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INTRGDUCETIQON

In New Zealand, dairy cows are fed mainly on prsture in situ, This is

in contrast to feedinyg practices in other countriass wha lectating cows are

or ally fed diets containing appreciable proportions of food products, other

¥ & ¥

than fresh pasture, Jlthough lipids form only L = §. of the dry weight of
leaf tissue (Milditeh and Williams, 4965) it has been estimated that a cow
by eating 9 Ig. of dry matiter of grass per day ney consume up to 700 g, of
lipid (Ifa-;:}:e, 1963)., The nature of the dietary lipid and its medification
in the rumen (Reiser and Teddy , 1956) is of particular intercst as it may

influence the corposition of the depot and rwillk: fats of ruminants, Ondy

between the

a few investigatbors hove studied poszible relutions

cormposition of the rill: fat and dietary lipids vhen ruminants are fed en'drely
3 T . T omris 2 aprvens a7 P R Y re
on pustire species., (leDowall and lefillivray, 12033 lHavke, 1265). "he

latter vorker demonsitrated that young succulent short rotation ryegrass

-

(Lolium nultiflorum x Loliwm perenne) contained a hisher content of lipid

(,« of dry wt.) than mature grass which contained apprecizble stalk material,

Furthermore the lipid firom the new growith contained hizher sroportions of
linoclenic acid and lower proportions of linoleic and palmitic acids, ihen
pairs of monozygous twin cows were srazed on these two types of pasture, the
cows feed on the young grass had higher levels of unsaturated fatty acids in
the milk fat. This was thought to be related to higher levels of unsaturated
fatty acids in the young grass and to the degree of hydrogenation of the

unsaturated fatty acid components of the dietary lipid in the rumen.



4 large proportion of the dietary lipid of ruminants fed on pasture

yvould consist of galactesyl glycerides since these corponents are the major

- . - - Fave -
1lipids of photogynthetic “issue (Weeninl:,

'

-

961; BSastry and Kates, 1954).
Conseguently the comparative levels of gealactogyl glycerides and changes in
their fatiy acid cormposition in L, perenne leal tissue of varying age has
been investigated., The present investigation also includes a study of the
effect of the light environnent on the levels and cormosition of lipid,

especially the zalactolipids, and on the biosynthesis of fatty acids,
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1e Lipids of Photesynthetic Tissue

Lipids are a group of chemical compounds which are insoluble in water but
soluble in fat solvents such as chloroform, diethyl ether and benzene,
They can be conveniently subdivided intc three classes depending on their

chemical and physical properties. These classes consist of:=-

(1) Simple or Neutral Lipids

(2) Compound Lipids

(1) Simple or Neutral Lipids

These lipids contain carbon, hydrogen and oxygen, and in photosynthetic
tissues censist of hydrocarbons, waxes, alcohols, quinones, sterols, sterol
esters, andglycerides,

Hydrocarbons have been isolated from ryegrass by Pollard et al., (193),
and from cocksfoot (Dactylis glomerata) by Waldron et al., (1961) who has
demonstrated the presence of normal hydrocarbons ranging from 027 to 053 in
chain length, Weenink (1962) has also demonstrated that 0,38% of the acetone

soluble lipids of red clover (Trifolium pratense) consisted of hydrocarbons from

015 to 025 in chain length with the latter compound predominating,

Waxes are esters of long chain fatty acids combined with high molecular
weight alcohols and have been identified in cocksfoot (Dactylis glomerata) and
perennial rye (Lolium perenne) by Pollard et al,., (1931), and in spinach (Spinacia
oleracea) by %ill and Harmon (1962).

Free alcohols such as ceryl alcohol (n-hexacosanol) have been identified-
in spinach by Zill and Harmon (1962) who consider it may possibly be a breakdown

product from waxes,
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oleracea) chloroplast lipide and they consider it may be associated with an

electron transport system in the chloroplast,

Glycerides are esters of long chain [laity acids (palmitic, linoleic,
linolenic acid, ete,) with zlycerol, llono, di and iriglyceride have one
two or three fatty acids esterfied to the nydroxyl group of glycerol iespectliveiy,
Until recently triglycerides were thougnt tc constitute the major pronortion of
the acetone scluble fraction of plant lipids but ieenink (1962) demonstrated
that the acetlone soluble lipids of red clover contained about 60 galactosyl
glycerides, I!He has since demonstrated that triglycerides constitute only
0.53j: of the total acetone soluble lipids (Weenink, 1952),

Diglycerides were also identitied in red clover (‘rifolium praiense) by

Weenink (1962) but their existence has been guestioned as they could be formed
by the enzymic breskdovm of phospholipids (lia'tcs, 1953) or be present as
intermediates in phocvolipid synthesis (Kennedy, 1956),

Sterols which have the fundamental corbon siruciure of cyclopentaono-
phenanthrene are present only in trace amounts in plants, Stigmasterol and

[? sitosterol have becen identifiied in pasture grasses by Pollard et al,,

.

(1936) and 2ill and larmon (41962) have identified @ sitosterol, stigmusterol
and spinasterol in spinach chloroplast lipids,

Sterol esters have a fatty acid esterified to the hydroxyl group on
carbon three of the sterol ring structure and have been identified in red clover

(Trifolium pratense) by Weenink (1962)., An ester of [# sitosterol appeared to

be the main component constituting 0.57% of the total acetone soluble lipid,



(2) Complex Lipids

Complex lipids may in addition to carbon, hydrogen and oxygen, contain other
elements such as nitrogen, phosphorus, sulphur or a carbohydrate moiety,
The complex lipid group may be subdivided into:=

(a) Phospholipids - Lipids which contain phosphorus

(b) Glycolipids = Lipids which contain a sugar residue but have no
phosphorus,

(e¢) Sulpholipids = Lipids which contain a sulphuric acid residue,

(a) Phospholipids

Phosphatidic acid is the simplest phosphatide and its presence in photo-
synthetic tissue was first demonstrated by Chibzll and Channon (1927). These
workers found high concentrations of this lipid inl cabbage leaves but subsequent
investigations of Kates (1956, 1957) demonstrated the presence of this lipid was

probably due to the action of phospholipase D on other glycerol phosphatides,

Traces of phosphatidic acid have been found in cabbage (Brassica oleracea)

leaves (Benson and Maruo, 1958) and in rumner bean (Phaseolus mult:'-.florug) leaves

(Kates, 1960) but its presence in Scendesmus, sweet clover (leliotus alba) and

barley (Hordeum vulgare) was not demonstrated (Benson and Maruo, 1958).

Diphosphatidyl glycerol was first observed by Benson and Strickland (1961)

in Chlorella, Scendesmus and Rhodospirillum rubrum and higher plant tissue,

The work suggests that this lipid is present only in low concentrations,

Reports of phosphatidyl serine in plant tissue are not numerous but it has
been identified by Benson and Maruo (1958), Wheldon (1960) and Lepage (1964) in
photosynthetic tissue,

The major phosphatides of photosynthetic tissue; phosphatidyl choline,
phosphatidyl glycercl, phosphatidyl ethanolamine and phosphatidyl inositol have

been identified by various workers: Benson and Maruo (1958) in tobacco (Nicotiana



tabacum), sweet clover (lleliotus alba), and barley (Hordeum vulsare);

Kates (1960) in runner bean (Eggseolus multiflorus); Vintermans (41960) in

elder (Sambucus nigzra), bean (Phaseoulus vulgaris) and beet (Beta vulgeris);

Ferrari and Benson (1961) in Chlorella pyrenoidosa; Lepage (1964) in alfalfa

(Kedicago sativa), potatoé (Solgnum tuberosqg) and chlorella; and by Weenink

(196) in red clover (Trifolium pratense),

TABLE 14
Weenink (1964)

The concentration of phospholipid components in the
acetone insoluble fraction of red clover
(Trifolium Eratense) lipids

% composition of acetone

Component insoluble lipid fraction
Phosphatidyl choline 37
Phosphatidyl glycerol 23
Phosphatidyl ethanolamine 15
Phosphatidyl inositol 2
Unidentified acidic phospholipids 13
Unknown 10

(b) Glycolipids

The glycolipids in photosynthetic tissue consist of the galactosyl glycerides

and the minor glucocerebrosides recently isolated by Kates and Sastry (196L4).



(1) Salactosyl slycerides

Nonogalactogyl glyceride and digalactosyl glyceride were first
bty Carter et al,, (1956; from wheat flour and appear to be the major
1ipid of pliotosynihetic tissue,

H0H

H
—CH,
H
H _THZ
HCO-COR
H
HZCOH-COR
« - D-Galactosyl - (1=+6) - B-D - Galactosyl

- 2', 3'- Diglyceride

H,0H
H —CH,
H l
HCO-COR
He |
HCO-COR
/2-D-Galactosyl - (1=1)- 2,3
Diglyceride
Fisure 1
(ii) Gluco-cercbrosides

Gluco=cerebrosides containing a long chain fatty acid and

linked to a long chain alcohol (dehydrophytosphingosine, phytosphingosine,

== Ly

dihydrophytosphingosine or an isomer of sphingosine) have been isolated by

Sastry and Kates (196)4) from runner bean (Phaseolus multiflorus) leaves,

med e
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account for 4;: of the total

sides have been shovm to

The gluco=cerebrosi

leaf lipids,

Similar conponents have been demonstrated

i"--...-.n vt 1 A1 L34 L EN ] - T T Aadlioe ardadvoand =37 1 Wt o l1aa

IO wiieavT 1T..0Uur, PRSI S 1C0 eRros1Les contiined slmiiay J ng cliiain
alcohols as obserwved dn runner bean lipids but the concentration of dehydro-
phytospliingosine wes much reduced, Carter and Henldriclkson (1963) have
characterised thic gphingosine isomer found in gluco-cervebrosidas of vheat

n Yamodi o eemi T4 2 oy oa e
a & & 9 Py eospaangosine,

#e

e

20 by Benson et al., (1959) who

The plant sulpholipid wos first identified by Bens
observed that j‘)-’:‘,r was rgpidly incorporated inteo the lipids of the green alg
Fosn 3 = ] - Tom | e AN - - A = T4 -~ 4 ] ! 1 4=
(Thodeospirillun »ubrun) wd higher nlants, it has been feund in 211 nlioto~
synthictie +issues so fur investigoted and ite cencentration sypesrs sinilar €
) A % 3 : a5 P _— S =
that of the major phosphiatides (fates, 1200, Linitermpas, 1960).

H{—SoH
HO O—CH
2
H  CHocor
CHZ-OCOR
* L]
6 sulpho £ D quinovopyranosyl - (1-+1)
’ ’ .
2 3 diglyceride

Figure 2
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The plant sulpholipid contains a sulphonic acid group having a direct
carbon to sulphur bond which appears' ve:ry stable to acid hydrolysis, This
lipid dif'fers from the animal tissue sulphatide which contains & sulphave ester
group which is easily hydrolysed under acid conditions,

Lepage et al,, (1 961) finally established tlie siruciure of the Ceacylated
sulpholipid isolated ivom plant tissue. The cyelohexylawmine salt exiibitled
molecular rotation anc dispersion curves cheracteristic of «£ glucosides,
Llenental analysis and spectrophotometric data were consistent with the structure

shown above,

24 Fatty acids of photosynthetic tissue

el e Patty acid composition of total lipids
The levels of free falty acids in photosynthetic tissue are low, as
fatty acids are mainly esterified to neutral and couplex lipid moicties,

Speer et al., (1 929) in examining lipids of spinach (Spinacea olerucea)

found 53;0 of the fatty acids in the free form and Shorland (1-’-}1;1) found 24,5« free
fatty acids (expressed as a percentage of the total lipid) in mixed pasture grasses,
but tlﬁs .;.';clx.x:ker attributes this high value to the action of enzymes on lipids
during the cold storage of the grass prior to lipid exiraction, Iliore recent

work has indicated that free fatty acids constitute only a small percentage of

the totel photosynthetic tissue lipids, Shorland (1953) has shown that a free

fatty acid fraction did not exceed 10Uk in perennial rye (Loliwu perenne) grasss

The same worker (1951) has reported values of 14y and 9 for free fatty acids

expressed as oleic acid for rape (Brassica napus) and cocksfoot (Dactylis

glomerata) respectively, Free fatty acids constituting 7% of the total lipid

has been reported by Van der Veen et al., (1964) in dehydrated alfalfa (lledicago

sativa).
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Fatty acids have been shown to constitute approximalely one half of the
total lipid (Garton, 1960; Hawke, 1963) when those faily acids esterified to
lipid moieties are considered,

marly studics on the fatty acids of leaf tissues were councerned with the
glyceride fraciion which has subsequently been shown to consist mainly of
galactosyl glycerides (lieenink, 1961; Shorland, 196i)., Smith and Chiball

(1932), during the examination of the glycerides of cocksfoot (Dactylis glomerata)

and perennial rye (Lolium perenne) grasses found a hisher proportion of

unsaturated (80 - 90,.) than saturated fatty acids (10 = 12v). The saturated
fatty acids consisted mainly of palwitate and slearate while unsaturated

fatty acids consisted mainly of linolenate and linoleatle, Similar resultis were
obtained by Shorland (1944, 1944), in studies on the glycerides of mixed pasture

and coclzsfoot (Lactylis glomcrata) lipids,

Fatty acids from the Cruciferae such as cabbage (Irassica oleracea)

b

(Chivall and Channon, 4927) and rape (Brassica nspus), leyes and shorland, 195%)

showed similar itrends to the Gramincae except Drassica napus was showm o contaln
a high proportion of a hexa-deca, 7, 10, 13 irienoic acid, In studics on the
glycerides of Cruciflerge and Gramineae the proportvion of linolenic acid was
obgerved to be lower than levels reported more recently and this may be thought
due to the use of older methods for the analysis of fatty acids (Shorland, 1962).

