either C-3 or C—6 of galactose 

units where the C~6 or C-3 of the respective units carried free 

hydroxyl group, i.e. where 3 ,6-anhydride formation could occur 

on removal of sulphate.

Preliminary experiments with 0,08 M methanolic hydrogen 
/

chloride (p. '72 ) effected reduction of sulphate from 21% to 

6*4/^ with a loss of only 15^ of carbohydrate. Large scale 

deBulj>hation of this material gave a reduction of sulphate to 

6,97^ wi bh a 10^ loss of carbohydrate* Analysis cf the molar 

proportion of the sugars in the desulphated materials (Table III) 

showed a small reduction in the proportion of rhamnose. Only 

trace quantities of xylose and h-O-methyIgalactose could foe 

detected*

.Infra red examination of the 1,0 M fraction before and 

after desulphation confirmed these findings. A large band at

1240 cm characteristic for stretching vibration and a moderate 

Bifoed band at. 85O cm ‘ characteristic of axial sulphate was



present in the initial material, the former had been very much 

reduced, and the latter had virtually disappeared in the partially 

desulphated material* A small band at 820 cm ' indicative cf 

a sulphated primary hydroxyl group (Lloyd et I96Iy Lloyd and 

Dodgso2i,196l) apparently remained, unchanged, after desulphation.

From these results it may be deduced that a large 

proporlien of the sulphate groups siibatitute axial hydroxyl groups,

i.e. G “4 of gal act os cy and/or C-2 of L-rhsimnose (in IC conformation,) 

.and that a smaller proportion resistant to )%yd rolys is with me thanol ic 

hydrogerfohloride, are located cn C-6 of galactose units* It 

should be pointed out that the sulphate content (2'f%) of the 1.0 M

fraction is too high to be accommodated as monosalphated galactose*

It is therefore possible that a number of (l 3 ) linked galactose 

(see méthylation results p, 94 ) are disulphated at positions

and C-6, The possibility of a small proportion of (l y- 3 ) 

linked rhamnose sulphated cm C— 2 (cf. Peroival and Wold, 1964) is 

also indicated.

Periodate c.xidation (p. 73 ) The three polysaccharides 0*5 M,

1.0 M and. l.UM-S were each oubjected to periodate oxidation.

The reduction of periodate for the 0,5 M fraction was 

equivalent to 0,25 mol per C^- anhydro unit (Table VI, p, 74: )*

The calculated value, fram loss of carbohydrate, (2*3 mg) by thie 

reactiozi was 0.30 mol lOT per C^-az^hydro unit. This was based 

on the reduction of 1 mol 10% per sugar unit degraded, and as the
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calculated and experimentally found values are in fairly good 

agreement, it is likely that most of the sugar units cleaved, 

are sulphated end groups or interchain residues which only reduce 

one mole periodate per unit of sugar,

The reduction of periodate for the 1.0 M and 1,0 M-S 

materials (Table Vl) was each equivalent to.0.92 mol per 

anhyd.ro unit. The calculated values, based on loss of carbo­

hydrate by the oxidation, if 1 mol 10^ was reduced per’cleaved 

sugar unit was found to ba 0 ,2 7 and 0*34 mol 10^ per C^-anhydro 

unit respectively. These values do not agree with those 

experimentally found, which then indicate that a considerable 

proportion of the sugar units oxidised reduced 2 mol 10. each, 

thus indicating that many of the sugar units cleaved have been 

end units,or 1^6-linked ^lactose residues*

It was surprising that the same amount cf periodate was 

reduced by these two materials. This can only be explained if 

the hydroxyl groups which carry a sulphate ester in the Initial 

polysaccharide, labile to mathanolic hydrogen chloride, are not 

adjacent to a free hydroxyl group*. The loss of rhaiiirioee, 

probably as end groups, during the deeulphation, has produced a

new end group vulnerable to periodate oxidation to the same extent
»

as the initial rhamnoee.

Analysis of the two polyalcoliaiæ .show that the ratio of



rhamnosa to galactose (p. 76 ) is smaller in both polyalcohols than . 

in the starting materials, indicating that rhamnosa has been oxidised 

preferentially to g&lactosa in both samples. Xylose and glucuronic 

acid both appeared to have been completely cleaved by the- oxidation. 

Paper, thifihayer and gas liquid chromatography analysis 

of the fragments obtained on hydrolysis of the polyalcohols indicated 

the presence of thrsitol, glycerol, propyloneglycol and glycolaidehyde 

in all three polyalcohols except that propyleneglyool could not be 

aetected in the 0,5 M fraction, Threitol could be derived from 

either 1^4 linked galactose or end group galacto8e-4—sulphated 

(Fig, 4b, )• Glycerol is derived from end group galactose and/or 

1,4-linked xylose (Fig*4a,d ). Propyleneglyool can be derived from

1,2-linked idiamnose (Fig, 4c ) @Lud gljcchddehyde is derived from 

the reducing end of the cleaved units^ except from 1,2-linked 

mamnose which gives glycerose (Fig, 4c ), This unfortunately 

has the same chromatographic mobility as glycerol and would 

therefore ba masked»
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From these studies it. o m  he deduced that the galactose 

1e mainly 1,3—linked and sulphated at C-4 and that some of the 

units may Se end groupe partially sulphated at C»-4* That a 

proportion.of rhanmose ie either 1,4-or/1iS-1ihked and that the 

rest is probably triply lidced. Had it been l,4-lihk6d with 

sulphate on C—2, then these units would, have been vulnerable 

in the doeulphated material. It should be emphasised however, 

that these experiments were carried out on email quantities of 

material and the presence of a small percentage of tills structural 

unit could well have escaped detection, Since the glucuronic 

acid and xylose were completely cleaved in the two 1.0 M materials, 

they must be present as end groups or. 1,delinked units. The fact 

that the 0,5 M fraction contains a higher proportion of glucuronic 

acid and xylose can possibly explain why all the xylose is not 

cleaved on periodate oxidation, .Studies by Fainter and Larso# (X9?0) 

have shown that polysaccharidee containing these sugars.are very 

liable to form acetal li.i-ik.@ges between, cleaved and non-cleaved 

units (Fig, .5" ) and complete oxidation of potentially vulnerable

units is hindered.
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It is interesting that the 1.0 M and the 0.5 M fractions 

give v w y  similar results on periodate oxidation and it can only 

be assumed that they have a very similar macro^molecular structure.

These interpretations of the results of periodate 

oxidation must be viewed with a certain amount of caution since the 

quantities involved did not permit complete characterisation of all 

the fragments, particularly the slower moving, non-reducing fragments 

obtained from the mild acid hydrolysis of the polyalcohols. 

Méthylation studies (p. 73 ) Méthylation of the 1.0 M

fraction was attempted, but due to the high sulphate content 

complete méthylation proved impossible. However, after partial 

desulphation, permethylation was achieved. The methylated product
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after hydrolysis was analysed on g.i.o. as the methylglyoosides 

and as the methylated alditol acetates. Methyl 2,3,4,6-tetrar-jl-^ 

-2,4,6 tri-O-(major), 2,3,4, tri-0- and 2,4-di-C-methylCgalactosides 

were indicated. Confirmation of these derivatives was obtained 

as the alditol acetates in addition to 2- and ô-mono-0-raethylgalactose 

alditol acetates. From this it can be concluded that galactose is 

mainly 1,3-linked with a smaller proportion of end-group and 1,6-linked 

galactose. The 2,4-di-O-methylgalactose is probably derived from

1,3-linked 6-sulphated units and the mono-methyl derivatives from 

sulphated galactose occurring at branch points. No hexaacetyl 

galactitol could be detected proving the absence of free galactose 

in the methylated polysaccharide.

The main methylated rhamnose derivative was 3,4~di~0- 

methylrhamnose, but a considerable amount of tri-0—methylrhamnose 

was also present. Evidence for a mono-methylrharanose, most 

probably 4-0-methylrhamnose was also obtained. Rhamnose is therefore 

present mainly as end groups and 1,2-1inked or 2 sulphated units. 

Di-^-methyl rhamnose derivatives are difficult to characterise and 

the presence of 2,4-di-O-methylrhamnose (i.e. 1,3-liuked units) 

is not ruled out from these results.

End group glucuronic acid and xylose were found to be 

present, and evidence for either 2,3 or 3,4 di—^-methyIxylose 

(i.e. 1,4- or 1,2-linked xylose units) was obtained.
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The most surprising fact that emerges from these 

méthylation studies is the high proportion of end group units,
\

indicating a large number of single unit branches#

Méthylation of polysaccharide 0,5 M gave the same 

overall picture as for the methylated desulphated polysaccharide,

1.0 M-S. The main difference is that this methylated polysacc­

haride contained free galactose and a relatively greater amount 

of mono- and di—O~methylgalactose, indicating sulphate on these 

units. The amount of di-0—raethylxylose seemed also to be 

greater.

There is a general agi*eement between the results obtained 

by periodate and méthylation studies, but no evidence for 2,3,6-tri- 

0-methylgalactose (arisen from end group galactose-4-Bulphate) was 

obtained, but the presence of small amounts of this methylated sugar 

would be masked by other compounds present.

Acidic oligosaccharides Partial acid hydrolysis of the cold water 

extract of the caps, polysaccharide CC, gave rise to three, acidic 

oligosaccharides (p. 77 ). One of them, 3c, was identified as.

2-0-p-^glucuron6syl—L-rharanose. The uronic acid was identified

as glucururonic acid by its chromatographic and ionophoretic 

mobilities, and as glucose after reduction. When a paperjchromatogram 

of the aldobiuronic acid was sprayed with the triphenyltetrazolium 

reagent, no colour developed, indicating a (1 2 ) linked disaccharide.
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Méthylation and hydrolysis of the reduced oligosaccharide gave 

rise to 2,3,4i6 tetra-O-raethylglucose and 3j4“di~0~raethylrhamnose* 

These results together with a negative rotation, and a DP of 2, 

indicated the above mentioned structure for this aldobiuronic acid

( F ig .5 ) .

HO
CH- H.OH

ÇOOH
OH

OH
HO

OH

FCg

Oligosaccharides 3a and 3b both have low specific 

rotation and give glucuronic acid and galactose on hydrolysis* 

From its chromatographic mobilities and DP determination, 3& 

appears to be a trisaccharide and its most probable structure 

is glucuronosylgalactosylgalactose. It was methylated both 

before and after reduction (p.20,82) and gave on hydrolysis' the 

two methylated products 2,3,4-'tri-0--methylglucuronic acid and 

2,3,4;6-tetra^0-methylglucoGe respectively, indicating that 

the glucuronic acid residue occupies the non-reducing end* 

However in each case tetra-O-methylgalactose was also obtained
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were
Four neutral oligosaccharides/believed from their,

chromatographic mobilities to he three disaccharides and one

trisaccharide. Unfortunately on hydrolysis each proved to be

a mixture consisting mainly of galactose with traces of xylose,

rhamnose and 4-0-methylgalactose. All indicated the absence of

(l 2 ) linkage and one the presence of (l 4 ) linkage (p. 83 ).
mainly

Disaccharides and are tentatively identified as/galactosyl 

(l 6) galactose and galactosyl (l ->3) galactose respectively, 

due to the same chromatographic mobilities as authentic sample.

This shows the presence of mutually linked galactose units in 

the raacromolecule.

Summary

The present studies on the green alga Acetabular!a 

mediterranea show that it metabolises a whole family of sulphated 

uronic acid containing polysaccharides. Depending on the method 

of extraction of the alga and the fractionation procedure, poly­

saccharides with different content of sulphate, glucuronic acid, 

galactose, xylose, 4-^-methylgalactose and rhamnose are obtained. 

Méthylation and periodate oxidation show however that they are all 

built up on the same general plan and can be regarded as a family 

of related polysaccharides. This type of polysaccharide has not 

been found before in Nature, and the most suiljable name would be 

sulphated glucuronoxylccrhamnogalactane.
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The main features of these polysaccharides are 

(l -> 3) linked galactose units sulphated mainly on (("-4 and to 

a lesser extent on C-6. Rhamnose is mainly (l 2) linked or 

possibly sulphated, and xylose, glucuronic acid, galactose and 

rhamnose are all present as end groups. Due to the evidence 

for a relatively high proportion of end groups found by méthylation 

studies, the polysaccharide is thought to be highly branched with 

very short branches.

Glucuronic acid is linked both to galactose and rhamnose 

units, and evidence for mutually linked galactose units was 

obtained from partial hydrolysis studies.
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THE MAMAN
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Introduction*.