Saponifiable fals of leaf meal fat from buckwheat (Polygonum fagopyrum)

(Krewson, 1952) and the triglycerides of leaf fat from alfalfa (Medicago sativa)
(Jackson and Kummerow, 1949) showed linolenic acid to be the major faity acid
although oleic acid was present in higher levels than in the grasses,

More recent work has confirmed ecarlier observaltions on the fatty acid
composition of leaf tissue, Crombie (1958) using reverse phase chromatography

and ultra violet spectrophotometric techniques has examined the fatty acids of
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The fatty acid composition (moles ,.), determined Ly gas-liquid chromatography, of’ the total lipids
from leaf tissue of higher plants

; fatty acid
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Debuch I19325
Spinach
(Spinacea oleracea) tr 12,0 30 10,0 tr 4O  13.0 5746
Allen et al,, (1964)
Snapdragon
(Antirrhinum majus) Gl 13k 15 tr 24 A8 17T  Ble9 346 148
Debuch (1961)

1 traces of branched n-saturated acids reported

5

traces of short chain 6:0, 8:0, 10:0 and 11 ;0 n-saturated acids reportied
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maple (Acer negundo), maize (Zea mais) holly (Ilex aquifolium) and privet
(Ligustrum ovatifbligg) tissue in different physiological states., Total lipid

extracts of normal green leaves contained linoclenic acid as the major component,
Lincleic and oleic acid were the other major unsaturated fatty acids and
pelmitic acid was found to be the major saturated fatty acid although smaller
proportions of stearic and myristic acids were identified, The white leaves

of maize (Zea mais japonica variegata), maple (Acer negundo variegatum) and holly

(Ilex aquifolium) were also examined for fatty acids and the linolenic acid level

was found to be substantially reduced while the concentration of linoleic acid
showed an increase,

In other recent investigations total lipid from leaves of several species
of plants have been examined for fatty acids using gas-liquid chromatographic
techniques, Linolenic acid has been shown to be the major fatty acid of the
total lipid fractions, although smeller proporiions of other unsaturated fatty
acids such as linoleic, oleic and palmitoleic acid have been found to be present,
Palmitic acid has been shown to be the major saturated fatty acid, although
smaller proportions of stearic, myristic, lauric, arachidic and behenic acids
have been recorded.,

Garton (1960) examined the fatty acids of total lipid extracts from mixed

pasture consisting of 50j perennial rye (Lolium perenne), 25 cocksfoot (Dactylis

glomerata) 156 timothy (Phleum pratense) and 10j Italian rye (Lolium multiflorum)

and demonstrated similsr distributions of fatty acids,

Hawke (1963) examined the fatty acids from total lipid extracts of short
rotation ryegrass at two stages of growth., The lipid from new growth was shown
to constitute a higher percentage of the dry weight of the grass and the fatty
acids contained higher proportions of linolenic acid but lower levels of linoleic

and palmitic acids compared with lipid from mature growth which constituted a
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lower percentage of the total dry weight of the grass,

Debuch (1961, 1962) examined the fatty acids from total lipid extracts of
spinach (Spinacia oleracea) and snapdragon {(4ntirrhinum majus) and obtained
similar results to earlier workers except that the presence of a trans

hexadecenoic acid was demonstrated, The presence of this acid has since been

confirmed by Allen et al., (1964) in spinach (Spinecia cleracea) and Weenink

and Shorland (1964) in red clover (Trifolium pratense) perennial ryegrass

(Mi_m_p_ Qex'enne) and pea (Pisa sativum), Weenink (196l) has stated that this

fatty acid may have been previously identified as palmitoleic acid because of
their similar retention times on adipate columns,
i,e, palmitoleic acid - retention time relative to stearate 0,6L4:
trans-hexadecenoic acid - retention time relative to stearate 0,67,

The fatty acids of lipid from dehydrated alfalfa (liedicago satitg:’ have

been examined by Van der Veen et al,, (196%) vho have reported the presence of
shorter chain saturated fatty acids containing 6, 8, 10 and 11 carbon atoms in
addition to the longer chain length fatty acids reporied by other workers,

They consider that these fatly acids may have arisen by oxidative degradation of
higher molecular weight fatiy acids during the dehydrating process of the

alfalfa prior to extraction of the lipid material,
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2.2, Fatty acid composition of chloroplasts and related structures

llenke (1938) has reported that the chloroplasts of spinach (Spinacia

oleracea) contained the highest proportion of the total leaf lipids by demon-
strating that the chloroplasts had an average lipid content of 30,9 of the dry
weight, while the cytoplasm contained 0,5/ lipid, Other workers have confirmed
the high lipid content of chloroplasts in different plant species and values
between 18 - 40 of the chloroplast dry weight are recorded (Bot, 1942;
Conar, 1942; Weber, 1962),

Several workers have examined the fatty acids of the chloroplasts and
compared them with the fatty acids of the total leaf lipid Crombie (1958)
found that fatty acids of the chloroplast lipids contained higher proportions
of linolenic acid but lower proportions of linoleic acid compared with fatty
acids of the total leaf lipids in maple (Acer negundo) and broad bean (Vicia

faber),

Similar trends have been demonstrated by Debuch, (1961) in snapdragon

(Antirrhinum majus) and spinach (Spinacis oleracea) although the same worker

(1962) showed in spinach that chloroplasts contained less linolenic and linoleic
acid compared with the whole leaf, This worker has also demonstrated that a
16 carbon trienoic acid is more concentrated in the chloroplasts,

Newman (1962) demonstrated that mature tissue of bush bean (Phaseoulus
vulgaris) leaves contained plastids with lower chlorophyll levels and a higher
ratio of saturated to unsaturated fatty acid compared with young tissue,

Wallace and Newman (1964) isolated plastids from bush bean (Phaseoulus vulgaris)

plants grown for 1. days under three different environmental conditions (in
total darkness, in total darkmess except for a final 36 hour light period and
in a 20 hour photoperiod of 1,500 foot candles)., The amounts of palmitic,

stearic, oleic and linoleic acids appeared to decline on an increased exposure
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to light whereas the relative amount of linolenic acid appeared to increase,
Similarly the ratio of saturated to unsaturated fatity acids decreased with an
increased exposure to light,

In the blue=-green algae Anabaena variabilis a particulate fraction

containing the photosynthetic apparatus contained the highest proportion
of linolenic acid compared with the remainder of the cell (Levin et al., (1964)
while Hulanicka et al., (1964) have also demonstrated in the photo-

auxotrophic Euglena gracilis that 70% of all linolenate is localised in the

galactolipid "pigment" fraction,

2,3, Fatty acid composition of component lipids
Wheldon (1960) separated cabbage (Brassica oleracea) phospholipids

by silicic acid chromatography and although several phospholipid fractions contained
smell traces of contaminating lipids the fatty acid composition of the phospholipids
were feirly uniform containing predeminantly palmitic, linoleic and linolenic

acids,

chtained pure 1ipid commonents from spinach leaves

by utilizing countercurrent distribution to remove a considerable preoportion of
the pigments and give a preliminary separation of lipids, The lipid fractiocns
were then fully separated on DEAE cellulose, Vieenink (196L) separated the

acetone insoluble lipids of red clover (Trifolium pratense) into pure pigment

free fractions by utilizing a preliminary separation on DEAE cellulose followed
by silicic acid chromatography. The fatty acids were isolated and examined by
gas-liquid chromatography and both authors have demonstrated that the phospho=-
lipids contain more saturated fatty acids than the galactosyl glycerides which
have higher proportions of linolenic acid., A hexadecatrienocic acid concentrated

in monogalactolipid and a trans-3-hexadecenoic acid concentrated in phosphatidyl



TABIE 3

4 Allen et al,, (196L)
Vieenink (1964)

The fatty acid composition of spinach{ (Spinacia oleracea)

and red clover, (Trifolium pratense) lipid components

Fatty Acid Monogalactolipid Digalactolipid  Sulpholipid FPhosphatidyl Phosphatidyl Phosphatidyl FPhosphatidyl
glycerol choline ethanolamine inositol
2 1 1 2 1 2 1 2 | 2
e,
N\
14 tr tr tr tr tr
15 tr 0.9 tr
16 3 8.9 6.0 22,0 44,3 20,0 384 46,0 44,2 1140
16 : 1 (trans) 0.7 35,0 31,0 tr 14 1.8
16 3 3.0 tr 2,0
18 2 149 1.0 tr 2,6 52 1.0 3.5 1.0
18 242 4,0 2,0 Ge2 4140 548 2.0 2.6 6.0
18 3 363 3.0 5.0 9.2 30,0 36eh 7.0 371 25,0
18 : 83.0 84..0 3640 7.7 10.0 1149 43.0 13,8 27.0




glycerol were reported by Allen et al., (1964) and in work on red clover

(Trifolium pratense) Wleenink, (1 964) reported the presence of a unidentif'ied

nm

sixteen carbon chain falty acid concentrated in phosphatidyl glycerol, This
acid has since been identified in more recent work (.eenink and Snorland, 1';}--34)
to be trans-3-he:adecenoic acid as found by Allen et ale, (1964).

o

The fatty acids of' ihe gluco-cerebroside fraction isolated by Sastry
and Kates (1964) have been shown to consist entirely of o« hydroxy fatly acids
(predominantly €22 and C24 in chain length), The faity acids were assumed to
be £ hydroxy fatlty acids as they had identical relative retention times vdth
pure markers of «£ hydroxy acids, Wheat flour cerebrosides have also been

showvn to contain « hydroxy acids with o hydroxy stearic acid as the major

fatty acid component (Cartcr et al., 1961a).

v
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Be Ocecurrence and structure of galactolipids

3.1« Discovery and occurrence of galactolipids

The initial report of the presence of a galactosyl glycerol
component in plant extracts was presented by Collin et al., (1933) who
isolated a compound from several species of marine red algae that could be
hydrolysed by £ galactosidase to yield equimolar proportions of glycerol and
D galactose, TFrem this data they ccnsidered the lintage between galactose and
glycerol to be o{ in configuration, Collin et al., (1937) presented some
evidence to suggest that the linkage in the compound occurred through the
secondary alcohol group of the glycerol,

Puttman and Hassid (1954) confirmed the above work by an investization

using methylation and periodate oxidation procedwres, Sun dried Irideae

laminaroides (marine red algae) were extracted with 00j. ethanol on a steam bath

and after elimination of salts and inorganic material, an immobile syrup was
obtained which on hydrolysis by o« galactosidase yiclded D galactose and glycerol,
Iiethylation of the extract produced a hexamethyl galoctoside which on hydrolysis
yielded 2, 3, 4, 6 tetra=O-methyl D galactopyranose and 1, 3 di-O-methyl glycerol
which were identified by melting points and co-chrematography vwith pure standards,
Periodate oxidation of the galactoside gave the consumption of 2 moles of periodate
with the production of 4 mole of formic acid, This data was consistent with a

compound having the structure shown below:-
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H OH

Figure 3
Carter et al., (1956) demonstrated that a benzene extract of wheat flour

subjected to Craig Distribution between n-=heptane and methanol fractionated

into triglyceride, steroid and lipocarbohydrate fractions, The lipocarbo-

hydrate fraction was found to be soluble in warm acetone but on cooling could

be separated into acetone insolublzs (fraction I) and acetone soluble (frazction II)

material, These fractions were subject to alkaline hydrolysis and the fatty

H

acids were extracted with petroleum ether, Pollowing acid hydrolysis fractions
and II gave only galactose and glycerol identified by paper chromatography.
Quantitative galactose and glycerol determinations indicated that fraction I was
a monogalactose glycerol and fraction II was a digalactose glycerol, Periocdate
oxidation confirmed these results and engzymatic hydrolysis with o and A3
galactosides established the linkage of these compounds, All this dsta

indicated compounds having the structure shown below:=-
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H,OH
H
—CH,
H
HT —CH,
HCO-COR
H

HCO—COR

« - D-Galactosyl - (1-6) - B-D - Galactosyl
- 2', 3'- Diglyceride

H,0H

H —CH,

HCO-COR
H
H"C 0-COR

/2-D-Galactosyl- (1=1)- 2,3

_Diglyceride

Since 1956 galactosyl glycerides have been demonstrated in wheat flour
by Zetner (1958), Daniels (1958) and Carter et al,, (1981b) who also
demonstrated their presence in corn gluten, wheat germ oil and green groat
oil, The presence of galactolipids in potatoe starch grains has been recently
demonstrated by Duncan and Rees (1965).

Benson et al., (1958) discovered galactosyl glycerides in Chlorella
pyrenoidosa and since this date these components have been discovered in a wide

variety of photosynthetic micro-organisms and higher plants., Anabaena variabilis

(a primitive blue=green algae) has been shown to contain galactolipid compounds
by Levin et al,, (1964). The phytoflagellates have been studied extensively and

galactosyl glycerides have been demonstrated in Euglena gracilis by Carter et al,,

(196%); Rosenberg, (1963); Rosenberg and Pecker (1964); and Hulanicka et al.,

(19614)s Chlorella pyrenoidosa has been shown by Benson et al,, (1958);



TABIE IV

Qccurrence of galactosyl glycerides in leaf lipids

of higher plants

Species

Reference

Trifolium pratense
(red clover)

ledigaco sativa
(alfalfa 5

Phaseoulus vulgaris
Ibush bean

Phaseoulus multiflorus

runner bean)

Solanum tuberosum
Zpotatoe

E Spinacia oleracea

Tetragonia expansa
( Spinach )

Brassica oleracea
i cabbage

Capsicum annum
zpepper fruits)

Curcurbita maxima

(squash)
Sambucus nigra
elder

Pisum g_gti\mm
(pea)

Weenink (1961), (1964)

Lepage (1964); Obrien and Benson (1964);
Van der Veen et al., (1964)

Wintermans (1960); MNcArthur et al,, (1964);
Wallace and Newman (196L),

Sastry and Kates (196L)

Lepage (1964)
Wintermans (1960); Benson et al., (1959):

Zill and Harmon (1962); /dlen et al,,
(1964)

Nichols (1964)

NeArthur et al., (1964)
Wallace and Newman (196L4)
Wintermans (1960)

Adhikari et al,, (1941)




Terrari and Benson (4 161), Lepage (195.'.1,} and C'Srien and DBenson (1,\@: to contain

golactosyl glycerides,
sports of galactosyl glyeerides in a rvide variely of species of highor

1 o . A T ea h L e N P, P LY 1 - sam 2iY L;
Gelactosyl glyceriles have not been denonstrated in the photopynibhetic
3

acteria which do not evolve oiygen during photesynilesis (Trwin and Nloch,
1964.) «

Galactosyl glycerides have not been demonstrated in bacteria zlthough
several other fypes of ;lycolipids have been reported, licFarlane (1951) found
a manosyl dizlyceride in dcrococcus lysodeiktieus and Tennarz (1964) fomnd a

dimanosyl diglyceride in ancther strain of the scme organism, lePFarlane (1962)

demonstrated the nresence of a jlucosyl diglyceride in Staphylococeus aureus,
LA ] = ol . L ~ - Tra o L S | ' . 1ys LY
This worl was also confirzed by Polomovoski ed al., (1962) who found the

glucosyl diglyceride as well in the szaze orpanisii, Torbecl: and llarinetti
o O ..-f o

[+

"

(19585) have isclated a zlucosyl diglyceride and o glycosyl dizlreeride
containing both galactose and clucose from Strcotococcus faecalis, Tron

L. |
1

positive bacterie have been showm to contain glycolipids constituting 1 - 2.

N

O e = a8 s . -~ .=
£ the total lipids (Drundish et al., 1965). llovever, Pneumococcus vias an exception

lycolipids represented 30 of the total lipidses A galactosyl glucosyl

diglyceride vas demonsirated in Pneumococcus and Lactobacillus casei whercas 6
other species of Gram positive bacteria were shovm to contain a diglucosyl

diglyceride lipid, Deeves et al., (1965) have reported the isolation of

galactofuranosyl glycerol from the lipids of Bacteroides symbiosus (a Gram

negative organism),
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e Location of galactolipids in photosynthetic tissue

Wintermans (1960) determined the galactolipid level in the whole
leaf and the chloroplast of several species of plants, and data suggested that
these lipids were contained exclusively in the chloroplast. It was also
demonstrated by the same worker that there was a possible relation between the

level of chlorophyll and galactolipids as zreen leaves of elder (§gmbucus nigra)

contained higher levels of galactosyl glycerides than yellow leaves, This
observation has been supported by Nichols (1963) who by utilizing thin layer
chromatography found higher levels of gelactosyl glycerides in the dark outer

leaves of cabbage (Brassica oleracea) than the pale inner leaves and the stalk,

NeArthur et al,, (196)) has also demonstrated that pepper fruit plastids
(Capsicum annum) ripening from the green to the red state showed a general decrease
in content of galactosyl glycerides,

The pigment fraction of photoauxotrophic Zuglena gracilis cells have been

demonstrated by Hulanicka et al., (1964) to contain six lipids yielding galactose
on acid hydrolysis while Levin et al,, (196)) demonstrated that o{ linolenic
containing galactolipids were localised in the photosynthetic apparatus of

Ansbaena variabilis (a blue green algae).

Sastry and Kates (196L) have suggested that the lipid analysis of chloro-
plasts by VWintermans (1960), Benson gt al., (1959) and other workers may have
to be reviewed on their finding of specific enzymes in Phaseoulus species
that catalyse the hydrolysis of galactosyl diglyceride, to galactosyl glycerols.
and 2 moles of linolenic acid, The presence of &£ and A galactosidase in the
cell sap cytoplasm hydrolysing galactosyl glycerols to galactose and glycerol

was also demonstrated.,
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33 Structural identification of galactolipids

Carter et al., (1956) prepared a crude mixture of galactolipids
which on alkaline hydrolysis yielded substances other than just mono- and
digalactosyl glycerol, A partial separation of the two galactolipids was
achieved due to the greater solubility of the monogalactosyl glyceride in
acetone,

Wickberg (1957) in an investigation on the red algae Polvsiphonie

fastigiata isolated a glycoside, which after acid hydrolysis yiclded D galactose
slyceritol identified by paper chromatography.

A similar glycoside was obtained from another red algae Corallina
officinalis by Wickberz (1958a)., The algae were extracted for three days with
diethyl ether followed by fourteen dgys extraction with methanol and an aqueous
solution of the concentrated methanolic extract was filtered through IR- 120 and
IR=- 4B resins, concentrated, and stored for two months, The material was then
dissolved in 50 aqueous ethanol and crystalline material was filtered off,

The filtrate was passed through a carbon column, concentrated, and the resulting
syrup was fully separated on a carbon-celite column with water/ethanol mixtures
which gave eluates that were identified by paper chromatography.

The eluate fraction containing the glycoside was concentrated, dissolved
in ethanol and seeded with a trace of glycoside A, The crystals had a melting
point of 194 = 196°C and this melting point was not depressed by a sample of
digelactosyl glycerol isolated by Carter et al,, (1956). From a gquantitative
determination of the hydrolysis products, analysis for carbon and hydrogen,
results of periodate oxidation and enzymic studies with { and 3 galactosidases

glycoside A was assigned the following structure:-

0 =& - D galactopyranose (41— 6)

0 - - D galactopyranose (1 »1) - glyceritol



4 second glycoside, 0 =/ - D galactopyranosyl (1— 1) glyceritol, having a
melting point 139 = 140°C was also identified,

The configuration of the glyceritol residue was solved by synthesis
of the D and L glyceritol forms of monogalactopyranose, The D glyceritol
galactosyl was found identical with a sample of nonogalactosyl glycerol
(Carter, et al., 1956) so that glyceritol in glycoside 4 was assigned %o be
of D configuration,

A subsequent investigation of Wickberg (1958b} demonstrated that the
monogalactosyl glycerol from Porphyra umbilicalis was an isomorphous mixture
of D and L glyceritol residues,

Carter et al., (1951b), (1961c) conclusively established the structure of
the galactosyl glycerides from wheat flowr, Unbleached wheat flour was
extracted with benzene at room temperature and concentrated in vacuo to a heavy
syrup, The benzene extract was treated with acetone and left overnight at 1%
to precipitate the insoluble lipo~-protein fractions., The precipitated material
was redissolved in benzene and reprecipitated with acetone. The combined benzene
acetone soluble fractions were pooled and the solvent was removed in vacuo
yielding a yellow oil which was dissolved in n-heptane (pre-equilibrated with 95.
methanol) and extracted twice with en equal volume of methanol, Distribution
between n-heptane and 95/ methancl gave a clear separation of all glycolipids into
the methanol phase with triglycerides, sterols and sterol esters passing into the
heptane phase,

The methanol fraction was further purified by silicic acid column
chromatography using chloroform with gradually increasing concentrations of
methanol as the elating solvents, The monogalactolipid was eluted with 98 : 2
c/l (VA7) followed by the digalactolipid and cerebroside with increasing methanol

concentrations, Column products were identified by paper chromatography of
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deacylation products., Some overlapping of the fractions was observed so further
purification appeared necessary,

The monogalactolipid fraction was purified by rechromatography on silicic
acid columns eluting with chloroform and chloroform/methanol mixtures. The
purified monogalactolipid was obtained as a white amorphous powder after solvent
evaporation,

The fraction containing the digalactolipid was chromatogrephed on a column
of ﬂmberlite R=lB=3 with methanol but a complete separation from cerebroside
was not obtained, Separation of digalactolipid and cerebroside was only
obtained by passing partially methylated material in ether through a silicic
acid column three times,

Structural identification of the galactolipids was established by the
following methods:= The saponification equivalents of the purified fractions
were determined and results suggested the presence of two long chain fatty acid
groups, per mole of lipid,

A 1lipid fraction was methylated and then saponified to yield partially
methylated derivatives, Periodate oxidation of these substances demonstrated
an uptake of one mole of periodate and the formation of formaldehyde, ‘his
evidence suggested the presence of 2 free hydroxyl groups on the glycerol moiety
and also indicated that in the original lipid molecule two fatty acids were
esterified to the hydroxyl groups of the glycerol, Acidic hydrolysis of the
methylated deacylated lipids yielded 2, 3, 4, 6 tetra-O-methyl D galactose and
unmethylated glycerol from the monogalactosyl derivative (see Figure 5); and
2, 3, L, 6 tetra=O-methyl D galactose, 2, 3, k4 tri-O-methyl galactose (in
equimolar proportions) and unmethylated glycerol from the digalactosyl derivative,
These methylated derivatives and glycerol co-chromatographed with pure standards.

Infared data indicated that the glycerol moiety had a D configuration.
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On the basis of this data Carter et al., (1961c) assigned the following

structures to the galactosyl glycerides:-

2, 3 diacyl =13 = D galactopyranosyl = D = glycerocl from the mono-
galactosyl glycerol
and 2, 3 diacyl =1 = ( £ =D galactopyranosyl =1, 6 -3 =

D galactopyranosyl) = D = glycerol for the digalactosyl glycerol,

Sastry and Kates (1964) have since confirmed that the galactosyl glycerides

from runner bean (Phaseoulus multiflorus) leaves were of similar structure to

those isolated from wheat flour (Carter et al., 1961b, 1961¢c).
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3.4 Fatty acid composition of galactolipids
The fatty acids of the galactosyl glycerides have been examined by

several workers, 1In photosynthetic tissue the predominate fatty acid appears to

be « linolenic acid (9, 12, 15 octadecatrienoic acid) as shown in Table 5

below, Carter et al,, (1964b) in examining the galactolipids from wheat flour

showed that a higher percentage of saturated fatty acids was present,
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L, Metabolism of galactolipids with special reference to photosynthetic tissue

4o1. Biosynthesis of galactolipids

11 11' 2 4
C 02 into

the lipids of Chlorella pyrenoidosa during steady statle photosynthesis demonstirated

Ferrari and Benscn (1961 ) in studying the incorporation of

that the most rapidly labelled of the soluble deacylation products were in order :
galactosyl glycerol, digalactosyl glycerol, diglycerol phosphate, sulphoglycosyl
glycerol and glycerol phosphoryl inositol, Acid hydrolysis of the labelled
galactosyl diglyceride indicated the fatty acids contained only 25. of the
radioactivity of the galactose moiety., This suggested that the galactose moiety
was metabolised far more rapidly than the diglyceride, These workers suggested
that the relatively slow labelling of the fatty acids of the glycosides and
diglycerol phosphate could indicate an active transfer of the galactose and
glycerol phosphoryl groups between gbsorbed pools of intermediates in carbo-
hydrate metabolism,

These workers suggest that the only precursor for the synthesis for
galactolipids, present in sufficient quantities, would be uridine diphosphate
galactose (U,D.P, galactose), This as well as U,D,P, glucose have been
identified by Buchannan et al., (1953) who demonstrated that these compounds
become rapidly lsbelled daring photosynthesis,constituting a large proportion
of the total labelled non-polysaccharide hexose, These workers state that
U.,D,P, galactose would probably arise via the photosynthetic cycle and a reverse
of the glycolytic pathway.