Pure rnannans are not found widely distributed in 

nature. The only ones among higher plants which have been 

studied,come from ivory nuts (Phytelphas macrocarpa)

(Aspinail ejb al 1953 ; 1958) and from coffee beans (Wolfrom 

et al, 1961), They are all highly insoluble and consist mainly 

of (>(1 4 ) linked^mannopyranose residues.

Among the algae, mannan has been shoim to be present 

in the cellwall of certain Rhodophyceae and Chlorophyceae.

The mannan from Porphyra umbilicalis is the only one 

which has been chemically studied of those from the red algae 

(jones 1950). This mannan was subjected to méthylation and 

periodate oxidation studies. The results together with a 

negative rotation ([a]^= -41° in formic acid), indicated a

3-(l 4 4 ) linked mannan with an average chainlength of 12-13 D- 

mannose residues. This mannan ha,d the same insolubility as 

was found for the ivory nut mannan. Miwa and Iriki (196O) did 

a survey of the nature of the cellwall of various green algae, 

and found that the cellwalls of Codium, Acetabularia and Halicoryne 

consisted of mannan. On the basis of periodate oxidation and 

negative rotation, they tentatively concluded that the cellwall 

of these algae consisted of p^1 9 4 ) linked raanpose units.

The cellwall of Codium fragile has been extensively 

studied by Love and Percival (1969). The polysaccharide was
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extracted with 20^ sodium hydroxide and pui-ified by precipitation 

as its copper complex. After decomposition of this complex, the 

polysaccharide, [a]^= -41°, contained 95^ mannose and 5^ glucose. 

Enzymic hydrolysis of this polysaccharide yielded an homologous 

series of jl-(l 4 ) linked mannose oligosaccharides and a trace 

quantity of a disaccharide which on hydrolysis gave mannose and 

glucose. This was tentatively identified as mannose (l 4) 

glucose. Periodate uptake was 0.37 mol/Cg-unit, and the polyalco­

hol still showed traces of mannose on paper chromatography after 

hydrolysis of an aliquot. Méthylation studies showed the presence 

of 2,3,6-tri-O-methyl mannose, 2,3,4,6 tetra-O-methyl mannose 

and a mixture of two di-O-raethyl sugars. Since no chemical 

studies of the mannan from Acetabularia have been reported other 

than those mentioned above by Miwa and Iriki (I96O), it was 

decided to study this mannan in more detail.

Isolation of the Mannan. The residual weed 

(originally 31.4 g caps and 11,6 g stalks) after exhaustive hot 

water extraction and 4^ sodium hydroxide extraction (see p, 40 )

was extracted with 100 ml and 50 ml 20% sodium hydroxide 

respectively at 70°C for 9 hours under nitrogen atmosphere with 

continuous mechanical stirring. The extraction mixtures were 

centrifuged, and after cooling, the supernatants were filtered 

through glas^ool, Pehling's solution was then added to precipitate 

the rnannans as their copper complex. After complete precipitation
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had occurred, the precipitated polysaccharides were filtered 

off and washed thoroughly with water. The precipitates had 

a blue colour. After washing, 100 ml Vfo hydrochloric acid 

in ethanol was added on to each filter to break the complexes 

and the precipitates changed colour to white. These white 

residual precipitates were washed on the filters with ethanol,, 

acetone and ether and left to dry.

Stalk Cap.

Weight of mannan 194 mg 341 mg
[a] -37°(g =0.19 -38.1°<e=Otg5

in 90^ H.COOH) in 90^ H.COOH)

Identification of the sugars present. An aliquot 

of each of the two rnannans wofie hydrolysed separately with formic 

acid. The derived hydrolysates were analysed by paper chromato­

graphy and by g.l.o. Paper chromatography in solvents A and D 

showed mainly mannose with a faint trace of glucose. The 

latter was confirmed by glucoseloxidase, G.l.c, analysis of 

the trimethylsilylated hydrolysates gave on column 3, both for 

the caps and the stalks, two peaks only at T I.70 and 2.90 

identical with the retention times of the peaks of authentic mannose, 

An aliquot of the hydrolysates was reduced, and then converted to 

the triraethylsilylethers before analysis by g.l.c. Both caps 

and stalks then gave one peak only, T = 2.45 identical to the 

retention time of the peak from authentic mannitol.
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A hydrolysate of mannan, 10 mg, was subjected to 

preparative paper chromatography in solvent A. The mannose 

fraction was eluted off the paper with water filtered through 

Millipore-filter and evaporated to dryness. The mannose had 

= +17.5*(C = 0.04 in water). The derived phenylhydrazone 

had mp. and mixed mp.199-200^0 (Bourquelot and Herissey, 1899)*

The mannan from the caps and from the stalks 41»9 mg and 39.6 mg 

respectively, were each dissolved in 10,00 ml 90^ formic acid.

An aliquot of each solution was withdrawn for estimation of the 

carbohydrate content, which was found to be 93.1% and 102% 

respectively.

Méthylation of the mannan. It proved difficult to 

methylate the mannan completely by the method of Grandad and 

Lindberg,(1969), but the procedure devised by Unrau and Choy (l9?0) 

of Haworth méthylation,followed by Hak-omori’s,proved successful.

Haworth méthylation. 100 mg polysaccharide was 

dissolved in 20 ml 30% sodium hydroxide by stirring and slight 

heating in an atmosphere of nitrogen. The mixture was cooled 

to 0°C in an icebath and 80 ml 30% sodium hydroxide and 30 ml 

dimethylsulphate was added dropwise over a period of 6 hours.

The reaction was carried out at 0°C and with continuous stirring. 

This was followed by stirring at room temperature overnight. The 

pH of the reaction mixture was adjusted to 8 by dropwise addition
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of 8 N-H^SO^. The partially methylated polysaccharide was then 

extracted with chloroform and the solution taken to dryness.

The partially methylated polysaccharide was then dissolved in 

5 ml diraethylsulphoxide in an atmosphere of nitrogen with 

continuous stirring. l.Qnl of the carhanion (Sandford and 

Conrad, 1966) was added. The solution turned turbid, but 

after I5 minutes stirring it became clear, and stirring was 

continued for another 4 hours. Methyljiodide (0.3 ml) was 

then added dropwise, keeping the reaction-mixture at 20°C and 

continuous stirring until a clear solution occurred. After 

dialysis overnight, the methylated polysaccharide was extracted 

with chloroform. TLC of the methylated polysaccharide in 

solvent 6 gave one spot.

Hydrolysis and examination of the methylated sugars.

The methylated mannan was hydrolysed with formic acid and 

chromatographed in solvent A, three brownish-spots appeared 

after spraying the paper chromatogram with spray 1. - 0.82

- 0 .7 4 - 0.60! the compound with 0,74 was the major sugar, 

and the other two were present in almost equal amounts (visual 

examination on ' paper or TLC chromatograms).

Thin|layer chromatography was performed on silica^l using solvent 

6. Three compounds with R.^.0.33 - 0.16 - O.O5’, were revealed with 

spray 1. The compound with Rj^0.l6 was the major compound and 

the other two were present in almost ecpial amounts.
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After methylglycoEidation of the hydrolysate, the derived 

methylglycosides of the methylated sugars were analysed by g.l.c. on 

columns 1 ,2 and 6.

Results obtained by g.l.c. of the methylated mannan.

Column 1

Peaks obtained T = 0.97, 1.34, 1.79, 1.93*, 3.32, 4.22(m), 6.25 
Methyl-2,3,4,6—tetra-O-methylmannoside - 1*30 

Methyl-2,3,6-tri-0-methylmannoside - 1.29 - 2.27(M) 3*24 
Methyl-2 ,3 ,4 ,é-tetra-O-methylglucoHide 1.0 0,1.38

Column 2

Peaks obtained T * I.0 4, 1.28, 2.29(H) 3.24 4*48
Methy1-2,3,4,6-tetra-O-methylmannoside — 1.28 
Methyl-2,3,6-tri-O-methylmannoside - 1.29t 2.27(H) 3.24 
Methyl-2,3,4,6-tetra~0‘-methylglucosids 1.0 0, 1 .38

Column 6

Peaks obtained T = 0.99, 1*40, 1.82, 2.00*, 3*39, 4*42(M) 6.5O
Methyl-2 j 3,4,6-tetra-;0-me thy Imannosides 1.33
Methyl-2,3,6-tri-0-methylmanno8ides 1.82, 3.34, 4 *4 2(M)
Methyl-2,3,4 ,6-tetra-0 -methylglucosidee 1.00, I.40

* unidentified peak 
(m )‘ major peak

As can be seen, the following methylated sugars were present; 

methyl 2,3,4,6-tetra-0-4nethylmannoside, methyl-2,3,6-tri-O-methylmannoside 

and evidence for a very small peak of methyl 2,3,4,6-tetra-O-methyl p-

gluooside was obtained but any a-glucoside would be masked by the mamiosides. 

On columns 2 and 6 an unidentified peak occurred, T — 4*48 and 6.5O 

respectively. This is in the region of

di-O-mettiy 1 mannosides. All standards; , except 3,6-di-O-me thylmannose
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ware available, but none of those gave any peaks corresponding 

to the unknown-w It is therefore tentatively concluded that the 

di-Q-methylmannose is Ij^-di-O-methylonannose-

By measuring the areas under the peaks, the ratio of 

tri-O-methyl to tetra-O-methyl sugar was found to be for Col.l,

13 :1 and col.2 , 17:1.

Periodate-oxidation. (Aspinail and Ferrier, 1957)

Periodate-oxidation in acetate-buffer. Periodate-oxidation 

was carried out in parallel on the mannan from Acetabularia caps 

and the ivory nut mannan (a linear p (1 -^4 ) linked mannan)and

0.2 mM (32 ng) of each were treated with O .5 mM-^odium periodate 

in acetate buffer (pH 3*6-10 ml) in the dark at 2°C, The amount 

of periodate consumed, was measured by removing an aliquot (O.l ml), 

diluting to 100 ml with deionised water and reading the optical 

density at 223 n m  against a waterjblank in a Unicam SP500 Spectrophoto- 

meter. A calibration curve was obtained by^he optical densities 

of 0 .5 niM-NalO^ and 0,5 raM-NalO^ under the same conditions. The 

molar consumption of periodate per - anhydrc$rnit at different 

time intervals could be found from this calibration graph. The

reaction was followed at 2 Ĉ for 48 hours and then kept at room 

temperature for another 20 hours. The reaction at 2°C was complete
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after 20 hours in both cases (0.94 mol 10^/c^ unit). That of - 

the cap-raannan remained unchanged after transferring to room 

temperature, whereas that of ivory nut ma,nnan increased to 1,05 

mol 10^/C^ unit. (Pig. 7 ). The reactions were stopped by

adding ethyleneglyool. After dialysis overnight, the derived 

polyaldehyde was reduced with sodiurr^orohydride to its correspond­

ing polyalcohol.

Analysis of the polyalcohol. A phenol-sulphuric acid test

on the two polyalcohols showed that carbohydrate was still

present^ in that derived from the cap-mannan, while that from

the ivory nut mannan was negative,

A few mg of the polyalcohol from the cap-mannan was

hydrolysed with formic acid. Thin-layer-chormatography in
p.27

solvent F and spray reagents 3 and 7/showed the presence of 

glycolaldéhyde, glycerol and erythritol. When paper chromato­

graphed in solvent A a faint spot corresponding to mannose was 

visible after development of the paper chromatogram with spray 1.

The hydrolysate was analysed by g.l.c. as the trimethyl- 

silyl ethers on column 3, at 156°C, The presence of erythritol 

and glycerol was confirmed, and the ratio between the two alcohols 

was found. The peak areas were measured and the amount present 

found from appropriate standard graphs. The ratio between 

erythritol and glycerol was ca. 14:1*
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Periodate-oxidation carried out in water at 2^C.

Periodate oxidation of 0,2 inM-mannan (32 mg) was carried 

out as previously described, but water was used instead of buffer. 

The periodate oxidation was the same. After a reaction period of 

24 hours, an aliquot (2 ml) was withdrawn, and the release of 

formic acid was determined by titration with O.OO5 godiumhydroxide

(carbonate-free). The excess periodate was destroyed with 

ethyleneglyool before titration. The formic acid released 

corresponded to O.O72 mole per C^-anhydro unit. As the reaction 

was carried out at 2°C the formic acid v;as most probably only 

derived from the non-reducing end of the mannan, thus indicating 

an average chainlength of I4 . The polyalcohol from this periodate 

oxidation was obtained as before (weight 24 mg.) (polyalcohol 2).