Neufeld (1 963‘; Neufeld and Hall (1964) have also proposed that U,D,P,
galactose is a precursor of the galactolipids, They demonstrated that by

incubating G1h

labelled U,D,P, galactose with spinach chloroplasts, a high
percentage of the radioactivity appeared in the chloroplest lipids, This

reaction proceeded equally well in either dark or light phases, and appeared
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to be a function of chlorovlast concentration and time, The sugar nucleotides
(u.D.P, galactose and U,D.P, glucose) appeared specific for the reaction, The
conversion of U,D,P, glucose to U,D,P. galactose could be attributed to U,D.P,
galactose epimerase activity.

Radioactive products were subjected to paper electrophoresis and the
neutral area (accounting for 7. of %otal radicactivity) contained several radio-
active compounds identified as hexose (24',.-,), B galazctose glycercl (16;.;-),
digalactose glycerol (574), and trigalactose glycerol (4,:)s Further radioactive
material (68% of the total) was eluted with methanol, saponified, and the
deacylation products were subjected to paper chromatography. Four compounds
were identified, the fastest moving component being D galactosyl glycerol,
followed by 0 = oL = D galactose (1 = 6), 0 - /2 = D galactose (1= 1) D glycerol,
The mature of the third and fourth compounds presumed tc be tri- and tetra-
galactosyl glycercl wizre not determined. In this connection, Lepage et al.,
(1961 ) have reported the presence of small amounts of polygalactosyl glycercls
(in addition %o the major lipid derivatives) in the deacylated products of
alfalfa leaves,

Ferrari and Benson (1961) have proposed that the galactose from the
sugar nucleotide would be transferred to a diglyceride (which would have arisen
by established pathways) to form the monogalactolipid, These workers, by
assuming the biosynthesis of the phosphatides to be incﬁjendent of galactos‘t
glyceride synthesis, demonstrated that a decrease in the C“" content of
monogalactolipid was matched by a concomitant rise in radioactive label appearing
in digalactolipid, Hence they proposed a galactosylation step in which
monogalactolipid is a precursor of the digalactolipid, O'Brien and Benson (1 963)
supported this proposal by showing that the fatty acids of the two galactolipids

are closely similar.
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L The function of the galactolipids

LePele The function of pgalsctolinids in chloroplasts

h

(48]

major lipid fractione vdthin the chloroplasts of higher
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plants are the neutral (alactolipids )ma anionic (sulpholipid and phosphatidyl
glycerol) surfactants (Denzen, 1954). It has been proposed, that these neutral
and anjonic lipids stabilize the large interlacicl areas beltween pignent and
protein phases within the chloroplast, (Benson, 1951). 4lso chloropiast
lgminae comprisad of lipids vdth cationic or anionic fimetional groups -rould
allow a possible function in a photosgynthetic electron transfer system,

(Benson, 1961).

2.2, The function of the galactose component

4ol
Ll
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DBenson et al., (4959) have

Goes
meletice of the galactolipids ferm a garbolyrdratc reserve verying with the

netabolic status of the plant. Evidence is Ddresented on the basis of the high
concentration of galactolipids in plant tissue, and the rapid labelling of the

.!..

galactose moiety vwhich occurs during photosynthesi Perrari and Benson (4261 Ye

-5 o 3 *
3) have demonsirated the presence of spheroidal

Greemvood et al,, (196
osmiophilic globules in the stroma of chloroplasts from higher plants. Similaxr
globules have been reported by Park and Pon, 1961; lurekami and Takamiya, 1962;
and Bailey and "hyborn, 1963. Silica gel chromatography of lipid extracts from
the globules of Vicia febag has demonstrated the presence of two galactolipids,
plastoquinone, additional less polar lipids and B3 sitosterol, Greenwood
et al,, 1963). ﬁ carotone and chloroplyyll were not demonstrated in the
globules, Greemwood gt als, (1963) have sugsested that the globules are 2
general deposit of insoluble lipid material just as starch is thought to be a
deposit of insoluble carbohydrate., Considercd as lipid depots, the globules

may possibly represent a reserve source of energy to the plant (Bailey and

Thyborn, 1963).
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LyPals The function of linolenic acid

The synthesis of galectosyl glycerides containing high
percentages of o linolenic acid appears to be dependent on the photosynthetic
nrocess in photosynthetic micro-organisms and higher plants,

Anabaena variabilis (a primitive blue green alged synthesises of linolenate

(Levin et al,, 1964) whereas Beggiatoa a related colourless Cyanophyte synthesises
only mono-unsaturated acids (Erwin and Bloch, 1984). Iowever, Holton et al,,

(196)) demonstrated no linolenic acid in the blue-sreen algae fnacystis nidulans,

Lipid metabolism in the phytoflagellate Duglena gracilis has been studied

extensively by the following workers:  Rosenberg, (ﬁ963), Rosenberg and Pecker,
(1961), Rosenbers et al., (1965), Erwin and Bloch (1963) and Hulanicka et al, (1964).

Different lipid patterns are found to be present in Eugzlena gracilis when

growvn as a photoauzotroph in the light or as a heterotroph in the dark. In the
heterotrophic cell galactolipids were not found to be present and 020, 022 and. CEL
chain lenzgth polyenoic acids typical of animal cells were identified in high
percentages with o linolenate virtually absent, A similar fatiy acid composition

is also found in the colourless Buglenid Astasia lonsa, In the heterotrophic

cell and the colourless Buglenid the galactolipids appear to be replaced by
phospholipids (mainly phosphatidyl choline and phosphatidyl ethanolamine)
characteristic of animal mitochondria and typical of heterotrophic metabolism

(Erwin and Bloch, 1964) and Hulanicka et al,, 1964). lorphologically the change

of light to dark is accompanied by a disappearance of chloroplasts and an increase
in mitochondrial type organelles (Wolken, 1961).,

Rosenberg and Pecker, (196k) have demonstrated that illumination of etiolated
Euglena cells resulted in the onset of galactolipid synthesis which proceeded at a
linear rate and which did not appear to be dependent on chlorophyll level but on

the products of photosynthesis,
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In higher plants conditions that reduced the photosynthetic rate such as
reduced light intensity ond nitrogen deficiency (Nevman and Vallace, 4965)
appeared to cause a decrease in the galactosyl glycerides and ol linoleric
acid content,

The only photosynthetic organisms so fur examined that do not contain
&£ 1linolenic acid are the photosynthetic bacteria (Livin and Plech, 496.a)
Nichols and Janmes, 1965), These organisms are faleultative anaercbes and do
not envolve oxygen during photosynthesis, Nichols and James (1965) examining
the lipids of six species of photosynthetic bacteria showed that Chlorobium

limicola contained both galactosyl glycerides and sulpholipid but Rhodopseudomonas

spheroides contained only sulpholipid and no galactosyl glycerides. Other

Rhodopseudomonas species and Rhodospirillum rubrum contained no galactosyl

glycerides or sulpholipid, All these photosynthetic bacteria contained only
mono=-unsaturated and long chain salurated fatty acids, poly-unsaturated fatty
acids being completely absent (Harris, et al,, 1965), The major fatty acid
isolated was cis-ll-cctadecenoic (vaccenic) acid,

Erwin and Bloch (1963, 196L) considering o linolenic acid fo be a
universal component of chloroplasts or related photosynthetic units extending
from blue-green algae to higher plants have suzgested that this fatty acid is
required for one of the steps leading tc oxysgen production ducing the photo-
synthetic cycle, rather than for the formatien of chloroplast structure which
varies throughout the plant kingdom. Several lines of evidence have been
proposed to support this hypothesis:-

(a) A Scendesmus mutant containing normal chloroplasts could carry out
most of the photosynthetic processes but the cycle was blocked at the oxygen
envolving stage, This mutant has been shown to contain 50/ less &£ linolenic

acid than normal photosynthetic algae .
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(b) Iight has been showm to stimulate the incorporation of acetate-I-

into o€ linolenic acid of photocauxotrophic Zuglena gracilis cells, The results

. ) b ] 13-
of adding 3 - (p - chlorophenyl) - 1, 1 = dinethyl urea (C.1.U.) and related
compounds that inhibit the 1M1l reaction aboliched the incorporation of acetate-

ot s +0 4] 4 o+ o4t : 7 21 = s -

I-C' " intc the unsaturated fatty acids but the synthesis of znimal type nolyenoice
acids was chserved, These workers have nroposed that 0.1.U, or dari: treatment
cause a decrease in the ' synthesis of o« linolenic acid which appears associated
vith the Hill reaction.

(¢) Duzlena cells grown in an atmospherc containing 0.5 002 instead of

5¢ GO, yielded chloroplasts with essentially the same amount of chlorophyll but

2
vith a greatly diminished capacity for catalysing the IH1l reaction,
Sirultaneously the o linoclenic ecid content of cells grown in 0,5 \302 was
censiderably reduced,

(d) The absence of & linolenate in photosymthetic bacteria which fzil
to envolve oxygzen is considered to support the suggzestion that o4 linolenate
is concerned in the cxygen ewvolving stage of photosynthesis,

Bloch and Chang (41964) have shown that abolition of the Mill reaction in

the alzae Ankistrodesmus braunii brought about by growing the organism on

manganese deficient media leads to the cessation of « linolenate synthesis,
These workers suggest that since two algae mutants (mutant 44 of Scendesius

oblizuus and mutant Ac 144 of Chlanmydomonas reinhardi) lack the ability %o

evolve oxygen but contain some o linolenic acid but no dectable amounts of
galactosyl glycerides, both galactose and o linolenate may be essential
components associated with the photosynthetic evolution of oxygen.

Nichols and James (1965) have suggested that lipids are not concerned in
the primary reactions of photosynthesis. The major lipids of the chloroplasts
of higher plants (mono and digalactosyl glycerides, sulpholipid and phosphatidyl
glycercl) were alsc found in significant proportions in roots, stems bulbs and

etiolated tissues.,



In these tissucs the propecrtions of polycnoic aclds were found te be lowey than

in rnorsal pheovogynthetic tizsuss @nd It has been supsented that the »nolyencic

be required for photogyntiesis. The observation thal plhoto-

ia whiclh de not evolve oxygen contiin 1o

yeslipids an

(=7}

polyenoic acids support this view, Phosphatidyl glycercl wes found tc be the
only lipic common %o both chiloroplasts and photosynthetic bacteria,

i alternative explenatien is that oxygen nmgy be reguirsd for the syntiesis

k

of linoclenlc acid iIn yeast rather than linolenic acid heing weguired for oxygen

" . — s - VO - R s Y 7ol R " ) .
synthesis, (O'_-,.-r;un. and Penson, ;;‘;’;l-,} Tusn and Dloch (1964 , Pound that in

Ak

coet (Torulopeis utilis) +the transformution of oleic acid %o linoleic acid and

possibly $o linolenic acid reguires oxygen and involved z direct desaturation

(1553} o examined the sluye of the 1inslenic aeid chain
suzwasted thet Ahe eurvored struchwe of thls gis trionsic acid could
g '-:lv'_’:c:;l.u' o 1L '-J:_n"_.; of! ron=-oley moloenles ( Ironcs o A :
331 fhe nRTE aorbiane of the chlorupl=zt,
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;| Growth and harvesting of plant material

Ramets from a Lolium perenne clone (483/147) were obtained from Grasslands

Division, D,S,I.R,, New Zealand; and planted in plastic pots in a 3 : 1 mixture
of pumice and peat, The plants, retained near field capacity and irrigated with
approximately 50 ml, of lodified Hoaglands solution (sec Appendix I) three times
weekly, were grown in a eight hour photoperiod in glasshouses (Plant Physiology
Division, D.S.I.R., llew Zealand) prior to experinmental use,

The Lolium perenne plants were grown in controlled environment Growth

Cabinets (Plant Physiology Division, D.5,I.R., New Zealand) for experimental
purpose, The envircnmental conditions were as follows: & 412 hour photoperiod
with a 1lisht intensity of 2,000 foot candles (obtained from a mixture of ten 125
watt reflector backed fluorescent tubes (TL/33) and ten 150 watt incadescent
flood lamps) and lizht and derk temperatures of 2 + 41°C and 18.5 + 1°C
respectively. FPlants were sub=irrigated with 505 llodified Hosglands solution
daily., Average leaf length measured every 48 hours wes used as a criterium of
growth rate,

In an initial experiment L, perenne plants were harvested, after LO days
growth, when they were 28 cm, high, The leaf tissue was cut at 3 regions
(see figure 7) at levels 1, 10 and 19 cm, above the pot, The 4 = 10 cm. region
contained young leaves, leaf sheaths and basal sections of more mature tissue;
while the 10 = 19 cm, and 19 - 28 cm, regions contained leaf tissue that was
increasing in maturity, In a subseguent experiment leaves (10 em, high) were

harvested from the plants after 8 days growth,



MATURE
19-28cm.
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IMMATURE
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Ienia (Hodder and Tolley Ltd,) were growm in seed boxes in a 3 : 1 : 1 pumice, peal,
sand mixture in a glasshouse in darkness and aign and low levels of natural light
in August, 1965, Hatural daylength was supplemented by incandescent lamps to
bring the photoperiod to 414 hours, Low light was gpproximately 2 = 3% of full
natural light, and was obtained by shading the seedling by several layers of

scrim, The intensity relative to Tull natural light was checked by measurement
with a photometer, The glasshouse was maintained at day and night temperatures

of 21 = 2500 and 15 i.200 respectively, Seedlings were grown for seven days

after germination, af'ter which the primary leaf was cut from the seedling from a

point Jjust above the coleoptile in.each treatment,
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2. Extraction of lipids from plant tissue

Leaf tissue was cut from the plants or seedlings and the extraction
process commenced as rapidly as possible to minimise the breakdown of lipid by
enzyme action,

A weighed sample of tissue was talen for dry weight analysis, The grass
was dehydrated and then dried to a constant weight in an oven at 140
hours,

In preliminary experiments plant tissue was extracted with ether and ethanol
mixtures but in subseguent work chloroform : methanol (C/7) (2 : 1 " v/v)
extraction was used as it was demonstrated that the latter solvent mixture
extracted more lipid material, The extraction method involving alcohol and
ether is reported in gppendix TI,

The grass sample was weighed, cut inte short lengths and macerated in a
Waring blendor with CAI (2 : 1, v/v) in 2 ratio of 100 ml, of solvent per 100 g.
wet weisht of grass. The resultant slurry was filtered through a sintered
funnel into a Buchner flask and the extrection process was repeated thrse tines
with fresh aliquots of cfii (2 24 , v/v)s At the end of this process the residue
contained no appreciable pigment colouration, but to ensure that a1l lipid
material had been extracted, samples of residual material were extracted with
hot CA! in a Soxhlet apparatus for 4 hours, Neglible quantitics of lipid appearcd
to have been extracted as determined by thin layer cliromatography.

The corbined CA! extracts were then heated to 55°C to ensure the
deactivation of lipolytic enzymes, (Sastry and Kates, 1964) prior to removal of
the solvent in vacuo between 40 - 5000. The resulting dark green residue was
taken up in CA (2 : 1, v/v) and non-lipid contaminants were removed according

to the method of Folch et al., (1957), in which the extract was mixed thoroughly

with 207 of its volume of O1 I NaCl solution and left to equilibrate at 4%
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for 24 hours, The browm agueous upper phase wag removed and the interface
washed with aliguots of upper phase from a mixture of 2 volumes of 0.1 1' NaCl

and 10 volumes of C/AZ (2 : 1, v/v). Finally the upper phase was removed and

a single phase system formed by the addition of a minimum guantity of methanol,
The extract was evaporated in vacuo, taken up in G/ (2 : 1, v/v) and the washing
process repeated twice more,

After the third washing the lower solvent phase containing the majority of
the lipid was separated Tfrom the light green interfacial fluff, Interfacial
material was dried dowm by evaporation at 40 = 5000 in vacuo and extracted with
CA: (2 : 1, v/v) to ensure removal of all lipid material, The extract was
filtered through Vhatman llo, 1 paper (previously ether washed) and added to the
main solvent extract.

The total pooled extracts were evaporated down in vacuo below 5008 and the
dark green residue taken up in chloroflorm inte a weighed flask, The chloroform

was removed and the lipid extract weighed after drying for 12 hours in vacuo,.

Fe Studies on total linid extracts

3+1. Determination of chlorophyll

In initial experiments levels of chlorophyll a and b in the total
lipid extract were determined by measuring absorption of light in the GO0 =
700/g?1 region, The optical density of a known weight of lipid dissoclved in
diethyl ether (100 ml, was compared spectrophotometrically at the wavelenzths
of 652/gyu(mmxima for chlorophyll a) and 644/gﬂl(maxima for chlorophyll b) as
reported by Smith and Benitez (1955).

In later work chlorophyll levels were determined quantitatively by the

method of Koski et al., (1950) (see Appendix III),



Jela Separation of 1lipid components

3e241¢ Thin layer chrometozraphy (T,L,0.)

Thin layer chromatography was utilized in the work to
give a rapid separation and identification of galactolipids, Other lipids
present in the extracts were identified in many cases.

Thin=layer chromatoplates were prepared according to the method of
Stahl (1958) using equipment manufactured by Desaga Co,, Heidelburg, Germany,

The zlass plates (20 x 20 cm,) were coated with a slurry of silica zel G

E. Nerck, Darmstadt, Germany.) in water to give a layer thickness of 250 P
The plates were gllowed to dry in air for 40 = 15 minutes prior to activation
at 11000 for 1 hour,

Chromatographic tanks were lined with filter »aper to ensure vapour
saturation of the atmosphere within the tanikk, Solveni was added to.a depth
of apyroximately 0,0 cn,

The lipid mixture dissolved in chloroform was spoited onto the chromatonlates
in bands 1 cm, vide using a capillary pipette, Preliminary work indicated that
bands gave superior resolution of the lipid mixture compared with single spots
which tended to produce streaking of the separated lipid components, On a single
chromatoplate (20 x 20 cm,) up to 700 pg. of 1ipid could be successfully resolved
for the isolation of a particular component,

For the measurement of Rf values 50 ot of lipid was applied to each band
on the plates which were subsequently chromatographed over a distance of 15 cm,

Several solvent systems were used to resolve the components of the lipid
extract, Initially a solvent system of toluence - ethyl acetate = 95 ethanol
(10 : 5 : 5, v/v) (Hawke, J.C., private communication) was utilized to separate
pignents, neutral lipids and glycolipids from the phospholipids, Monogalactosyl

glyceride and digalactosyl glyceride were identified by reference to pure marker
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compounds of red clover galactolipids (supplied by \Weenink, R,0., Fats Research
Division, D.,8.I,R,, Welling ston) and Rf values were recorded, The monogalactolipid
component was observed to chromatograph c¢lose to minor lipid and pigment compounds
and separation vas néi congidered satisfactory for later work invelving elution
of the component from the chrometoplates,

The solvent gystem of Tagner et al., (1961) of chloroform ; methanol
}

N\ . - - . -
water (65 : 25 : ki v/v) was alsc examined, This solvent resolved phospholipids

as well as the neutral lipids and glycolip and R, values were recorded and

£
components identified by the use of specific sprays and marker compounds, Jgain
it was cbserved that moncgalactolipid had not clearly separated from pigment or
from an unidentified minor lipid component. In this solvent dizalactolipid and
prhosphatidyl ethanelamine had similar Rf values,

The solvent systenm of Marinetti et al., (1957) of diiscbutyl ketone :
ave fair

. o TP \ - 3 »_ . 5
acetic acid : water (10 : 25 : Ly v/v) separetions of lipids buk

Cq
¥

diiscbutyl ketone proved difficult to evsporate fronm the chromatoplates
Accordingly a solvent system was developed to separate the monogalactolipid

from pigment and accompanying minor lipids, 4 mixture of chloroform-=nethancl

(185 : 15 v/v) proved satisfactory and although the solvent mixture was fairly

volatile, renewal of the solvent daily was found satisfactory. This system

was used for work inveolving the elution and examination of the monozgalactosyl

glyceride frrom leaf tissue,

Lipid components were identified by using the following spray reagents,

(a) General lipid sprays
Todine (15 in chloroform)
(Sims and Larose, 1962)

Unsaturated lipid gave yellow brown spots but similar colours were given
by saturated lipids containing nitrogen, 4An advantage of this reagent was

that iodine would slowly evaporate from the plate used,
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2, 7, dichlorofluoroscein (0424 in 95 ethanol)
(llangold and lallins, 1560)

Saturated and unsaturated lipids were detected under ultra-violet (U,V.)
light as yellow fluorescent spots on a yellow bacimround, Glycolipids due to
their higher concentration in plant lipids were easier to detect than the

phospholipids, Tollowing spraying it was of'ten found nscessary to warm the

chromztoplates slightly for fluorescence to appnear,

Rhodamine 6¢ (0,003 in I NaOH)
(Allen et al,, 1964}
This proved to be more senitive than 2, 7, dichlorofluoroscein, Plates
were sprayed to near saturation and were then viewed under U,V, light in which

lipids fluoresced yellow on a purple-grey baclmround although several lipids

-

appeared as distincet purple bands,

Sulphuric acid (50.)
Plates were sprayed until the layer was saturated with acid and were then
heated at 110°C for 30 minutes, Oome initial colour development prior to
charring was achieved by this method, TFor example, sterols, pigments and

glycolipids initially appeared as coloured bands prior to charring,

(b) Specific spray reagents

Ninhydrin (0,2 in 95 ml, butanol and 5 ml. 10/ acetic acid)
(Wagner et al., 1961)
This spray was used to detect lipids containing a free amino group.
Plates were lightly sprayed with the reagent and left in the atmosphere for 30

minutes, A purple-blue colouration signified the presence of phosphatidyl

ethanolamine or phosphatidyl serine.
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lodified Dragendorf Reagent

(Wagner et al,, 1961)

Solution A: LO. potassium iodide in water, Solution B: 1,7 g. bismuth
subnitrate in 4100 ml, of 20» glacial acetic acid, Prior tc spraying sclutions
A and B were mixed as follows:- 20 ml, of sclution 4 plus 5 ml, sclution B
and 70 ml, of water, Choline-containing phospholipids gave oranze suotis

immediately while zgalactolipids gave similar coloured spots more slowly.

Phosphate spray
(Dittmer and Lester, 196L4)
Solution I: To 1 litre of 25 K 112804 10,11 go of TIoOs was added and the
mixture boiled gently until the ‘.",1003 was dissolved, Solution II: To 500 ml,
of Solution I 1,78 g. of powdered molybdenum was added and the mixture boiled for
15 minutes, The sclution was cooled and decanted from any residue that may be
present, ILqual volumes of solutions I and II were mixed with 2 volumes of
water, Plates were sprayed lightly until absorbentwas damp, Compounds
vith a phosphate ester group immediately appeared as blue spots on a white-blue

grey backzround,

Aniline hydrogen phthalate (2,5: in water saturated butanol)
(Hough, 195.)
The reagent was sprayed onto the chromatoplates until the absorbent was
damp. The plates were then heated approximately 1 howr at 110°C after which galac~
tolipids appeered as brown spots on a white background, Other sugar-containing

lipids were not detecteds
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2% Column chromatography

Partial separation of the galactelipids was achieved by

. s ;e * [ 3
nsing columns of dicthylapincethyl (UZAE) cellulose according o the procedure

131 cellulose powder 300 DuAE (Vacherey, Nagel Co,, Germany) was preparcd
according tc the technigue of Rouser (1963) in which 20 5. of DIl cellulose
powder yos washed on a buchner funnel with 200 ml, of 1I=-IIC1 followed by 500 rl,
distilled water, 200 ml, 1N=NaOH and 500 ml. of distilled water, This procedure
was repeated three times and the DILE cellulose was then washed with 200 ml,
each of acetone, chloroform, methanol and acetic acid respectively. The DIAE
resin was poured as a slurry in acetic acid into a column (50 x 2,5 ecm,) and
packed under a i, pressure of epproxirately 2 1b./sq. in, After equilibrating
overni~ht 4the acctic aeid was flushed frem the cclunm with 2090 ml, methancl

|

folloved by chlorofcim to remove the methanol,

4 lipid sarmle {034 g» in 5 ml, of chloroforn) iws carefully applied
b Ll - - W - - . P T, -
to the column and the elution sequence described by ‘llen et al,, (1954) wes
followed (Table 56), Colurn fractions were examined by thin-layer

chromatography,



Separation sequence of a lipid extract of L. perenne on

DEAD cellulose

Velume of ..