Polyalcohol 2, 5 mg, was subjected to a second periodate 

oxidation in 0.01 M-NalO^ at room temperature. The reaction 

mixture was allowed to stand for I5 hours, and no reduction of 

periodate had taken place. Tlie polyalcohol was recovered as before. 

Mild acid hydrolysis of polyalcohol 2.

Polyalcohol 2, 11 mg, was hydrolysed with N-sulphuric acid, 

1 ml, for 5 hours at room temperature. After neutralisation with 

barium carbonate and filtration, the derived syrup was analysed by 

TLC (solvent P, and sprays 3 and ?)*' Compounds with the following 

mobilities were detected; R|- 0.45-0.24-0.15-0.00, The three 

first-mentioned compounds had the same RÇ values ae glyool-aldehyde,
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glycerol and erythritol respectively.

When subjected to paper chromatography in solvent D,

the following spots were obtained; R - 2.39-1*42-1.25-0.72-0.32mannose '
(trace). The three first mentioned had the same R -values asmann ose
glycolaldéhyde, glycerol and erythritol respectively,

Erythritol was the major compound. The compound with

R w 0 ,32 was not studied further due to the small amount present, mannose
The compound with R =>il»T2 was purified by preparativemann ose ' .  ̂ ^

paper chromatography and hydrolysed with formic acid. Paper

chromatography revealed mannose and erythritol.

An attempt to determine the molecular weight.

Stalk-mannan, 10 mg, was dissolved in 5% sodium(hydroxide

and dialysed. The mannan remained in solution. After concentration

it was applied on top of a column of Sephadex G-lOO (2.54 % 30 cm.)

Fractions of 2 ml were collected, using an automatic fraction

collector. Every second fraction was tested for carbohydrate content.

Carbohydrate started to come off the column when Blue Dextrandid,

i.e. after the 25th fraction, and continued to appear for about 88 ml.

Three "fractions”, tubes 25-29, 31-49 an.d 51-69 were combined. A

part of all three were hydrolysed aî d all gave mannose with a trace

of glucose. Fraction 31-49 was reapplied to the column and the
, for this frac’o

elution pattern was similar to that obtained, previously / Fraction

5I-6 9 gave the same result. As so. le of the mannan is excluded from

the column and some retarded, it ap>ears that the mannan applied to
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the column has a wide molecular weight range, the upper limit 

being somewhat larger than 100,000 by comparison with Dextran 

(i.e. 550 units per chain)

Discussion

The residual weed from both caps and stalks after exhaustive 

hot water extractions, was extracted with 4% sodiurnhydroxide. This 

treatment extracted some mannan in addition to a small amount of the 

water-soluble polysaccharide. Extraction of the residual material 

(p. 1Q2 ) with 20% sodium hydroxide at 80^C and isolation of the 

polysaccharide via its coppeppomplex, yielded a pure mannan from 

both stalks and caps. Analysis of a hydrolysate of the rnannans by 

paper chromatography and g.l.c. gave mainly mannose, but a faint 

trace of glucose was present. The polysaccharides had -38.1°

(cap mannan) and = -37° (stalk mannan). The mannose had the

same chromatographic mobility on paper as authentic mannose, and 

the TMS derivatives of the sugar and the derived alcohol had the 

same retention values as authentic mannose and mannitol on g.l.c. 

Mannose, purified by preparative paper chromatography, had +17*5°

(C = 0 .0 4 in water) and the phenylchydrazone had mp and mixed mp 

199-200°C. The glucose present was confirmed with glucosetoxidase 

spray.

Due to the high insolubility of the mannan, méthylation by the 

& a n $ ^  and Lindberg method was unsuccessful, but when the mannan
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was first given one Haworth méthylation which was followed by 

one méthylation by the Hakomori method, an apparently fully 

methylated polysaccharide gave on hydrolysis 3 compounds, which 

could be tentatively identified(by paperchromatography and TLC) 

as the 18 trarne thyl sugar, t rime thy Isugar and dimethylsugar. The 

trimethyl sugar was present in largest amount, and the tetra- and 

di-in almost equal quantities. Examination of the raethylglycosides 

by g.l.c. showed that the mixture consisted of 2,3,4,6 tetra-O-raethyl­

mannose, 3i4,6-tri-0-methylmannose, probably 2,3,4,6 tetra-0—methyl 

glucose, and one di- G -methylmannose, which has been tentatively 

identified as 3,6-di-O-raethylmannose. Whether this di-O-raethyl- 

mannose has arisen due to undermethylation or comes from a true 

branchpoint can not be said for certain, but there is • a strong 

evidence for its being a branch point. The average chainlength

found by measuring the peak areas under the tetra—methylmannose
ytetramethylglucose 

peak including any possible and the tri-methylmannose peaks was

14 to 18 mannose units.

When the mannan was oxidised with sodium periodate, 0.94 

mole of periodate was reduced per C^-anliydrclunit. Periodate

oxidation was also carried out on the ivory nut mannan at the same 

time in order to compare the two rnannans. The periodate oxidation 

pattern of the two rnannans resembled each other when the reaction 

was carried out at 2°C, but when they were transferred to room
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temperature, no increase' in the uptake of periodate occurred for 

the mannan from Acetabularia, while that of ivory nut mannan 

continued to a reduction of I.05 moles of periodate per C^-anhydi‘o 

unit. A test for carbohydrate content of the two derived polyalcohols 

gave a positive test for the cap mannan, while that of the ivory nut 

mannan was negative. These results show that the mannan from the 

cellwall of Acetabularia is not identical to the ivory nut mannan, 

although they have fairly similar properties, both physically and 

chemically.

Both measurement of the release of formic acid and the 

ratio of erythritol to glycerol formed during periodate oxidation, 

indicated an average chainlength of I4 mannose units, which is in 

good agreement with that found from measuring the peak areas of 

the methyl sugars derived after méthylation and hydrolysis of the 

mannan. .

The products after periodate oxidation,. reduction and 

hydrolysis of the polyalcohols^erythritol and glycerol, were 

identified by paper chromatography, TLC and by g.l.c. Glycolaldéhyde 

which was also present, had the some mobility both by paper 

chromatography and TLC as an authentic sample but g.l.c. proved 

impossible as it is too volatile. The amounts obtained were 

insufficient to separate and prepare crystalline derivatives.

Mannose was shown to be present after formic acid hydrolysis 

of the polyalcohol. Wlien subjected to mild acid hydolysis, a 

non-reducing compound was separated which gave erythritol and
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marin ose on hydrolysis. •

In an attempt to determine the molecular weight of 

the mannan by Sephadex-gelfiltration the elution pattern indicated 

a considerable pclydispersity with an upper limit of molecular 

weight about 100,000 if/ comparable to dextran. This pclydispersity 

might have arisen during extraction of the polysaccharide as alkali 

is known to degrade polysaccharides. Although no definite 

conclusions can be drawn regarding the molecular weight of the 

mannan, it is probably at least 100,000, which is equivalent to 

ca.550 sugar units per molecule.

CHgOH ÇI^OHyj 0. À-- 0.
L ]------[ '------ p o

Proposed structure for the mannan.

This mannan from the cellwall of Acetabularia seems to be quite 

similar to the mannan of the cellwall of Codium (Love and Percival, 

1964) although the periodate oxidation studies by Miwa and Iriki 

(i960) agree with the present findings^other results indicate that 

the cellwall of Acetabularia consists of a branched mannan with an 

average chainlength of ca.15» rather than linear molecules consisting 

of 16 sugar units as the above authors propose.

The studies on the low molecular weight carbohydrates, 

the fructan and the mannan from Acetabularia have been accepted for 

publication in Carbohydrate Research,
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PART II 

Photosynthetic studies on 

Carbohydrates in algae,

1. ACETABULARIA MEDITERRANEA
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Although Acetabularia sp* have been extensively 

studied from biological and physiological viewpoints, relatively 

few studies have been carried out regarding the metabolic and 

photosynthetic role of the carbohydrates in this alga,

Shephard aJ (1968) allowed both whole cells of 

Acetabularia mediterranea and chloroplast preparations to 

photosynthesise in the presence of for 10 minutes. The

samples were then extracted with 80% ethanol, and this extract 

subjected to two-way papeijchromatography. The extent of 

labelling was measured for all compounds detected, and it was 

found that the carbohydrates acquired the main part of the radio­

activity in the 80% ethanol fractions. In all experiments except 

one, sucrose was highest labelled, followed by glucose. No other 

free sugars were reported, but their presence was masked by other 

compounds present under the described paper chromatographic 

conditions,

The extent of labelling was almost equal in the 80% 

ethanol soluble and incsoluble fractions. When chloroplasts 

were allowed to photosynthesise in the presence of "̂̂ 00̂  for 

70 minutes, the major part of the radioactivity was found in the 

alcohol soluble fraction (of this 49% was present in free sugars), 

A weak acid hydrolysate of the residue showed that of the radio­

activity detected in soluble compounds 56% was found in glucose
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and 44% in galactose.

Bidwell at ^  (19^ )  allowed chloroplasts from A.mediterranea 

to grow in the presence of ^^00^ in the.light, followed by a dark 

and then a light period. Samples were taken frequently throughout 

the experiment and applied to paper chromatograms which were 

developed two-dimentionally* The change of radioactivity in the 

various compounds was measured. The results showed that sucrose 

attained the highest radioactivity,it was mainly formed during the 

light periods, and did in these experiments not show any sign of 

saturation. They conclude that sucrose is the major end product 

of photosynthesis in chloroplast of A.mediterranea. No mention 

of other sugars was made, which is strange as their previous 

paper mentioned the presence of labelled glucose in chloroplasts 

from this.alga.

To the author’s knowledge no further photosynthetic studies 

have been carried out on the 80% ethanol soluble carbohydrates of 

this alga.

General Methods.Experimental*

The Acetabularia cells were allowed to photosynthesise 

in radioactive synthetic seawater. This was^aerated prior to use 

to reduce the. carbon dioxide content before addition of NaJi^^CO^

(ca.3 0 0 juC). After growth in radioactive medium, the alga was 

removed and rinsed thoroughly, followed by growth in inactive
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medium for a certain period. Samples were removed at time 

intervals. Each sample (10 cells) was transferred to 80% 

ethanol at JO^C and ground up and extracted. After centri­

fugation, the radioactivity present in the ethanolic extracts 

was measured.

After deionising with Biodeminrolit resin (carbonate 

form),and. concentration of the derived neutral extract, an aliquot 

was subjected to paper chromatography in solvent A. The compounds 

present were located by radioautography and the radioactivity 

present in each compound was measured, by counting on both sides 

of the corresponding part of the paper chromatogram. The 

counting was performed by an ultra thin window gas flow Geiger- 

Muller counter, and the average of the two counts per sample 

used for calculations.

Experiment I

Cells before cap initiation (A), caps only (b ) and 

cells with caps (C), were each allowed to photosynthesise’in 

radioactive medium. After 10 min. this was followed by photosyn­

thesis in inactive medium for 2-3 hours. Samples were taken 

at time intervals and treated as described previously. The 

incorporation and change of radioactivity in the various compounds 

can be seen from graphs A,B and G,
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Experiment II

Ceils with caps were grown for 2 min,. in the presence
14 1 ?of GOg, followed by growth in 'CO^ containing medium for

2 hours. Samples were treated as previously described (Graph Bj.

Experiment III

Cells with caps were grown for 2 hours in the presence

of in the light, followed by 2 hour growth in the dark

in the absence of In this case a sample of 15 cells

were taken after the light period and one sample after the

dark period. The samples were treated as described (Graph E).

Discussion.

Studies on the relative molecular ratio of the sugars

present in the polysaccharide fractions of caps and stalks

separately (Zetsohe, 196?), indicated that these two parts of

the alga synthesised different types of polysaccharides (see p 37 )•

.Due to this report, it was decided to carry out biosynthetic

studies on cells before cap formation, caps only and cells with

caps (Exp.I), to see if there was any difference in the biosynthesis

of the low molecular weight carbohydrates in these three experiments.

As seen from graphs A,B and C, the main picture is the same for all

three experiments. '

Experiment II was performed to see if a shorter period
14of growth in the presence of CO^ would give rise to a different 

pattern, but as observed from graph D, the main pattern is the
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same as for the longer feeding period. The only difference is 

a smaller amount of radioactivity present in glucose, relative 

to the radioactivity of sucrose, compared with the other experiment. 

In each experiment, the radioactivity of sucrose increased 

rapidly during the feeding period. This increase continued for 

a short while thereafter, followed by a rapid decrease of radio­

activity, which then gradually flattened off. Glucose followed 

to a lesser extent the same pattern, but the uptake of radioactivity 

during the feeding period, was small compared with that of sucrose.

In contrast to these two sugars, fructose acquired hardly any 

radioactivity during the feeding period, but the radioactivity 

present in this sugar increased throughout the experiment.

The .radioactivity of the trisaccharide, (graphs A,B and C)

(see p.126-128), followed more or less the same pattern as sucrose 

in all experiments. The msiximura extent of labelling for both

occurred after £a . 15 mine.

-A Experiment III was carried out to find cut if a dark

period would give a different pattern of radioactivity from those 

already described. Graph E, (p. 130 ) shows that the pattern

for sucrose, glucose and fructose are similar to those obtained 

previously. From this experiment it was observed that the

radioactivity of , dropped considerably during the last two 

hours of the experiment, that of dropped less, while that of
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remained almost constant. It was also observed that the total 

radioactivity of oligofructans, higher than increased during 

this period.

The amount of radioactivity incorporated into inyo-inositol 

was very small, and only in experiment I, A and III could any 

be detected. The amount of radioactivity present decreased 

throughout the experiment, indicating that it is being transformed 

inodo other products.

Sucrose is clearly the first free sugar formed in 

Acetabularia mediterranea. This is in agreement with what has 

been found previously for other green algae (see p. 4 ).

Sucrose is not a storage product in this alga, as the radioactivity 

decreases rapidly after transfer to inactive medium. It is an 

active metabolite and is converted in to other products via 

various routes. A«mediterranea contains a homologous series 

of fruetans.

Sdelman and Jefford (I968) have demonstrated that the 

same homologous series of fructans present in Helianthus tuberosum 

is built up from sucrose, by transfer of fructojiyranose from one 

sucrose unit to the fructose moiety of another sucrose unit.

This reaction continues and thus forms the homologous series in 

the plant. It was shown that one ensyme system (SST) is 

responsible for formation of the trisaccharide and another (FFT)
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for the further formation of higher oliogmers. The glucose 

released from the one sucrose residue was believed to be 

transformed into sucrose again. When studying the patterns 

of changes in activities of the various carbohydrates present 

in the present 80% ethanolic extract of A.mediterranea, one can 

see that there is a possibility for the same reactions in this alga. 

As seen from graphs A,B,G and 2, the pattern of change in 

radioactivity of sucrose and F^, follow each other or can be said 

to be in equilibrium with each other, ' From graph E, it can be 

deduced that is transformed into which again is converted 

to and so on, which is the same type of reaction as was found 

for the oligofractans from Helianthus tuberosum. Part of the 

sucrose is probably hydrolysed by invertase to form glucose and 

fructose. From both the synthesis of the oligofructans and from 

hydrolysis of sucrose, glucose is set free* The change in 

radioactivity of glucose follows almost the same pattern as sucrose, 

implying that the glucose is phosphorylated and transformed into 

sucrose again. If this was so, the amount of glucose present 

would be small which was found to be the case in this alga (p, 43 

As mentioned in contrast to glucose the radioactivity of fructose 

increases throughout all experiments indicating: that the fructose 

is probably not metabolised further, or only very slowly.
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The proposed pathways for the metabolism of the

lev; molecular weight carbohydrates are summarised in Pig.I. 
Oligosaccharides Fructose
■T-

+ Glucose ^--  —  Sucrose
T  ̂ Glucose

Sucrose-P

Polysaccharide -- UDF-Glucose Fructose  ^Glucose 6P
Glucose 1 "  ' '

[ H,Mahler and Cordes, 1969» Hassid, 1967» Bassham and Calvin, 195?)

In other words:

I Sucrose — ^ Glucose and Fructose

Sucrose —> higher homolog&#+ Glucose
sucrose

II Glucose -— ) phospbrylated
> polysaccharides

III Fructose —  is probably an end product and not metabolised 
further.
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2. FUCUS VESICUL0SU5
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Brown algae are known to synthesize D-f6aiinltoi 

(Black, 1950)» 1-0_-I)-A5annitol-|3~D“gluoopyranoside, 1 

~#^nnitol-di(|3-I>-glucopyranoside (Bouve-.ig and Lindberg, 1955); 

laminaran, a p(1 3) linked glacan (Quillet, I958), alginic

acid (Black, 1950)» fucoidan (Kylin, 1913» 1915) and several 

polysaccharides termed. ”glucuronOi/xylofucan" (Haug & Larsen, 1963; 

Larsen. £t alL, I966; Percival, I968; Bourne e_t ad, 1969; Mian, 1971)* 

Several workers have shown interest in the biosynthesis, metabolism 

and respiratory role of these carbohydrates*

Kylin (1913) claimed that laminaran was a reserve 

substance. MacPhers0n and. Young (1952) suggested on the hasis 

of seasonal variations that mamiitol and alginic acid are direct 

products of photosynthesis, and Black (1954) on the same grounds 

postulated fuooidaa as a main storage carbohydrate of the Fucaceas,

The application of radioactive techniques in photosynthetic 

studies yielded more information about the function of these carbo­

hydrates in brown algae. Fucus sp. have been most extensively 

studied from this aspect, but some studies have also been carried 

out on Eisenia bioyclia. .Bidwell et. ^  (1958) showed that when 

Fucus vesiculosus was allowed to photosynthesize in seawater

containing marinitoi quickly became labelled. In contrast,
14when fronds of F.vesioulosus were supplied with Mannitol-U- ' 0
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in seawater little of this was metabolised, and it was

concluded therefore that mannitol was a storage product, 

rather than an active metabolite (Bidwell and Gosh, 19&2).

Later work, however, indicated that plants probably respire 

endogenous cellular ma/mitol in preference to exogenously 

supplied mannitol ('Bidwell I964). The large pool of

mannitol existing in F.vesiculosus would therefore make it
14more difficult for mannitol-U- 0 supplied in the medium to 

serve as a substrate for respiration,

Yarnagushi (1966) found that when the brown

alga Eisenia bicyclis was fed with in the light and was

allowed, to continue growth in the dark in inactive medium, the 

mannitol acquired radioactivity quickly during the first 

period, followed by a decrease in the activity in the second 

period. The total weight of mannitol increased in the light 

and decreased in the dark* The decrease in radioactivity and 

amount of mannitol during the dark period, suggested that 

mannitol is an active metabolite and is converted into other 

substances through unknown pathways. On the other hand, the 

amount present did not change as much as the radioactivity during 

both the light and dark period, which indicates that of the 

mannitol present, the recently formed molecules appear to be
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metabolized preferentially. This implies that part of the

mannitol is a storage product.

In a similar experiment with F.vesiculosus the same 

changes in the radioactivity of mannitol was observed by Bidwell 

(1967) as was found in E.bicyclis.

The conclusions to be drawn about the role of mannitol 

in brown algae are therefore as follows; Mannitol is a major 

product of photosynthesis, part of it probably serving as a 

substrate for respiration and the rest serving as a storage 

product,

In the experiments carried out on E.bicyclis (Yarnagushi

1966) it was found that laminaran also quickly became 

highly labelled in the light in presence of and that the

activity decreased in the dark in the absence of The

authors concluded that mannitol and laminaran are interconvertible 

in the same way as are sucrose and starch in higher plants, but 

the metabolic pathway is not known. This is in agreement with 

Nisizawa's (1938, 1940 a and b) observations of diurnal changes 

as well as changes in seasonal growth in mannitol and laminaran 

in E.bicyclis. The content of laminaran was highest in the summer 

and that of mannitol highest in the winter.

When F.vesiculosus was subjected to pulse labelling 

experiments (Bidwell, 196?) it was observed that the "fucoidan" 

(i.e. acid soluble polysaccharide) acquired radioactivity rapidly
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14during the supply of CO^, and slowly thereafter, tending to 

increase more rapidly in the dark than in the light* This 

’’fucoidan” consists of laminaran, and several sulphated fucose- 

containing polysaccharides. As Bidwell did not fractionate 

the polysaccharides his conclusion that there is no relation 

between mannitol and the polysaccharides in brown algae similar 

to that found between sucrose and starch in higher plants is 

inapplicable.

Goldenberg and Maréchal (1963) have demonstrated

the synthesis of a (X1 ^ 3) linked glucan from U'DP-glucose,

using a transferase from the freshwater flagellate, Buglena.

Lin and Hassid (I966) have shown that UDP-glucose is present

in brown algae, and suggest this as a precursor for laminaran, 
that

and /parallel seasonal variations of laminaran and mannitol may 

indicate that mannitol has a biological relationship to the 

pelyglucan.

As already mentioned, sulphated polysaccharides 

containing fucose, xylose, glucuronic acid and galactose have 

been found both in the acid and alkali-extracts of brown algae*, 

the acid soluble sulphated polysaccharide can be fractionated 

into several polysaccharides, see p. 10. Bidwell ^  ̂

(1958) found in their early experiments that the polysaccharide 

that acquired radioactivity most rapidly was the "alginic acid"
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(i.e. alkali soluble polysaccharides), and claimed therefore 

that "alginic acid" was in a state of active metabolism, 

undergoing breakdown and resynthesis at rates corresponding to 

starch in plants. When fronds of F,vesiculosus were supplied 

with radioactive pyruvate and acetate (Bidv/ell and Gosh, 19634 

most of the activity in the polysaccharide fraction was recovered 

in the "insoluble alginio acid" fraction, and hardly any was 

detected in laminaran and fucoidan. This indicated different 

precursors for the latter polysaccharides from those of "alginic 

acid". Other experiments showed that the radioactivity of 

"alginic acid" was increasing both in light and in dark (Bidwell,

1967)1 (this"alginic acid" contains all the alkali-soluble 

polysaccharides) which implies that "alginic acid" is either a 

long term storage material or is permanently laid down in the 

weed. This interpretation of these results are however 

questionable, as no separation was carried out of the polysaccharides 

extracted with alkali.

When F.gard neri Silva discs were infiltrated with 

inannose-U-^^C (Lin and Hassid, I966) they both gave rise to 

labelled respiratory COg, fucoidan, "alginic acid" and 

"residual" fractions. Activity was also found in sugar phosphate s, 

sugar^ucleotides and glyconic acids. All enzymes required for 

the transformation of D-raannose to GDP-B-mannuronic acid and 

GDP-L-guluronic acid, which probably would be the precursors for
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the synthesis of alginic acid were shown to he present.

Both GDP-D-mannuronic acid and GDP-L-guluronic acid have been 

found in F.gard neri gjXva (Lin and Hassid, 1966 b).

Yarnagushi et al (I966) found an increase in the 

radioactivity in the fucose of the "crude laminaran fraction" 

(i.e. acid soluble polysaccharides) after S*bicyclis had been 

transferred to inactive medium. Prom this it was considered 

that fucoidan or fucose-containing polysaccharides are storage 

carbohydrates.

GDP-fucose has been found in F.gard neri Silva (Lin and 

Hassid, I966 b) and this may be a precursor for the fucose 

containing polysaccharides although this biosynthesis has not yet 

been demonstrated in algae. Ginsberg (i960) has shown evidence 

for conversion of f©P-D-mannose to CDP-L-fucose using an enzyme 

system from Aerobacter aerogenes.

It has also been demonstrated that most of the 

constituents of brown seaweed polysaccharides are derived by 

various reactions from the common precursor GDP-^mannose, and 

it has been proposed that this has the same role in brown algae 

as UDP-I^glucose has in higher plants (Lin and Hassid, I966 b).

The fucose containing polysaccharides are highly 

sulphated, and Bidwell and Gosh (19634 found that the molar ratio 

of incorporation of sulphate to in "fucoidan" was 600:1 

implying that there is a considerable turnover of sulphate in
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"fucoidan", presumably without breakdown and resynthesis of the 

carbohydrate chain. It is also probable that sulphation 

follows polysaccharide formation in the. synthesis of fucoidan.

Recent studies on carbohydrates in Fucus vesiculosus 

(Bourne et al, I969) showed that the "fucoidan" and "alginic acid" 

fraction studied by Bidwell (I967) each consisted of more than 

one polysaccharide. Black and Dewar (l949) had shown that 

Fucus Ep* synthesize up to 7% of laminaran .which together with 

sulphated fucose-containing polysaccharides, is extracted with 

dilute acid. As mentioned on p.10 , this sulphated poly­

saccharide can be further fractionated into several polysaccharides. 