Zluting solvent " -ain componeats eluted
<

Chloroform 300 ml, Lajority of pignents
G/ 500 ml, Lonogalactolipid

(19 : 1, v/v)

o/i 400 ml, Lecithin and
(9 :1, v/v) digalactolipid

c/u i 400 ml, Phosphatidyl
(2:1, v/v) ethanolamine

Linear gradient of
gAr (2 s 1, v/)

against 600 ml,
o/ (2
containing 1.5 g. ammonium
acetate

Fhosphatidyl glycerol

Sulpholixid

s
-
N
=)
e
B Tt o e NP

The monogalactolipid fraction was further purificd according to the rethod
of 0'Brien and Benson (1954) on a silicic acid column using CA! (9 : 15 v/v) as
the eluting solvent, Pigment was successfully separated from the monogalacto-

lipid but traces of unidentified minor lipids were found to be nresent,



3e3e ZIdentification of galactosyl slvcerides

The galactosyl glycerides were identified on thin-layer chraoratonlates

by reflerence to marker commounds of red clover galachelinids ('..'eenin?:, Wats

Researeh Division, D S, I.1,, T fellinzton) and by corpariscn with Rf vzlues reported
by lepage (196)L) from thin=leyer clwomatosraphie siudies
S pr.\-_, [0S L B RS S T A e Y A [ERARARE) S S TS ShRE & N4 o Ll »

Further structural data on monogalactosyl slyesride was obiained by the

-'1--

ciiromagraphic eszmination on the water-sgoluble hyydrolysis products obt
affter alkaline and egld hydrolysis,

A lipid sample (approcimately EOC/u{;.} propared by thin layer chromatograply
was saponified according teo the rethod of Sastry and Intes \1 ".!;,.,. The sarmple
was refluxed at 80 - SOGC for 4 hour in 5 ml, of 0,31=lla0H in 9C¢ agueous
methanol, The phizbure was then shalzen with snfficient Dowex 50 ion exchange
resin (T= form) Lo remsve the sodiws ions and was £iltered threough Vhatman
No. 1 paper {previously cthor washed) to rerove the zesin, The mdsture was
then extracted three times with 10 ml, aliguots of pelroleum sther to retrove

2

liberated fatty acids, and the neutrel methancolic ywate
3
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to drymess at 30 = 35°C in vacuo. The residue was dissolved in 0,5 ml, of

distilled watber.

in aliguot of this solution was evaporated Lo drymess and hydrolysed
at 80 - 900{.‘ for one hour in 3 ml, of 11-3—!12804. The hydrolysate was neutralised
by the addition of 5 ml, of Ii-Ba 003 and the insoluble BaSOh filtered o:[‘f.. The

; 3 : + : ;
excess barium ions were removed with Dowex 50 (I form) and after filiration to

remove the resin the neutral solution was evaporated to dryness in vacuo and the

residue was dissolved in 0,5 ml, of distilled water,
The hydrolysis products were exarined by paper chromatography and by

cellulose thin=-layer chromatography.
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Cellulose thin-layer chromuatoplates were prepared by homogenising
15 g+ of cellulose powder 300 G (llacherey, Nagel end Co,, Germawy) vaith

120 ml, of distilled water in a Uaring blendor and spreanding the suspension

on 20 x 20 er, chromatopnlates to give a layer thiclmess of _';WGO/;. Plates
P~ O~ -m . ’ .
were dried for 1 hour at 1410 €, Thatman Yo, 1 chromatography paper cut into

-

strips (15 % 25 cm,) vas used for paper chromatographic examination of hydrolysis
products, Jqueous hydrolysis producls and standerds of glucose, galactose and
5lycercl were spotted onte either paper,or cellulose plates which were developed
in the solvent system of pyridine-ethyl acetate - water (1 : 2.5 205 v,/v],
(upper vhase) (Sastry and Kates, 196L)s After drying, the chromatograms

were sprayed with a freshly prepared mixture of 2,. sodium metapericdate and 1,:
potassivm permancanate (2 : 1, v/v) (Sastry and Hates, 196L4). Conmpounds
gradually appeared as brown spots on a purple bacliyjiround, With this spray
5lycercl vias identified immediately bul sugars and other hydrolrysis nreducts
took up to 20 minutes to develop., The excess spray was washed from the peper
chromatograms and compounds remained as brovm spets on o white baclzzround,
Alkaline hydrolysis products were identified by reference to Rf values reported
by Sastry and Intes (4190L) from work undertalren under similar experimental

conditions, Acid hydrolysis products were identilied by reference to zlucose,

galactose and glycerol standards developed simultaneously on the chromatogranms,

Jelre  Determination of galactolipids in lipid extract

L
—

-

Galactolipid level, following acid hydrolysis, was estimated as
galactose by the orcinol method of Svemnerholm (41956),

T.L.C, of LOO Vot of 1lipid in the solvent systens of chloroform.methanol
(185 : 15, v/v) and chloroform : methanol : water (65 : 25 : 4, v/v) were used

to separate mono- and digalactosyl glyceride respectively. The components were

localised by spraying with 1jc iodine in chloroforn, marked and after
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evaporation of the iodinc, the silica zel was carefully scraped ofi the
chromatoplate and transferred to micro-columms,

Preliminary work indicated that the sintered glass disc at the base of
the columns did not retain all the silica gel G and subseguently a disc of
“hatman Ho. 1 paper (previously ether washed), 2 = 3 ci. 0f cotton wool 2nd a
further disc of filter paper were placed zbove the sinlered glass disc,

o

Colums were washed with CA! (2 : g e v/v) prior to addition of the silica gel G.
Lipid was eluted with the following solvent seguence: 25 ml, chloroform, 50 ml,
of CAI (2 : 1y v/v) anéd 25 ml, of methanol, The eluting sclvents were then
evaporated _3‘:5\;_ vacuo at L0 - 5008

The lipid sample was dissolved in 0,5 ml, of alcohol and 3 ml, of 11! *rzuoh_
was then refluxed for one hour, .n acid strength of 1l was used as B iley (41962)
hed demonstrated thot hydrolysis for 60 minutes with 111 acid was sufficient for

liberation of plant 1ip bound sugars, M4rt and thelan (49 51) > 4150

=i

demonstrated that losses of liberated sugars in 1'-_26“’4

become significant if the
heating time was extended for more than two hours with acid stronger than 2 I,
The hydrolysate was cooled and filtered through acid-washed filte per into a
10 ml, velumetric flask and the digestion flaslk rinsed three times vith 1 ml,
aliquots of distilled water vhich was added to the total., The contents of the
volumetric flasl: were finally made up to 10 ml, with distilled water,

Galactose was estimated by the orcinol method of Svennerholm (1556).
Triplicate 2 ml, aliguots were transferred to stoppered test tubes and placed
in an ice bath for 15 minutes, 4 ml, of orcinol (0,2 g, in 200 ml, cone, stoh)
was added to the tubes which were mixed and left in the ice bath for a further
15 minutes, Colour was developed by heating for 20 minutes at 80°C and after
chilling the tubes for a further 5 minutes, the absorbance was read at 505 Vol
In each run a blank and standards containing 20 g, 40 g, 60, 80 and 100 g

of galactose were processed through all steps,



L, Fatly acid analysis

hele Preparation of methyl esters

A sample 0.1 ge of the total lipid was refluxed in 25 ml, of 5
aleoholic II0H for 4 hourz at 80 = 9003. The saponification mixture was reduced
to aporoximately half its volume and transferred to a separating funnel in vhich
non=-saponifiasble materigl was extracted three times with 25 ml, eliquots of
petroleun ether, The alccholic phase containing the fatly acid saltls vas
adjusted to pH 1 = 2 by the addition of GN-ILLl and the fatty acids were extracted
three times with 25 ml, aliguotsof petroleum ether wirich after washing with
distilled water until neutral was removed in vacuo, The fatty acids were weighed
after drying in vacuo overnight,

The fatty acids were then dissclved in 25 ml, of 4 methanolic
iiléiteh (4 956) and refluzed for 3 hours at 80 - 90°C, The ixture was
reduced to half-volume and transferred fo a separating funnel to hiich 5 ml,
of 10w K ;.2 3 vas added to neutralise the IIZBO e Lethyl esters viere extracted
with three 25 ml. eliguots of petroleum ether and after washing with water the
solvent was removed in VecCuo.

lethyl esters of i{lic galactolipid components were prepared directly
by interesterification of the component (prepared by thin-layer chromatozraphy)
in anhydrous 5: methanclic ICl at 80 - 9000 for 4 houwr (0'Brien and Benson, 4196L.).

Nethyl esters were extracted into petroleum ether and the solvent was remcved

in vacuo,
ey —————

he2e Gas-liguid chromatography (G.L.C.)

llethyl esters of the fatty acids were separated by G.,L.C. in a

PyeiArgon chromatograph fitted with an ionisation detector vith a 20 milli-

currie strontium 20 radiation scurce (Lovelock - 1958).
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Glass colurns (5 £t. long and I mm, initornal diameter) pacled with either
¥ £
20,. polycthylene mlycol adinate (P.E.G.l\e) on 50«00 mesh/in acid=-uushed Celite
72! 8y 2R L \
or 12. diethylene zlyeol succinate (D.1:1.0.S.) on Chronosord vere used.

The chromatograph was operated at a detector voliage of 1250 vwolis, ao

el

% L Iy T g P 4 ’-"o" " < [ = = - it b .
colurm temperature of 1560 =~ 105°C and an avgon flow rate of 10 - 50 wl,/tinute,.

A linear detector recponse was ciaeclled by ehworatography of llat
Heart Institute Standards C and D,

Sarples of metiyl esiers (dissolved in petrolewn ether) were added to the
column in 0.5 cm, sections of capillary tubing,

The proportion of eac: ester in a sample was obiained by the pnlanimetric
method of James (196C). Lzasurements were repeated ten times for srall peas
and three tinmes for larger peaks and the meens calculatel, The relative
nreportion of ester was expressed as a percentage of the total peak area on the

chromatogram, The averages of three graphs a particular sarple was used as

the final figwes,

L3 Identification of fatiy acids

Matly acid esters were identified by the following methods,

(a) OCo-chromstogrephy with Xmown standards of mywistate
stearate and linolenate,

(b) Relative retention volumes (measured from the negzative air jesk) were
cormmared with values recorded in the literature and vslues obtained after
chromatography of National Heart Institute Ctandards C and D,

(¢) The graphicel relationship between the log, o relative retention

volumes and the carbon numbers of the fatty acids of a homologous series

Havke et al,, 1959) was used as a ther means of identification,
— r—— ’



(d) G.L.C. of the methyl esters of the saturueted mono~, di and
trimsaturated esters following separation by thin-larer chromatography on

silica gel & inpregnated vath silver nitrate,

.,
e]
o
2
e
£
L

¢
-
o

-
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e
2
[ e]

R
3 fer ..ful‘}".

(1964) ond the vesulbant slarry was spread on chronatonlates by Zhe mellod of
Lecs and De juria (1962). Plates were achtivated for | hour ab 110°%: oricr to
use, llethyl estors and standards of palmitate, linoleate and linolenate esters
were applied Yo the chromatoplates prior to development in hexane : diethyl
ether (60 : L0, v/v) (liorris Sq 1962). Comnonents were detected under UV,

=5

lizht after spraying with 2', 7' dichlorofluorescein (0.2+ in 95. ethencl)

llangold, and I'a’lins, 1960), Cormonents were scraped off the plates into

cenirifuse tubes and the esters were extracted tliree times with 5 ml, aliguots
% I - L, ] N 1)1 - T .

of petroleum ether : diecthyl ether (1 : S 1 v/v) . The ester fractions, afler

removal of solvent in vacuo, were then subjected to G.L.C.
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Be The incorporation of acetate—1—c14 into the fatiy acids of
Loliwn perenne

b o Incubation of leaf tissue

Cross sectional slices of perennial rvegrass (eporoximately 1 um,

thiclk) were incubated in a total volume of 4 ml, containing scdium phosphate

buffer (200/11 moles, plI ?.L;.), 50/11 noles sodiua bicarbonate, 5../11 moles of
potassium chloride and 13, "C/u moles (1;./& ¢) of sodiun 1-—’““" cetate

: L] 0] 2 = - e} -
(The Radiochemical Centre, Amersham, England) at 30 C for 4 hours according to

the procedure of Mawke and Stumpf (1965).

524 Separation and analysis of falty acids

.