The alkali-soluble polysaccharides consist of alginic 

acid and a sulphated polysaccharide called glucuronoxylofucan.

These could be separated by precipitation of the alginic acid 

as its calcium salt, (Bourne ^  I969),

With this knowledge and also the possibilities of 

measuring the proportions of the sugar residues and their 

respective radioactivities in the individual polysaccharides 

it was decided to carry out further metaboilic studies on the 

carbohydrates of Fucus vesiculosus.
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Materials;

Experiment I.

Sterile fronds, without vesicles (2-5 cm long) of 

Fucus vesiculosus were used. The alga was collected at Point 

Pleasant, Halifax, Nova Scotia, Canada, in August 196$, The 

fronds were cleaned and the surface wiped to remove epiphytes 

etc.

Experiment II.

F,vesiculosus fronds, as for experiment I, were used. 

They were 1-2 cm long, and were collected in August 1970.

After cleaning, the fronds were stored in sterile seawater of 

15^G over-night and used for growth experiments the following 

morning.

Experimental and results:

Exp,I.(1) The fronds (50 g* wet, blotted weight) were placed in 

W  1 seawater at 20°C, illuminated for 10 min. Then 1,0 m.lGi 

Na-^^CO- was added, and the sample was illuminated for a further 

10 rain. The fronds were removed from the seawater, rinsed in 

inactive seawater and pulverized in a mortar containing liquid 

nitrogen. The resulting powder was extracted as described below. 

Exp.I.(2) was similar to exp.I (l), except that the fronds (50 g.) 

were allowed to photosynthesise in 5-0 1 seawater containing 2.0 

m Ci for 3 hours.
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Exp.II. ■ The fronds (35 g* wet, blotted weight) were allowed

to photosynthesise in sterile seawater, IOO5 ml, that had been
to

freed from carbon dioxide by acidifying/pH3, purging with nitrogen 

for 20 min. and readjusting the pH to 8 with 1 N Na0H(C02 free) 

The pH of the seawater was brought to 8,3 by the addition of 

NaH^^CO^ [equivalent to O.I8 m Mole CO^ and O.9I m Ci.]. After 

growth in the presence of for 10 min, the fronds were

removed from the medium and rinsed thoroughly with seawater, 1*5 1, 

to remove activity adhering to the surface. One sample 11^

(8.8 g. blotted weight) was removed, and the rest was allowed to 

continue growth under the same conditions as before in inactive 

seawater, 1.8 1. After 30 rain, another sample 11^ (blotted weight 

11.2 g.) was removed, and to the remaining sample 11^ (14*8 g.)

2 m Mole,of NaHCO^ was added. Growth was stopped after a further 

1 .5 hours.

The temperature was maintained at (20.5 + 1.5^G) by 

circulation- of cold filtered seawater.

To facilitate comparison, all results given are 

calculated on 10 g. blotted weight.

Extraction procedure.

1. 80% ethanol at 70°G, carried out 5 times for 2—3 hours each,

2. The residue from 1, was extracted 5 times with HCl, pH2,0, at 

70°C, for periods of 6-10 hours, with continuous stirring.
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3. The residue from 2. was extracted with 3^ Na^CO^ at

for 6-12 hour periods until negligible radioactivity was 

found in the extract 

Extract 1. ethanol extract.

The combined extracts were filtered through glapsiwool, 

concentrated to 120 ml, and the total radioactivity was measured 

(Table I), Charged materials, such as amino acids, organic acids, 

sugar phosphates etc., were then removed by treating the extract 

with Biodeminrolite-resin in carbonate form. The neutral filtrate 

and washings, containing the low molecular weight carbohydrates, were 

concentrated to a known volume and the radioactivity measured 

(Table l). The solutions were then concentrated to a minimum 

volume, ethanol was added and the mixture set aside overnight in 

the refrigerator. Mannitol crystallised out. This was filtered 

off, washed with cold ethanol and ether and dried. It was weighed 

and its radioactivity measured (Table I).

The alcoholic supernatan t and washings separated from 

Experiment II, were concentrated and subjected to paperchromatography 

in solvent A. Radioautography revealed 3 radioactive compounds 

with mobilities corresponding to mannitol, yâ-_^glucosy 1-1-mannitol 

and ̂ -^diglucosyl-( 1 - 6-raannitol) (Bouveng and Lindberg 1955)•

The respective radioactivities of these compounds were measured 

by liquid scintillation counting. (Table I).
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TABLE I

Radioactivity of the low molecular weight carbohydrates

in P.ve'siculosus. (I)PM X 10 ^ / 10 g. blotted weight of weed.

Exp. I Exp,II
Fraction 1 2 3 4 5
Ethanol extract 3300 16000 7800 9800 9800

Neutral part 1500 14000 5200 7200 7500

Mannitol (615 mg/lOg.) 1200 11000 5100 7000 7300

Glue 0sy1-1-manni toi ^ 72 23 17

Biglucosyl-1-6-mannitol - - 7 8 8

* not measured.

Extract 2.Acid soluble material.

The combined extracts were filtered through glasqwool and 

the total radioactivity of the filtrate was determined (Table II). 

It was poured into ethanol to give a final concentration of 80^ 

ethanol. This was allowed to stand at 4^C over—night and the 

precipitated polysaccharide was filtered off. After drying, the 

precipitated polysaccharides were separated on a BSAE-cellulose 

column (see p. 29 ).

I’he alcoholic supernatant was concentrated and its 

activity (Table XI) was determined.
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Examination of the acid soluble, alcohol soluble fraction from Exp.II, 

Electrophoresis in neutral buffer followed by scanning 

for location of radioactive compounds showed that less than 2^ of 

the total radioactivity of the extract was present in charged 

compounds, most of the radioactivity in all three samples retained 

in neutral material on the starting line of the electrophoretogram. 

After elution, this neutral material was subjected to paper chromat­

ography in solvent A and B. This showed the presence of 4 oligo­

saccharides together with fucose and a fast moving component. The 

radioactivity of each of the components was measured (Table II).

The oligosaccharides were separated by preparative paperchromatography 

in solvent B and hydrolysed* Paper chromatography of the hydrolysates 

in solvents A and B showed the presence of fucose and galactose in all 

four compounds. The hydrolysate of the oligosaccharide with 

0.39 also gave a spot with the mobility of mannose; the fastest 

moving oligosaccharide, Bp^^ose* 0*57, contained an unknown with

R _ 1,4* The immobile oligosaccharide contained all the abovefucoBe ®
mentioned sugars, together with xylose and a trace of glucuronic acid. 

Acid-soluble, alcohol-soluble polysaccharide

Previous studies by Black and Dewar (1949) have shown 
that this extract contains laminaran and fucoidan. In the present 

experiments separation was achieved on a Whatman DE$2 microgranular 

cellulose column by successive elution with water, 0.5 M potassium 

chloride and 1*0 M potassium chloride. The three fractions were
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TABLE II

Radioactivity and chromatographic mobility (solvent A) 

of components of the acid-soluble, alcohol-soluble 

supernatant. ( Activity in DPM x IQ ‘̂)

1 2 3 4 5

Total activity of 
acid extracts 450 1600 580 250 383

Total activity of 
acid supernatant 420 1200 440 170 83

Rfucose

Oligosaccharide 4 0 .0 0 73 55 29

3 0 ,2 5 110 24 14

« 2 0.39 -r - -
r, 1- 0.57 84 10 6

Fucose 1 .00 85 32 18

"Fast spot" 1.4 79 43 12

separately dialyse.d, freezedried and weighed. Their activities

were measured (Table III) and constituents determined.

Fraction T. Laminaran

Hydrolysis of an aliquot gave only glucose, which 

was confirmed with glucose-oxidase spray. ,

Fraction 2. XyloglucuronogalactoCfucan (b ).

This fraction was slightly contaminated wi th .algifiic jaoid.
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The latter was removed by precipitation, with 2^ calcium chloride.

The weight, radioactivity and carbohydrate content of the recovered, 

purified, B, [Sulphate l8.9^ were measured. After hydrolysis, the 

proportions and radioactivities of the individual sugars were 

determined (Table V).p.146.

Fraction 3.Fucoidan (c)« [Sulphate-content Hydrolysis

was carried out and the proportions and radioactivities of the 

individual sugars were determined as for fraction 2, This fraction, 

in addition to fucose, also contained glucuronic acid, galactose 

and xylose.
TABLE III

Radioactivity of acid soluble polysaccharides in 

F. vesiculosus fronds at intervals during (Exp.l) 

and following (Exp.Il) the supply of (DPM x lO"*'̂ )

Frac lion

Weight of 
carbohy­
drate, 

mg.

Exp.

1

I

2

Exp.II 

3 4 5

1.Laminaran ,1.5 18 . 27 9*4 1.6 5.4

2.Xyioglucurono-
galac tofucan(B) 128 2.9 .298 19 97 98

3.Fucoidan 53 0.39 91 2.7 11 20

Extract 3* Alkali-soluble material.

The extracts were combined and the radioactivity measured 

both before and after dialysis. The dialysed extracts were poured 

into ethanol to give a final concentration of 80^ ethanol. This
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was left at overnight and the precipitated polysaccharide

filtered off, washed with ethanol and air-dried. It has

previously been found that this supernatant comprises alkaline 

degradation products of the polysaccharides (Bourne _et al, 1969).

The radioactivity in this supernatant was measured (Table IV) but 

further investigations were not carried out.
The precipitated polysaccharide was dissolved in 19̂ 

ammonia, and the alginic acid precipitated as the calcium salt 
after addition of 2^ calcium chloride. This was filtered off, 
washed with 2^ calcium chloride solution, ethanol and ether and 

air-dried. This was then dissolved in 5% sodium carbonate, 

dialysed and freeze-dried. The carbohydrate content and radio­

activity was measured (Table IV).

Preliminary studies suggested that the alkali soluble,

calcium soluble polysaccharide was contaminated with a p-(l -$ 3)linked 
gluean. This was therefore incubated with a p-(l - 3)“
glucanase. The reaction was carried out in deionised water, in 

sac
a dialysis/at room temperature. After several changes of dialysis

water, and 24 hr incubation time, no more carbohydrate was released

from the dialysis bag* The enzyme was inactivated by boiling the

solution and removed by centrifugation. The resultant, pure

polysaccharide was freeze-dried, weighed and the carbohydrate content
,p.148

and radioactivity was measured (Table IV)./ The polysaccharide (a ) 
was hydrolysed and the proportions and radioactivities of the 

individual sugars were determined. (Table V). This polysaccharide
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has previously been named glucuronoxylofucan, but these studies 

indicate that a more correct name is xylogalactofucogluouronan, 

and this name,is used hereafter.

TABLE IV.

Radioactivity in alkali soluble fractions and of 
the polysaccharides present in this extract.

(DPM X 10~̂ )

mg.carb. 1 2 3 4 ' 5

Alkali extract - 240 2100 890 490 580

Alkali ext.sup.after 
dialysis ** 20- 430 2.1 2.1 4.0

Alginic acid 220 17 290 120 290 400

Xylogalactofuc o- 
glucuronan 37 8.1 320 38 64 60

Residual material

The residue after the alkali extractions was hydrolysed

with ^2^^4 icebath for 30 min (Blake and Richards, 1970)*

After addition with cooling of $0 times the volume of water,* the

mixture was heated at lOO^C for 3 hours, then neutralised with Ba(0H )2

and BaCO^ and filtered. The radioactivity and carbohydrate contents

of the residual materials in this hydrolysate were then measured

(Table VIIl). The hydrolysates from experiment I were then treated
1

with Biodeminrolit (in the carbonate form) to remove any amino acids 

and glucuronic acid. The radio activity in the resultant "neutral"
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TABLE V

Galactoglucuronoxylofucan Rel.Prop. 

Activities in 1 g Pol.ysaccharide

Polysaccaride DPM X 10r4
II

Rel .Prop. 1 2 3 4 5
Xy 1ogalac10fuc0- 
glucuronan (A)

Total wt.

Fucose 239 mg/g 
Poly. 9*6nig. 1.1 97 3400 310 610 660

Galactose 1.0 21 ■ 890 160 270 260
Xylose 0.95 20 • 850 130 230 270
Glucuronic acid 1.2 59 2700 260 440 330
Oligosaccharide - 160 170 110
Xyloglucurono- 
galactofucan (B)

Fucose 773 mg/g 
Poly, . 98 mg. 7.8 6.6 824 49 340 430

Galactose 1.0 3*3 192 31 62 85
Xylose 0.5 4.3 230 22 81 54
Glucuronic acid 0.8 7.1 958 10 120 67
Oligosaccharide — 32 79 130

Fucoidan (c)
Fucose 900 rag/g 

Poly. 50 mg. 20 1570 34 160 270
Galactose 1.0 28 5.4 19 36
Xylose 0.9 35 2.6 6.6 17
Glucuronic acid 0.3 63 4.2 5.5 15
Oligosaccharide — 4.5 14 42
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TABLE VI
Specific radioactivities in polysaccharides of 
P.vesiculosus fronds at intervals during (Exp*l) 
and following (Exp.Il) the supply of

(LPM X 10"“ / mg.carbohydrate)

1 2 3 4 5

Laminaran 55 140 58 19 40
Xylogalactofuooglucuronan

(a ) 2.2 85 10.3 17.2 16.3
Xy1oglucuronogalac t ofu9an

(B) .0.23 23 1.5 6.8 7.6
Fucoidan (c) 0 .09 17 0.5 2.0 3.8
Alginic acid 0.62 13 1.6 2.4 3.9

TABLE VII

Radioactivity and weight of the fucose-containing
polysaccharide present in 10 g. blotted (DPM % 10"4)

Polysaccharide Wt. of Garb. 1. 2 3 ' 4 5

Xy1ogalac t o fuc oglucuronan
(A) , 37 mg. 8.1 320 38 64 60

Xyloglucuronogalactofucan
(B) 128 mg. 2.9 298 19 97 . 93

Fucoidan (C) 53 mg. 0.39 91 2.7 11 20
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hydrolysate was measured. Paper chromatography in solvents A

a,nd B showed that the neutral part of the residue consists of

glucose (major) together with galactose, xylose, fucose and an

unknown compound with R,, (solvent a ) 1,40. The activities■ " lucose
in the various sugars were measured.

TABLE VIII

Radioactivity of residual material after
extractions of 10 g, 

(DPM X
, blotted weed. 
10~^)

1 2 3 4 ' 5

Total residue 33 .7 425 141 211 251

Neutral material 6 .5 51 -  * — —

Galactose 2.0 11.3 — - —

Glucose 3*0 25 .8 - - -

Fucose 0*7 7*5 - - -

Unknown 0 .7 6 .7 - — —

* not measured.

Periodate oxidation of Xylogalactofuooglucuronan (a ), Xyloglucurono- 

galactofucan (b ) and Fucoidan (C).

Experimental

A sample of each of the polysaccharides was oxidised with

0,015 M lOT for 7*5 hours* The reaction was stopped by adding 4 1

excess ethyleneglycol. The oxidised polysaccharides were then



V>1

% n Op p '■J'o t-j Po O P oto 01 o pP p c+O oto pp H-
{uo
H-CL

O S  -fi» V D  }fcd
roos
os ro CO

VO -fs. -L»
o  Oo o

CO W  00 . 
VTt -J

l\>
OS
o

o

1

| o

(K
p .
H-

§cb
H'
<
H-
c+

'<

%
%01
p

H-
P

P '
P

g .W 4i. H» \>
I-'-0\ -f=. o <M O I-' H» j->.
*3*t-i VI OD IS) p

o CO W O p
o O o o w

sCP3
P

O
W)

H-
2 .
c+
H-

p .

*o
0

m

§
1 
«1 
H-

§-
CO

o fcd

M MM Mvn -pi.

>

I—Ino

w os -p:»
VD tv CO
OS VI
3 3 5
cfq (%

tv1-1 -pi» Os
bs -J SÛ
os ro To03 O O
o O o

O o o
00

IS) tv M
-P» ■ ros_n VI ' o

1-1 tv tv O >0
w M tv O  O

P" W—"3 ro O %Lv o M  P
O o O 1-1

1-1 m
-Q tv fi» POS e+
CJ2 00

tv
VI —3

Ct>

(-1 tv tv
P-V) O -P»

M V V S-3 B 3 (D
% m aq

i
O o a w
tv •fi» os !-j
CO CO VO

O

M 3 03 
0Î p  rl- 3 c+ ÇU 
Ti (D y  t-i y c+ <0 H- H-fu p

I-* (%

o e ;
p CD<-l H-
o' (%o Î3-p' cf
pu
P
PH-CO

Jfc,Ü O 
3  Cf 
^  H- < 

H-
e+

«<!

3 CÎ O t3 CI>
J-* C+- »-i

0 ^ 0  
Os (D p jp P

P  c+H- CD

H-

cri-

O',

o
c
t-*
pcl-
CD
P-

fcd
P
Hj
o
1-3
O

O
fcS
H-
0

S'
cf
P

1 
E
H-
O

<^2 5
^  o' àP  O  {% 
^ * •

I'd

I

>
H)
c+
®
y

hd
P

oS'
c+
p

a
g-c+
H*§

1-3 P 
O' Pf gpu
p O

Pd
pto
P

Is



15:

po•H
- p

•H
■g

o|
IT\ ir\ o oCM o Cvl «g-
r'^ eu LTs

\o

M
X

g
s

0>■P
■H♦HP(DA
PQ)4-ACm
a
m
u
&
g

XSp•H
<S)
g
p•H
+3P
S0)
g,

•H-P
§'H
"%çc

ml
o O U*S irs
Cm r-4 r— r—
1— 1 Q LT'. L-—
r-4 1-4 f —

i—t urs lA o gP p— tr\ Os OP LTS o CM•XJ vo VO vO•H> r4

Td
■H
Ü
ci

V ) o
•H >H ■ JPI P 1 )p| O )PP| P ■ o
flî! O c;
W ppj f-4 ce

ü : | O O

Q)
03Or4

<D
0301



153

reduced to their respective polycalcchols by adding 2^
KEH^ in 0 ,05 M boric acid, and allowed to stand over-night.

Excess borohydride was destroyed with acetic acid and the 
solutions dialysed. The polycalcohols were freeze-dried, 

hydrolysed, and the hydrolysate subjected to paper chromatography 

in solvents B and C, and to electrophoresis in neutral buffer.

The radioactivities and carbohydrate contents of all the 
samples were measured before and after each operation (Table IX). 

The radioactivities of the individual sugars present in each 

polysaccharide were calculated from results in Table V , and the 

radioactivity in the uncleaved sugars in the polycalcohols were 

measured as outlined in general methods (Table X). The periodate 

uptake was measured after the method of Aspinall and Perrier (l957)*
The radioactivity in uncleaved sugars after periodate 

oxidation is obtained from paper chromatography of the neutral 

sugars and for glucuronic acid by paper chromatography in solvent 

C and electrophoresis.. (Table Xl).
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Discussion

When Fucus vesiculosus fronds were grown for 10 
14.minutes in the presence of GOg (Exp.I p. 139 ) mannitol

became highly labelled, and its radioactivity was ten times 

higher after growth for 3 hours in the presence of ^^C0^(Table I,C
exp.l). In experiment II, again the radioactivity of mannitol 

was very high, but in the absence of ^^00^ in the medium, this 

remained almost constant, after a small increase during the 

first 30 minutes. The quickly acquired activity of mannitol 

is in full agreement with the findings of Bidwell (1967) and 

Yaraagushi et ^  (I966) and the pattern of change in radioactivity, 

or rather lack of change, in experiment II, supports the theory 

that mannitol serves both as a storage product and as a substrate 

for respiration.

The change in radioactivities of the glucosyl-mannitol 

and diglucosyl-mannitol suggests that the glucosyl-mannitol is 

formed first, probably by transfer of a. glucose unit to mannitol,' 

and then another glucose -unit is added to form the diglucosyl- 

mannitol. The extent of.labelling in the glucosyl-mannitol is 

relatively high after the first 10 min., when one takes into 

consideration the small amounts present. This activity decreases 

during the 2 hour period in the absence of ^^GOg, while that of
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diglucoeide-mannitol (also present in small amounts) appear to 

be unchanged* The two oligosaccharides are probably built up 
sequentially by the transfer of glucose to G-1 and C-6 of mannitol*

The amount of laminaran metabolised by Fucus vesiculosus
is very small compared with that of mannitol, but it was relatively

,9-145
highly labelled (Table III)/ which again agrees with the results 
of Yamagushi e_t al (1966). Tt).ese 1*6suite indicate that mannitol 
is probably partly converted into laminaran via glucosyl-mannitol 
and diglucosylmannitol; which supports the theory of the Japanese 
workers that mannitol and laminaran probably play the same role 
in brown algae as sucrose and starch do in green algae and higher 

plants*
It was calculated from the uptake of and the

radioactivity of carbon)dioxide supplied during the 10 minutes 
metabolism in experiment II, that the alga would take about 1000 
hr.to double its weight. For this reason any increase' in weight 

during the experiments would have negligible effect on the weights 
of the different polysaccharides, and therefore for simplicity and 
to permit comparison, the average carbohydrate weights of the 
different polysaccharides in 10 g. of blotted weed is given 

(Tables III and IV). p.145 and 147.
The different samples of weed were extracted under 

identical conditions by acid and by alkali and the two extracts
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were fractionated into their individual polysaccharides.

Hydrolysis of the precipitated polysaccharides from the acid 

extract gave on paper chromatography fucose as the major sugar, 

together with glucose, glucuronic acid, galactose, xylose and 

trace quantities of a sugar with the mobility »4 (Solvent A),

slightly faster than 3-0-methyl-fucose (Bernardi and Springer, 1962)* 

This indicated the presence of a glue an as well as a heterof̂ ucan'î 

The polysaccharides were successfully separated on a DEAS-cellulose- 

column into ( 1 ) laminaran, (2) a sulphat.ed xyloglucuronopgalactofucan 

(B), with fucose content ca.78^ of the total carbohydrate content, 

and (3) fucoidan (C) in which the fucose content was over 9^^ of 

the carbohydrate content (Table V). A third sulphated polysacchar­

ide (a), also fucose-containing, was obtained from the alkali extract 

of the alga. This has previously been named by Bourne e_t ^  (I969) 

"glucuronoxylofucan", but analysis of the constituent sugars of 

the present polysaccharide indicate that a more correct.name is 

xylogalactofuco=glucuronan (A). Galactose was not reported to be 

present by the above authors, although its presence was suspected 

(Brush, 1970). It should be pointed out that separation by 

paper chromatography of galactose and glucuronic acid is difficult 

when the latter is in excess* A hydrolysate of (a) also contained 

a trace of the material with 1,4, but the amount present

was too small to measure.

Fucose-containing polysaccharides comprising different 

proportions of fucose, xylose, galactose and glucuronic acid, have



157

already been reported (Percival and McDowell, 1967) ajid it 

seems that the brown algae synthesise a wide variety of this 

type of polysaccharide^.

The three above mentioned fucose-containing polysacchar­

ides are not therefore considered to be three distinct polysacchar­

ides metabolised by the alga, but the result.of a somewhat arbitrary 

fractionation of a family of polymers based mainly on fucose. In 

this framework, polysaccharide (a ) represents one end and polysacc­

haride (C) the other end of the family spectrum.

After precipitation of the polysaccharides present in 

the acid extracts, considerable radioactivity remained in the 

supernatant, . It was first thought that this supernatant contained 

mainly degradation products of the polysaccharides, but if that were

the case, one would expect the radioactivity in the supernatant and
'

in the polysaccharide to increase with the same rate. However, ' 

the radioactivity in the supernatant decreased as the culture 

experiment proceeded whereas that of the polysaccharides increased 

(Table II). It is probable that some of the radioactivity in the 

supernatant is derived from degraded polysaccharides, but only a 

small fraction can be due to this. Paper chromatographic 

examination of this supernatant revealed the presence of fucose, 

the compound with and four oligosaccharides (Table II).

If these substances had been present as such in the alga, they 

would have been soluble in 80^ ethanol. As they were not present
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in the 80% ethanol extract they roust therefore have arisen

from highly labelled, acid-labile higher oligosaccharides.

Because the radioactivity of these oligosaccharides decreased

after the alga had been transferred to inactive medium, it is

postulated that they are part of the metabolic pool for synthesis

■ of the polysaccharides* The radioactivity in such a pool would

be expected to decrease after transfer to inactive medium because

there would be no new available* This concept of a

metabolic pool would explain the rapid increase of radioactivity

in polysaccharides (B) and, (C) in the first half hour in the 
14-absence of COp and the continued increase in radioactivity in 

polysaccharide (c) in the following 1*5 hours. (Table III, P»145 

sample 5)*

. The extent of labelling of the three fucose-containing 

polysaccharides (Table VII/, their high specific activity (Table VI),p.149

and the change of activity in all three during the period of the

experiment indicate that they are all being actively metabolised.