The incubation mixture was saponified vadth 5 ml, of 45¢ X0H and

fatty acids extrocted three times with chloroforn after adjustment to pH 1 - 2
with 6N HCl, The coubined extracts were washed with 1, acetic acid, dried over
anhydrous IL.&,.SD , and suitable aliguot was talen for r»adiocactive measureient,

The extracted fatty acids were methylated as previously described and
the methyl esters were subject to T,L.C, on silica gel G in a solvent system
of hexane : diethyl ether (60 : L0, v/v) to remove pigments and hydroxy Patty
acids, The exitracted methyl esters were then sevarated by silica gel &
Agl‘lf}3 T,L.C. as previously described into mono=, di- and tri-unsaturated
fractions,

These fractions were analysed on a gas-liguid chromatograph (G.L.C.
(-«.erograph lodel A-90-P2) fitted with a thermal conductivity detector,
Colums of diethylene glycol succinate (D.,E.G,.S.) 12%: on chromosorb held at
16506 with a flow rate of 50 - 60 ml, Hé/ﬁinute were used, Collection of
individual fatty acids was carried out manually with tubes packed with
siliconised glass, The methyl esters were recovered by washing the collection

tubes with diethyl ether into counting vials,



b 4

543« Radiochemical analysis of netiyl esters

Radioactivily was measured in a liquid scintillation counter
(Assenbly NMEE301; Iluclear Enterprises Ltd,) in 5 ml, of dioxan solution
containing 0,65,. para=dipheryl benzen-e). Individusl esfhers were counted for

sufficient time to sive a 4,000 counts, ZIfficiency of counting was 50« with a

wround of 23 counts/uimite,

o'
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RESULIS
1 The total lipid content of Lolium perenne and llordeum vulgare leaf tissue
- _ S I

Table 7 lists the dry weight and 1lipid content of leaf regions (from

40 days growth) and whole leaves (from 8 days zrowth) of Lolium perenne plants

grown in a 12 hour photoperiod of 2,000 F.C, and day and night temperatures of
o 5 0 ; 3k .

21 C and 18,5°C respectively. The feature of the results of this Table is

that the dry weight and lipid content increases from the 1 - 10 cm, to the

19 - 28 cn, leaf region of the 40 day old plants,

TABIE 7

The total lipid and dry weight conteat of Lolium perenne
leaf tissue

Days of Leaf region Total lipid Total lipid
growth (length in cm,) Ge of wet wt.) % dry wt, Ge of dry wt,.)
1 =10 163k 14435 9635
L0 10 = 19 1452 15400 10412
VVhole leaf

(length in cm,)
8 9 1436 12.95 1065

* measured from base of plant

Teble 8 listing the lipid content of Hordeum vulzare seedlings grown in

different light environments (dark, low and full light) for seven days

demonstrates that an increase in light appears to stimulate lipid synthesis,



TABIE 8

The total lipid and dry weight of seven day old Hordeum vulgare
seedlings grown in different light environments

Light Length of Total lipid Total lipid
treatment primary leaf (em,) (%o of wet wt.,) ;o dry wt., (5% of dry wt,)

Low light! 10,20 0,69 7.2 9.6

Full light' 8,38 10k 9415 1044

¥ 2 - 4

Dark 14,00 0.35 0.35 5el

Low 1ight® 12,50 0,65 6424 104k

Full 1light® 6,85 1400 9.9 105
.1

light germingted

£ dark germinated
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2, Chlorophyll levels of Gramineac leaf tissue

241e Chlorophyll levels of Lolium perenne leafl tissue

The levels of chlorophyll a and b vere compared by measurcmcnt of
optical densities at 663 iy and 61,4/19/u of a standard lipid solution (0,01 &

in 100 ml, diethyl ether) for each extract (Table 9),

TABLE 9

The comparative levels of chloropliyll a and b in
Lolium perenne tissue

Leaf region Optical density/z. wet wt, tissue
(length in cm,) Chlorophyll a (663 /myu) Chlorophyll b (6L ﬁfu)
1 =10 0,28 0,08
10 = 15 O3 023
Whole leaf

(length in cm,)

There appears to be an increase in chloropliyll concentration from the
1 =10 to the 19 - 28 cm, leaf region, This relationghip between leaf region
and pigmentation was supported by the thin-layer chromatography of a standard
amount of lipid from each extract. Comparison of the chlorophyll concentration
of the 3 leaf regions demonstrates that chlorophyll a and b and other pigments
increased from the basal leaf region (Figure 8), The concentration of
chlorophyll a in the leaves from 8 day old plants appears to be similar to

the 10 = 19 and 19 - 28 cm, leaf region of the older plants (Table 9).



Leal region 110 10-19 19=28
cm, ch, e,
The separation of pigments, from the lipid extracts obt

leaf regions of L, perenne, by T.L.C. in the solvent syster of chloroform-

methanol (185 : 15 v/v). The chromatoplate was photographed on

B
= . ; F
speed Ektachrome Type B film (1/50 sec., /lx-)'
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2 et The chlorophyll content of Hordeum yul-are leaf tissue
The chlorophyll content of barley secdlings grown in different 1liz

environments is shown in TablelO.

Pt

. oo OB i TR B 1 R
~ophyyll content of H, vulzare seedlings

LS|

N

Germination Light nZ./1002, wet wt. tissue

conditions treatment Chlorophyll a Chlorophyll b

Dark 0,28 0,28

Low light 3,60 1440

Germinated
Full 1light 12.,00 L4
Derk et 0,02
Dark . % - -
Low light S5e (D 133
Ferrpinated

Full light 16470 348k
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i acids of
. b " S o - & Foory e N a s - A
he retention nes of the component acids from two Gramineae species
y v diinne) - {1 oA 2 T T 3 N7 Bl Al el
relative to methyl palmitate on P,E.G,A, are presented in Table 11, 'Mie relative
retention times of National Heart Institute Standards and retention values as
- ” S T PR L o (s 70\ ~ - O m
reported by Biurchfield and Storrs (1962) are recorded in Table 14

nT ™

":n. DLl 1:&_
f‘{elar.f%Ve retention volumes on polyethylene glyccl adipate at
163°C of the methyl esters of IL, perenne and H, vulzare

Chemical name of Shorthand Delative retention volune ;
fatty acid notation L.,perenne Hevulsare N H.I. ;-u:u,hfield. ]
Stdse Storrs (1962)
n - decanoic 10 ¢ O Cetl2 Oa134
n - dedecanoic 12 3 0 027 0,26 0.25 0,245
n - tetradecancic il & 0 050 0650C 0,50 0450
n - hexadecanoic 16 : 0 1,00 1 .00 1,00 1«00
n - hexadccenoic 16 2 1 ok - 1tk 1415
n - hexadecenoic 16 3 1 1624 | - -
n - octadecanoic 48 ¢ © 2,02 1499 2.1 (P
n - octadecenoic 18 2 4 2,26 2,22 2422 2,23
n = octadecadienoic 18 = 2 a2 2,69 2470
n = octadecatrienoic 18 ¢ 3 3454 el 3¢5
n - eicosanoic 20 & © Lol
unidentified 20, X ? 4,80

* lieasured at 173°C.
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The relative retention volumes of a homologous series of the methyl esters
exhibited the expected logarithmic relationship with the number of carbon atoms

in the fatty acid {(llawke et et al,, 1959)., As found by these workers a plot of the

1051m of the relative retention volumes azainst carbon number for each homologous
series fell along parallel streight lines,
Further confirmation on the identity of the fatty acids of L. peremne

was obtained by G.L.C, of the esters after their separation into saturated

Do,

monoene, diene and triene fractions by silver nitrate/silice gel G thin-
layer chromatography,. The chromatographic traces are shown in Figure 9 while
the relationship between the 1og ~ relative retention volume versus carbon

U

number is presented in Figure 10,

Saturated acids containing 12, 14, 15, 15, 18, 20, 22 and 24 carbon atoms
were identified following preparative T.L,C, on A_lI0, silica gel G, A further

small peak was present in the gas-liquid chromatogram of the saturated fraction
which corresponds te a 16 carbon compound in the monoene fraction, Tals could
have becn due to a incomplete separstion between the monoene and saturated bands
on the thin-layer chromatoplate, The fact that there was no contamination of

N

oleate in the saturated fraction supports a proposal that this 16 carbon moncene
fatty acid could be a trans-isomer, since liorris (1962) has reported that trans
isomers of monoene fatty acids have higher Rf values than cis isomers on AEHO3/
thin-layer chromatoplates, Further confirmation that this 16 carbon monoene
acid was a trans-isomer was achieved by elution of the methyl esters corresponding
to a standard of methyl elaidate from a A.gI‘O:5 thin-layer chromatoplate, G L.C,
showed considerable concentration of this 16 : 1 fatty acid in this fraction,
It was also demonstrated that traces of the 16 : 1 cis isomer were present as
confirmed by G.L.C. followiﬁg preparative AgNOE/T.L.C. This fatty acid had a
relative retention time that was similar to palmitoleic acid on P,E.G.A. and
D.E.G.S. columnsycompared to the higher relative retention time of the trans-

isomer,



ther mono-unsaturated fatty acids with 15, 17,

identified,as also were the 18 diene and triene acids

18 carbon atoms were

in other fractions,
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; The vields of .fatty acids and their commosition from the total lipid
. A N fol P
of Gramineae

The yields of fatty acids from the lipid extracts, obtained from L, perenne

he lipid

1

L] } v ey e o e 3
NILA  CAXORatC l"e:‘t:ﬂlc

traces of the leaf regions of mature plants are shown in Fizure 12,

TABLE 12
The yield of fatty acids from the total lipid extracts of
L. perenne tissue
Days of Leaf region Total lipid Fatty acids
growth (lenzth in cm,) (o of wet wte) 95 of total lipid)

1.5: 51 Pyl

oS
Y
i
-
O

L0

- 28 4 o603 1243

-
Yo

Ythole leaf

’ e
{length in cn, )

1436 B o2

(3]
£
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TABLE 13

The fatty acid composition (moles ;.) of the total lipids of

L, perenne leaf regions
Chermical name of Shorthand. Leaf resion of plant L
fatty acid notation 0-9 cn. 2-1 8 cr. 185=27 cole
" A s e = 0O dmn
n - dodecanoic 1< & O trace - -
n - tetradecanoic 44 5 O 1 a0 0,90 0. 70
. ~ oy ~ o~ =
1n = hexadecancic 16 2 O 2069t 16460 45450
. 7 A ~
n = hexadecenoic 16 2 14 1«60 %) 140
- s+adecanod 18 ¢« O 400 e
n = oCtadecanolc <8 | ol 1 050 L e
n - octcdecenoic 18 ¢4 24l 10350 1420
W - . ~ - - "
n - octadecadienoic 1@ & 2 1750 12460 14 470
' . - fod ~ A 2~

n - octadecatrienoic 1€ & 3 554590 54460 67,00

l . -O 1 .L‘-C 3.90

R i S
It will be seen from Table 13 that the main differences in the fatty acid

proportions of linolenic acid and decreased proportions of palmitic and
linoleic acid from the basal to the distal leaf region of the plant, I1linor
differences in the proportions of a hexadecenoic acid of uncertain structure

and of oleic acid was also observed from different lcaf regions, The central

leaf region was found to give a value which was intermediate for each fatty acid,
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15

The yield of fatty acids from the total lipid of

H. vulgere seedlings

5™

Light treatment Total lipid Fatty acids
(5% of wet wt,) (6 of total 1ipid)
dark 0.60 50,0
low light 0469 5445
full light 1404 515

TABLE 16

The fatty acid composition (moles ;o) of
nt

3 it
He. vulgare scedlings grovn in differe

total lipids of
[t S RSy L{

lizht environments

Chemical name of Shorthand Light treatment
fatty acid notation Dark Low light Tull light

n - dodecanoic 12 = 0 0sD trace trace
n - tetradecancic 14 ¢ O 1640 0,30 1695
n - hexadecanoic 16 : O 19,50 1750 12,40
n hexadecenoic 16 : 14 1,00 0,90 1,60
n - octadecanoic 18 : O 3,00 1 .00 1 400
n - octadecenoic 18 3 1 6,80 2,60 1410
n - octadecadienoic 18 2 2 1510 13470 9640
n - octadecatrienoic 1823 51480 61460 71610

Unidentified 110 240 3410

The yield of fatty acids and composition from I, vulgere seedlings grown in
different light environments isshown in Tables 15 and 16 respectively, while

Figure 13 shows the gas=-liquid chromatographic traces.



Increased exposure to light increased the relative proportions of linolenic

acid while there were corresponding decreases in the relative percentages of

when comperatively large sarple sizes of (rauinese esters were separated by

.