The activity in (à) was the highest of the three after growing 

for 10 minutes in radioactive medium, it almost doubled during 

the next 30 minutes in inactive medium, and then decreased slightly 

during the following 1*5 hours. In contrast, the other two 

polysaccharides, particularly fucoidan (c), acquired relatively 

little radioactivity, considering the respective weights of Â, B



159

p. 148
and C,/during the 10 rain, growth in During the

following 3p minutes, however, the radioactivity of polysaccharide 

(b) increased five-fold and that of fucoidan (C) four-fold. The 

radioactivity of polysaccharide (b) remained almost constant during 

the following 1,$ hours, while that of fucoidan (C) almost doubled.

(Table VIl). It seems that some of the radioactive fucose-containing 

metabolic precursors remaining in the metabolic pool after 

was removed from the growing medium,were used to synthesise poly­

saccharides (b) and (c).

The decrease in radioactivity of (a ) (Table VIl) and the 

increase in the radioactivities of the other fucose-containing 

fractions during the last 1.5 hours, with concomitant decrease of 

radioactivity in the "precursor pool" (acid supernatant) suggest 

the following tentative pathway for the biosynthesis of fucoidan (c): 

xylogalactofucoglucuronan (a ) xyloglucuronogalactofucan (b ) 4

fucoidan (C)

As would be expected from the high proportion of unlabelled fucose 

in the polysaccharides at the beginning of the experiments, the 

fucose in polysaccharides.(B) and (c) is relatively less labelled 

than that of (a) after 10 minutes, but radioactivity of fucose 

in these two polysaccharides increased considerably throughout the 

experiment. If there had been no relationship between the

biosynthesis of .these three polysaccharides, one would expect the
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same changes in radioactivity for each of them throughout the

experiment, hut this is clearly not so.

In both experiment I and II, there is a marked increase

in radioactivity in the alginic acid throughout the experiment.

The increase continues even after transfer to inactive medium,

which indicates that there must be a pool of radioactive precursors

present in the alga. This may well be in the acid supernatant,

as only ]'8 x 10^ DPM (of the 2?0 x 10^ DPM which was utilised from

the supernatant) was incorporated into fucose-containing polysacchar
,p,144

ides during the first 30 min, in inactive medium (Table 11^, and 

the difference is even more pronounced in the following 1*5 hours, 

Yamagushi ejt al (I966) found that the radioactivity in 

the "alginic acid" fraction increased during photosynthesis and 

remained unchanged during growth in the dark - indicating that 

"alginic acid" is probably a direct product of photosynthesis. 

Howeverf this "alginic acid" fraction probably also contained 

polysaccharide (a).

The hydrolysate of the residual material after acid 

and alkali extraction was found to be highly radioactive, but a 

a high proportion of this was removed by ion-exchange treatment
.p. 150

(Table VIII/ and was therefore probably due to aminqacids, 

peptides and uronic acids. Chromatographic analysis of the 

neutral material showed mainly glucose with less galactose, a
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little fucose and an unidentified compound. (R_ -0.60)• ̂ fucose ■
Glucose was found to be highly labelled, but all the others 

contained a certain degree of labelling.

The glucose is probably derived from cellulosic 

cellwall material. Yamagushi at ^  (1966) called this the 

"cellulose" fraction and showed that it was completely hydrolysed 

to glucose by a cellulose preparation from Trichoderma viride.

These authors found that this fraction acquired activity throughout 

growth in presence of light but the change in activity during 

growth in the dark was complicated. Bidwell (I967) found in 

the "insoluble residue" an increase in activity in the dark and 

a decrease in the light, indicating active metabolism with probably 

more than one compound involved.

The periodate oxidation of the polysaccharides A,B and G 

was carried out in order to see which if any of the constituent 

sugars resisted oxidation. If no radioactivity was found in the 

area on the paperchromatogram corresponding to a particular sugar, 

this would indicate that this sugar was oxidised by periodate and

a) was present a6 endgroups, or b) that it was present in the 

inner part of the molecule linked to two other sugar units in such 

a way that it was vulnerable to periodate oxidation, or it could 

be present as a combination of a) and b). If one considered a)
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to be the case for the glucuronic acid and xylose units, the 

theory put forward concerning the biosynthetic relationships 

among the polysaccharides A, B and C would be iucorrecl, but if

b) or a combination of a) and b) was the case, the theory would 

still be valid.

If after the periodate oxidation there still remained 

radioactivity in the areas corresponding to all the constituent 

sugars this would be further evidence for the proposed theory, 

assuming that no acetal formation took place which hindered 

complete periodate oxidation. As is evident from Table XI,P.152, 

all the sugars remained after periodate oxidation.

Their presence on paperchromatograms was checked in 

several solvents and also by ionophoresis. In each case their 

respective radioactivity was measured. This was to ensure that 

the radioactivity was actually present in these sugars and not in 

other breakdown products of oxidation. As the same counts were 

obtained in at least two different systems for each of the sugars, 

one can consider that they are correct.

Other investigations in this laboratory have provided 

evidence that no acetal formation occurs with fucoidan (C), but 

that in a glucuronic acid rich material acetal, formation does occur. 

Prom these results one can assume that no acetal formation has 

taken place during the present oxidation experiments of fucoidan (c)
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and the results obtained therefore support the proposed theory 

for the biosynthetic connection among polysaccharides A,B and C. 

Summary

This work supports the earlier findings in Fucus 

vesiculosus and Eisenia bicyZclis, insofar that mannitol is 

a major product of photosynthesis of brown algete, that it is a 

storage product, and is partly converted into laminaran.

There also seems to be evidence for a relationship 

in the biosynthesis of the fucose-containing polysaccharides, 

and the theory that xylogalactcPfucoglucuronan (A) is synthesised 

first, and eventually transformed into fucoidan (C) via xyloglucur­

onogalactofucan (B) is put forward. . It is not proposed that 

these three polysaccharides exist as distinct individuals, but 

that they are all members of a family of fucose-containing 

polysaccharides synthesised by the alga, with xy1ogalactofuco- 

glucuronan (A) as one end of the family spectrum and fucoidan (C) 

as the other end.

This theory is supported by periodate oxidation studies 

of the three fractions.

It is suggested that the low molecular■weight carbo­

hydrates found in the supernatant of the acid extract are derived 

from precursors for the biosynthesis of these polysaccharides.

This work has been accepted for publication in Canadian Journal 
of Botany.
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3. ULVA LACTUCA
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Introduction
The metabolism of carbohydrates in green 

marine algae has received little attention, only a few papers 

concerned with this problem can be found in the literature.

Bidwell (1958) allowed the green seaweeds 

Cladophora and Ulva lactuca to photosynthesise in the presence 

of for 5*5 hours and 17 hours respectively. After

extraction of the algae with 80% ethanol, 73% and 59^ of the 

radioactivity in this fraction from Cladophora and Ulva 

respectively was found in sucrose. The carbohydrate fraction 

of the insoluble part accounted for 24^ of the radioactivity 

from Cladophora and 14^ in that from Ulva.

Craigie ^  al (1966$ carried out studies on the

green algae Chaetomorpha, Cladophora, Snteromorpha, Monostroma

spp., and Ulva lactuca. They were allowed to photosynthesise
14in the presence of COg for 2 hours. The algae were extracted 

with 80% ethanol, and these extracts and the insoluble residues 

were investigated separately. Sucrose acquired the main proportion 

of the radioactivity in the 80% ethanol extracts from all species 

except Cladophora, where most of the radioactivity was found in 

unidentified, neutral compounds. Fructose and glucose also 

became labelled, fructose higher than glucose’in all samples 

except in U.lactuca. Cladophora also sythesised labelled mannitol.
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The main part of the radioactivity in the 

"insoluble fraction" was present in the carbohydrate material.

In all samples, after hydrolysis, glucose had the highest 

radioactivity. The residue from Chaetomorpha had traces of 

radioactivity in arabinose and xylose, Cladophora in arabinose, 

xylose and galactose. Enteromorpha, Monostroma and Ulva 

all gained considerable radioactivity in rhamnose, and the two 

first mentioned acquired smaller amounts in mannose arid xylose. 

These authors concluded that the photcsynthetic products of 

these green algae resemble those of Chlorella and higher plants 

in storing sucrose, glucose and fructose. The labelled 

glucose derived from the polysaccharides was thought to have 

arisen from starch.

The photosynthetic products from Ulva lactuca 

have recently been studied in more detail by Patil and Joshi 

(1970, 1971). These authors allowed the alga to photosynthesise 

for 6 hours in radioactive seawater Samples we*re taken

at 10 sec, 30 sec, 5 c:in, 30 min, 1 h. and 6 h. The extent of 

labelling of most compounds present in the 80^ ethanol extract 

were measured. The radioactivity of the various components of 

the residue was measwed after total hydrolysis of this. No 

radioactivity was four d in any carbohydrates until after 5 min.
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Sucrose was then most highly labelled, followed by glucose and 

fructose. As the experiment proceeded, it was observed that 

after 1 houi*, glucose had the highest labelling and after 6 

hours, fructose was the highest labelled sugar present in the 

80^0 ethanol extract.

After hydrolysis of the residues of the last 

four samples, it was found that 34/̂, 32^» 38^ and ^0^ of the 

radioactivity respectively was in the carbohydrate fraction.

The radioactivity of the individual sugars in each sample was 

measured. After 5 min, most of the activity was present in 

glucose, followed by xylose and rhamnose* Little was found 

in glucuronic acid. As the experiment continued for 30 min, 

activity increased in glucose, while that of rhamnose and 

xylose decreased. After 1 hour there was still increase in 

the activity of glucose, and also in that of xylose and 

glucuronic acid. After 6 h, 80^ of the radioactivity in this 

carbohydrate fraction was found in glucose, followed by xylose, 

glucuronic acid and rhamnose. The radioactivity of glucuronic 

acid increased throughout the experiment.

When studying their results, it is observed

that the actual radioactivity in the 80^ ethanol extract of
1

U.lactuca does not increase throughout the experiment. An 

increase would be expected during an experiment of this kind
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as the weed has access to radioactivity in the medium during the 

whole period. Patil and Joshi (l970) report a lower radioactivity 

in this extract of the samples after 30 min. and I hr., than after 

5 min.

For the "insoluble residue" (i.e. insoluble in 8ofo 

ethanol) it is observed that the extent of labelling of rhamnose 

and xylose from the hydrolysate is smaller in the samples from 

30 min. and 1 hr., than in that after 5 min. No attempt to 

fractionate the polysaccharides has been made. It should be

pointed out that glucose, for instance, probably is present in 

three different types of polysaccharides, and without any separation 

of these, conclusions about their role in the carbohydrate metabolism 

in ÏÏ.lactuca can not be drawn from radioactive experiments.

Due to these discrepancies, interpretation of their 

results is very difficult. Their conclusions, however, from 

these experiments are that the synthesis of sucrose dominates up 

to 30 min, from the start of the experiment, and this is followed 

by domination of glucose-synthesis after 1 hour. The glucose 

is thought to be the main constituent of the "insoluble fraction", 

and also that it serves as a metabolic pool for synthesis of the 

complex polysaccharides as well as for other fractions.

The present experiments were carried out at the same 

time as those of Patil and Joshi, and as will be shown, the 

respective results obtained are not in complete agreement.



169

Material

The alga, Ulva lactuca, was collected at Point Pleasant, 

Halifax, Nova Scotia, Canada, in August I969, It was cleaned 

for adhering epiphytes etc., and stored, overnight at 15^C in 

filtered seawater*

Experimental and results.

A . Ulva. lactuca (50 g. blotted weight) was placed in I5OÛ ml 

filtered, sterile seawater at 18^C and illuminated for I5 

minutes. 1.0 mCi.Kan'̂ '̂ CO.̂  was added and the sample 

illuminated for a further 10 minutes. It was then taken 

out of the medium, rinsed thoroughly in fresh seawater and 

pulverised with liquid nitrogen by grinding in a mortar.

B. The weed ($0 g. as for A) was treated similarly, except that 

the amount.of seawater was 6.0 1 containing 2.0 mCi . 

The illumination period was for 3 hours.

Extraction of the Al^a

The finely ground powder was extracted with 80^ ethanol, 

by refluxing for 6 hours,repeated 3 times), followed by exhaustive 

extractions with hot water on a boiling watsrbath in an atmosphere 

of carborldioxide. The residue after the aqueous extractions was 

hydrolysed completely with 72^ sulphuric acid (Blake and Richards, 

1970)» The radioactivities of these fractions were measured 

(Table 1).



170

TABLE I

Radioactivity of various fractions 

of Ulva lactuca (DPM x. 10  ̂ )

80^ Ethanol 
extract

Hot water 
extract

Residue

Sample A 

Sample B

783

3135

242

1367

602
4307

80^ Ethanol soluble fraction

The combined extracts were deionised with Biodeminrol- 

it-resin in carbonate form, to remove amino-acids, sugar 

phosphates and other charged compounds and then examined by 

paper chromatography in solvents A and D. Tie components 

present were identified by paper chromatography and g.l.c. 

and the radioactivity in the various sugars and alcohols was 

measured (Table Il)^pi17t'

Hot water extract

The total extracts were dialysed. During dialysis 

a precipitate formed inside the dialysis sac, which was removed 

by centrifugation, before freeze-drying the polysaccharide. 

Previous studies had shown_ that this fraction was a mixture of 

starch and sulphated gluouronoxy1orhamn&ns (Brading ̂  al, 1954, 

Percival and Wold, I963). The starch was removed by treatment
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of the polysaccharide with a-amylase inside a dialysing sac 

in distilled water. The dialysing water was changed frequently, 

and the reaction was stopped after 24 hours by heating the mixture 

to boiling point. After cooling the precipitated enzyme was 

removed by centrifugation. The solution containing sulphated 

polysaccharide^after concentration^was freeze^dried. The 

carbohydrate content was measured of the polysaccharide mixture 

and of the precipitate' formed in the dialysis sac. The radio­

activity of the various fractions was measured (Table III) .

TABLE III

Radioactivity present in various parts of the hot water

fraction ( DPM x 10 )̂

Total Dialysate Precipitate Polysacc- Starch Glucurono- 
extract in sac y aride xylorham-
_________  - _____ _ fraction nans

X

A 242 127 32.6 77.9 35.4 24.9

B 1,36? 257.5 230.7 894.8 174.5 -559.3

X weight 805 mg, carbohydrate content 50^ for both A and B. 

y carbohydrate content, A = 3*44 mg, B - 16.7 mg.
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Investigation of the sulphated polysaccharide

As the glucuronic acid is highly degraded by 

normal acid hydrolysis (Haq and Percival, i960) the polysaccharide 

was given a mild hydrolysis with 2,25^ oxalic acid a,t lOO^C

for 4 hours. After neutralisation, the derived neutral and 

acidic oligosaccharides were separated on Amberlits 1R-45 (KCOO ) 

resin and eluted successively with water and 1 M formic acid.

The acidic fraction was converted into its methylester-methyl 

glycosides followed by reduction of the acid to the neutral sugar 

with sodium borohydrids. After another hydrolysis of the neutral 

and the reduced acidic fraction with 90^ formic acid, an aliquot 

of the derived syrup was subjected to paper chromatography in 

solvent A and the radioactivity present in each sugar was measured. 

Another aliquot was reduced and the ratio of the alditols present 

was determined by g.l.c. The results obtained from the two 

fractions were combined to find the molecular ratio of the sugars 

present in the polysaccharide and the radioactivity present in 

each sugar (Table IV).* The relative specific radioactivity per 

sugar unit was calculated (Table V)*

Residual material

The residue was hydrolysed with 72^*'sulphuric acid 

(Blake and Richards, 1970)» deionised with Biodsminrolit resin 

in carbonate form, and an aliquot of the derived neutral syrup

was subjected to‘ paper chromatography in solvents A and D.
*'Nq glucose was detected in a complete acid hydrolysis of the acidic 
fraction.
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TABLE IV

Re1,prop. 1. 4.55 5 .7 2.28

DPM . A 49.38 38.65 123.7 28.93

X10"4 B 313.2 . 1376 2417 1 1 0 2'

TABLE V

Relative specific radioactivity

Glucose Xylose Rhamnose Glucuronic acid

A 49.38 8.5 21.7 12.7

B 313.2 302 422 483

' TABLE VI

Radioactivity in the rersidual sugars (DPM X 10-5)
Total radio­
activity

Neutral
fraction

Glucose Mannose Xylose Rhamnose

A 602.4 378 251 87 .7 22.0 17.4

B 4307 2950 2235 389.4 135 .7 191.7
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Another aliquot was analysed by g.l.c, after conversion of the 

sugars to their corresponding trimethylsilyl-derivative. The 

presence of glucose, mannose, xylose and rhamnose was confirmed, 

glucose being the main sugar of this material. The radioactivity 

of the respective sugars was measured as described previously 

(Table VI).
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Discussion

When Ulva lactuca was allowed to photosynthesise in 
1Athe presence-of Nell CO* for 10 rain, (A) and. 3 hours (B) respectively, 

it was found that the low molecular weight fraction incorporated a 

higher percentage of the radioactivity after 10 min, (à) than after 

3 hr. (B), whereas the highest simount of radioactivity was found 

in the residue after 3 hr.(B), which agrees with the fact that the 

cellwall is built up later than the soluble products.

In the neutral fraction of the 80^ ethanol soluble 

material, sucrose was the highest labelled carbohydrate in both 

experiments. The radioactivity acquired by glucose and fructose 

was also high, while that of the other compounds were relatively 

low. The high content of radioactivity in sucrose after 10 rain, 

agrees with the finding that sucrose is the first free sugar to be 

formed by photosynthesis (Bassham and Calvin, 195?). The increase 

in the radioactivity in sucrose and fructose between 10 rain and 3 h. 

was proportionally almost identical, while that of glucose was not 

so pronounced, .Patil and Joshi (19?0) found sucrose to be the 

highest labelled sugar after short periods of photosynthesis of 

U.lactuca. After 1 hour, glucose had the highest labelling and 

after 6 h. fructose was the highest labelled sugar present in their 

80^ ethanol extract. Our results agree with 'these observations 

for the short period of photosynthesis, but in our case after 3 hours, 

sucrose was still* the highest labelled carbohydrate and the increase
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in radioactivity was proportionately somewhat greater for fructose

than for glucose during this period, but the total radioactivity

of glucose cr fructose does not exceed that of sucrose.

The radioactivity present in .the charged components of

the 80^ ethanol soluble compounds was greater in (A) than in (b) 
r<p.171

(Table II)/ indicating that'charged compounds are formed before 

neutral sugars; the same was observed by Patil and Joshi (1970-),

The hot water extracts contained 14*9f® (a) and 15<*5̂

(b ) respectively, of the total radioactivity present in the alga.

Loss of radioactivity during dialysis of these extracts was greater 

for (a) than for (B), indicating that smaller molecules (precursors?) 

are formed first and then are probably converted into higher molecular 

weight compounds. One.would therefore expect the dialysable material 

to have relatively less radioactivity after a longer time of growth 

in radioactive medium and hence a greater fraction of radioactive 

non-dialysable polysaccharide.

The non-dialysable fraction consists mainly of two 

polysaccharides, starch and a sulphated glucuronoxylorhamnan (Brading 

et al, 1959* Percival and Wold, 1963). Starch is a storage product, 

but possibly also an active metabolite. It has the higher radio­

activity of the two in (A), but the lower in (b) indicating that it is 

a more direct product of photosynthesis than the sulphated polysaccharides, 

the latter are probably synthesised via different precursors and are 

eventually laid down in the alga either as long term storage material 

or as part of the cellwall.
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The radioactivity present in various sugars of the 

sulphated polysaccharide, show that the glucose acquires radio­

activity quickest, followed by rhamnose, glucuronic acid and then 

xylose (see Table IV), After 3 h, growth (B), one can see that the 

relative specific radioactivity per sugar unit (Table V) is highest 

for the glucuronic acid and lowest for glucose, but the difference 

. is relatively small compared with the differences in exp.A. The 

sugars are almost equally labelled after 3 h. Glucose has the 

smallest increase in radioactivity which indicates that this part 

of the polysaccharide probably has a high "turn-over‘-rate" relative 

to the parts containing the other sugars. It could be that glucose

is transformed into some of the other sugars at the polysaccharide 

level or that comparatively little glucose is incorporated after the 

initial stage. It appears that rhamnose is laid down in the polysacchar­

ide before' the other two sugars*

Glucose contains the highest amount of the radioactivity 

laid down in the insoluble residue and this is followed after 10 min., 

in decreasing order of activity by mannose, xylose and rhamnose (Table Vl). 

An even higher proportion of radioactivity in glucose is found after 

3 hours. The radioactivity in rhamnose seems to have increased 

proportionately to the same extent as glucose, while mannose and 

xylose did not show such large increases. The ■̂ neutral fraction 

(carbohydrates) of the residue contains a higher proportion of the 

radioactivity of the total fraction in (B) than in (a ), which indicates 

that-the carbohydrates are a less direct product of photosynthesis
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than the other constituents of this insoluble residue,

Patil and Joshi (1971) investigated the total 80% 

ethanol insoluble fraction as such and they found a decrease in 

the radioactivity of the xylose and rhamnose after a certain 

period of their experiment. This cannot be so, as the alga has 

access to all the time. The present results agree with

their observations concerning the increase of radioactivity, in 

glucuronic acid, but any further comparison is difficult .as the alga 

has been examined differentyin their and the present studies. The 

discrepancy in their results also make comparisons difficult.

It should be pointed out that one ought to separate the 

polysaccharides before trying to analyse them, in order to get as 

true a picture as possible of the extent of labelling in the various 

sugars. Glucose, for instance, is probably present in three 

different polysaccharides of Ulva lactuca% starch, sulphated glucuron­

oxylorhamnan and in the cellwall. The metabolism of these three 

polysaccharides would be expected to be different, and one would 

therefore expect a different extent of labelling of glucose in these 

three polysaccharides. In the present experiment, it is clearly 

observed a different extent of labelling of the glucose in these 

polysaccharides, and, also a different order of increase in radio­

activity in-tk» between exp.A and exp.B. (Tables II,IV and Vl)p.171 »174^ 

The conclusions-drawn from these experiments are tentative, 

and further studies, preferentially pulse labelling experiments will



180

be required to obtain more information about the role of these 

carbohydrates, during photosynthesis in Ulva lactuca.
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APPENDIX 

Culture of Aceta'bularia

The method for culturing the alga is basically 

the same as described by Shephard (197O).

The cysts of Acetabularia mediterranea (kindly 

given to us by Professor Bidwell, Queen's University, 

Kingston, Ontario) were put in synthetic seawater, in 

light (oa.250 ft c, cycled 12 haurlight/l2 hours dark 

and temperature of 23^C), After a few days, phototactic 

gametes were released from the spores. They were 

cleaned by allowing them to swim through a 25 cm long 

sterile U-tube towards light, and transferred from this 

tube to the culture-vial. They were allowed to grow and 

after a few weeks, it was observed that growth had commenced. 

When the culture-vials became too crowded, the cells were 

transferred to a number of vials, and left to grow until 

they had developed caps of normal size. It normally took 

4-5 months before the cells were fully grown. The medium 

was changed periodically.
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Culture Medium
A Synthetic Medium for Acetabularia

Amount/liter Instructions
Major salts 
NaCl

CaClg.ZHgO
Tris
fCCl
NaNO^
K2HPO4

Micronutrient salts 
NagEDTA 
ZnSO .7 HgO 
NagMoO .2 HgO
PeCl .6 HgO -
MnClg. 4 HgO
CoClg. 6 HgO 
CuSO .5 HgO

Bicarbonate
NaHCO^
Vitamins 
Thiamine HCl 
jg-Aminobenaoate 
Ca^Pantothenate 
Vitamin

24 gm
12 gm 
1 gra
1 gm 

0.75 gm 
40 mg

12 mg
2 mg 
1 mg

0.5 mg 
0.2 mg 
2 pig 
2 PS

100 mg 

300 p g

20 ̂ g
10 p g

4 rig

The phosphate is added last; then 
the pH is .adjusted to 7*8 with IN 
HCl (about 5 ml/liter); 
finally the solution is autoclaved

This solution is made up separately 
and added to the major salt 
solution before autoclaving

These solutions are made up 
separately and added to the salt 
solution through a sterilizing 
membrane filter after the auto­
claving
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