GeliyCe  Arachidic acid was not identified in the total lipid methyl esters

B

since this fatty acid has a similar retention time to linolenic acid on adipatle

[}

columns, However, %,L,C, following T.,L.C. on AUHOB/silica gel G showed that
o

levels of the 20 : O fatty acid was similar to the 22 : O fatty ascid

Figure 9).
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5e The identification of the Glycolipids and phospholipids of L, perenne
— S

by thin-layer chromatography

Thin=-layer chromatography on silica Gel G

chloroform = methanol = water (65 : 25 : 4, v/v) was used to identify

N
J A

(=
i
(=}
]
o]
[}
o

— e e =

18ing a solvent system of

1y DEYENNE, Compounds were identified by reference to authentic

samples of galactolipids, phosphatidyl choline and phosphatidyl ethanolamine,

and by the use of specific sprays (Table 17). The relstive retention values

reported by Lepage (196l were used as a further aid in identification,

TT

-
o+
e
=
e

to be the lipid conponents preser highest concentrations,

The positive identification of the components chromatographing o
and

similarly to the two cowmpenenis in ovine

personal co-:mnunication). In this connection Sastry and Hetes (496L)

-
¥
i

the isolation of glucccerebrosides compouvnds from Phasecoulus bean spec

Typicel separations of L, perenne lipids and ovine brain lipids ar

in Figure 14,

have reported

Visual examination of the T,L, chromatoplates after charring with

by
)

G YO, 9
(Rumbsby, I,

N
ey

H,)SOA_ showed that the galactosyl glycerides and phosphatidyl choline appeared

0,72

Rf 0,59 was not nzle but it was observed that these two couponents cimomatog

LT
2 gl

1€

ea
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de is demonstrated as components 3

and L4 in band 1.,
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TABLE 17
The spray ictions and Rf values (of L, peremne) glycolipids and
phosph i ids resolved in chloroform : methanol : water
: 25 1 4, v/v) by thin-layer chromatography
™ A~ oy Nal - ~r - ~ o~ 4 n i
iLeactlion © SR, cadGeCIlTS it Vallies
Corponent ey e e B ee———m L
Dragen- liin=- SNOs= ‘niline . 5 = 20l
= Observed  Lepnage
dors: hydrin phate Lat S
monogalactosyl
. + - - - Qs OaTT
glyceride 1 il
"3 3 el 29 e 7
unidaer T1ea - - - - Ue 2 o i >
unidentified - - - - 0.59 0.70
digalactosyl
-
= il o + - o -+ O.'OO O (J...
.:’31:,'051 iae
phosphatidyl ethsnolamine - + -+ - 0,58 0.62
phosphatidyl
= - * = 43 048
1lycerol
sulpholipid - - - - 0e4C 042
phosphatidyl
; + - + - Os37 Oe39
choline & i
phosphatidyl
. - - * - De24 O
inositol
unidentified - - - - AT
minor conponent
5
- * - - 0,06 Oeilk

(possibly phosphetidyl

serine)

positive reaction

negative reaction



The identification of galactosyl glycericdes in plant lipid extracis

Confirmation that the galactolipids had been correctly id fied by the

previous technicues was carried out as follows:-

A\ .. oo
(u) Thin=-layer saiples
o ( ctn shila 4.5) Me sensr:ation of +he #alac+slinide by " L,.0. 4 e
STSTeNL \o€e Llab 18 . i1€ separaction oI T ALACTOLINIAS DY Leligue 1 E
- it A2 i — = - -~
leronstrated in Tigures 15 and 106,
s O - A ot B b (o
Solvent A Solvent B Solvent C
a A,-.,. T A T Aane = ()
e Lep Observed  lLepage Chserved
1'\"1 (¢ ,"1)_\
\ b SNy
RO .
o ~Vntna G 78 O 7 =5 ' I i 4 0 C
moy aLae x.OS&'l Ue {C \)‘,7 O.;‘1, Vel [ ./.2\,\

- 2rs -~ ~r ~ r ~
0.60 .82 0.30 0.25 056 0.50
Solvent . Chi oforn : metkhanol : water (65 : 25 .+ L / 5
wOL 1) PS8 LNL0TOTOTE ¢ metrano s wWater QD & &2 ¢ 3y v/Vv)
-~ .. - . - \
Solvent B Diisobutyl ketone : acetic acid : water (LO 5 2h o I v/v)

Solvent

Q2
=y
O
.J
[
o)
(0]

: ethyl acetate : 95,. ethanol (10 : 5 : 5, v/v)
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(b) Paper chromatography

alkaline and acidic hydrolysis produc

S ine : ethyl acetate :

olvent systen of pyridi

phase) (Figure 17).

P = - T I - B / ~

R reported by Sastry and Kates

581 5 v v = o

were identified by authentic standards

The R, values on cellulose thin-layers are
IABLE 19

The R, and R

pe

of the

water (1 : 2.5 : 2 :

product was identified by the reference to

al values of the hydrolysis

and cellulose thin layer chromatography of the

monogalactosyl glyceride in the

5, v/v upper

the

products of L, Qerenne

monogalactosyl vlv eride separated on thin-layer cesllulose
chromatograns in the solvent system of pyridine : ctq};
- X
acetate : water (1 : 2,5 : 2.5, v/%, upper phase)
R, values R values
Corponent e 4 mal
Cbserved Standard Cbserv Sastry & Ilates
(1961.)
monogalactosyl 0415 0a79 0,80
glycerol
1 actose 0.19 0019
glucose 0.26

glycerol 0,53
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T The galactolipid content of Gramineae leaf tissue
LA RS SR L

The galactolipid content of L. perenne expressed as a percentage of the
wet weizght of tissue and a percentage of the total lipid is reported in Table ZC,
This data is calculated from data shown in Appendix IV, Table 20 showe that
the galactolipid content expressed as a percentage of the wet weisht increases
from the 1 - 10 cn, to the 19 - 28 em. leafl rezion, Thece dilferences are
not as evident when the salactolipid content is expressed as a percentaze of
the total lipid,

As with the chlorovhyll a content the galactolipid content of the § day
0ld leaves shows a similar relation to the 10 = 19 cen, leaf region from leaves

grown for 4O days.

™}

The golactolipid content of L. perennc lcaf tissue

Leaf Galactolipnid content

regiqp Total lipid “a of wet wt,. ¢ of total 1lipid

(em,) (s of wet wt.) CDG CGDG Total GDG CDG  Total
1 =190 162l 0.25 0.5 04,40 19.00 11420 30,2
10 = 19 1452 Calt 0419 0450 20.30 12,50 32.8
19 - 28 4463 0.35 0.21 0.56 21.20 12,60 33,6
Leaf

region

(cm.)

9 1436 0.28  0.19 0?7 20.9 12,8  33.7
GDG = monogalactolipid GGG = digalactoiipid

The galactolipid content of barley seedlings (light germinated group) is
reported in Teble 21, The content of galactolipid when expressed as a percentage

of the wet weight increases as the plant receives more light,
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TABIE 24

The galactolipid content of H, vuljare seedling

4 ik Galzcteolinid content

L1gt . i . - e
"“gzjﬁﬂert Total lipid .. of wet wk, . of totsl linid

-~ ol haGil - e lela kel I = =

* (. of wet wt,) GG GG00 Total G GGDG  Totel

dark 0.50 0,08 0403 011 1344 545 18,6
low light 0.59 0.12 0.0k 016 20.% 7ol 2745

full ligh 1 .04 0.2 0A0 0o 20,6 8,8 29,L

This relationship is zlso evident when the galactolipid content was expressed as

a percentage of the totzl lipid, This data was supported by applyving eq

volumes of standard 1lipid solutions from each irectment to a chromatoplate,

and charring, The galaciolipid content (especially

-

spraying with 50 312:304
the monogalactosyl glyceride) showed an increase in content with inecreased
exposure to light, I was also observed that the phospholipids, especially

phosphatidyl choline, decreased in concentration in the lipid extracts from

the seedlings grown in the dark to the seedlings grown in full light,



iy

8, The fatty acid composition of monogalactosyl mlyceride isclated

from Granminease leaf tissue lipids
The fatty acid composition of the monogalactosyl glyceride component
isclated from L, perenne lipids is reported in Tables 22 and 23, The feature
of these tebles is that there is little difference in the fatly acid composition
in tissue of varying meturilty. Compared with the faliy scid composition of the
total lipids, higher nercentages of linolenate, and lower percentages of
valritate and linoleate are reported, A zZas-liguid chromatographic trace of the
methyl esters of the fatly acids of L, perenne ronogalactolipid isshowvm in Fisure 18,
TABIE 22

. s 4. "\
The fatty acid composition (moles ,.) of monogalactosyl
glyceride from L, perenne leaf regions

Cherical name of Sherthand Leaf _Region of Plant
fatty acid notation 1=-10 cm. 10-1< em, 19=2%¢cn,
n - tetradecanoic 14 : 0 0.50 0,30 0.70
n - hexadecanoic 16 : © 540 2,80 5430
n - octadecanoic 18 2 0 1 430 100 150
n = octadecencic 18 ¢ 1 « 50 120 1220
n - octadecadiencic 18 & 2 5650 3.90 2.50

88,00 90,80 88.60

e
A&

- octadecatriencic 18

I=




18:3

Time

in minutes

response

Detector



TARIE 23

The fatty acid composition of monogalactosyl glyceride
from eight day old leaves of L, perenne

Chemical name of Shorthand - .
fatty acid notation Aules o
n - tetradecanoic 14. : O 0420
n - hexadecanoic 16 : 0 3440
n = octadecanocic 18 : 0 0,90
n - octadecenoic 18 1 190
n - octadecadienoic 18 : 2 3420
n =~ octadecatrienoic 18 3 9044

The fatty acid composition of the monozalactolinid component isclated from
H, yulgare seedlings, srowm in the dark and full 1izht is reported in Table 2l,
Only minor differences in fatty acid composition between treatments are demonstrated,
This is in contrast to the major differences in fatty acid composition of the total

lipids as reported in Table 16,



The fatty acid composition of the monozalactolipid component

fron I, vulgare seedlings grow in dari: and full lizht

Chemical name of Shorthean Light treatien
fatty acid notation daric full light
n - tetradecancic 1 + 0 035 trace
n - hexadecanoic 16 : O 75 L.80
- octadecanoic 18 : O Bel 130
- octadecenoic 18 & 9 53 1460
- octadecadiencic 18 3 2 1.90 1,00
n = octadecatrienoic 18 & 3 76.0 85,80
Tmidentified 2.0 S el
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9 The incorporation or acetate 1=C  intc the fattr acids of L. perenne

the incorporation and

Teble 25 demonstrates the influence
s peremne, after

1
-
—

The festure of the Tavle is

that L. peremie is ahle to gyntheslze long chain saturated fatly ascids
vith 20, 22, 24 and 26 carbon stoms, Jn gpprecinzble proporiion of acelate

is incorporated inito these acids, by either seedling tissue or tigsue from

PP Pr N o N " P By ST 15 NG N P i | O - il Ryvdio s oy R TR A
mature plants, althoush these aecids appeszr To censcliute a minor percentage

»
=t

of the endogenous lipids, Increased light gpuenrs to stimulate the

incorporation of acetate into unsaturated acids,



TABIE 25

The influence of lisht on the incorporation and distribution

ye of radiozetivity in the fatly acids of L, perenne tissue

Tissue fron

Seedling tissue . ) 2
mature plants
Lizht treatment Dark low light full light full lizht
Experiment i B A B A B A D
Chlorophyll a 043 Ca15 8.3 6.6 1745 175 21 .7
(mg./100g. wet wt,
tissue)
Chlorophyll :?. - - 1 082 1 .65 3-2 5.:2 5.85
(mg./100g. wet wt,
tissue)
%« incorporation of
radicactivity into - o — _ a = "
long chain fatty 2442 o35 D1 Zelid 1.0 5B 1 a1
acids
Fatiy acid Distribution of radiocactivity(ls)
12|. : 0 2.0 2.!{- 3.8 2."" 7.3 6.1 ;-./
16 : O 175 224k 25
1242 2.4 A0 22,7
16 - | 106 2.8 7-0
18 : 0 848 1.9 16,0 1641 10,8 12.2 2547
18 = 14 8.8 1340 6.7 15.7 1hed 27 o 5.8
18 s 2 180# . 501 5.5 tr, 3.6 tr.
18 ¢ 3 0.8 tr, 3¢9 48 tre 146 tr,
20: 0 640 742 Bk 8.8 5.7 5¢6 641
22:0 1047 11,8 4.6 46 8.6 2.6 6.5
2}+ : 0 ?.O 11.6 6-8 3-2 3-? 5-6 508
26 : 0 25.3 197 1746 742 2443 18 2341




DIsSCUSSICH
14 The lipid content of Gramineae tissue
R i —
In the present work values ranging from 9.35 to 10.5¢ lipid (of “he dry wt,)
were reported for L, perenne leaf tissue, This appears to be higher than

previously reported for Gramincae leaf tissue,

Hilditeh and Tilliams (1965) have summerised recent work on leaf lip

{._lo

és
and have stated that values between L and §¢ appear to be the average lipid
content of leaves, In s+udies in Sramineac +issve Omith and Chiball (1 ‘)3

and Pollard (1936) have reported values ranzing from 3,8 to 6.5. lipid (of the

dry wt,) for cocltsfort (Dactylis gl mera*“a.‘r while Shorland (.,fl;l,.,, (1961) found

the sare species, Shorland (1944 ) has stated

1_.
I.lo

lues of 5,67 and 6,412 lipid

-

that a mixed pasture consisting of mainly ryeszrass, coclizsfoot, Yorkshire fog,

sweet vernal and vhite clover ccniained 5,95. lipid (c*" the dry 1.'.*‘.,.) while +th

D

same worker {‘.-;;31} foun: 7,68, 1lipid in 6 - 7 in, luscious growth of L. perenne
pasture,

The fact thatl earlier workers util :'L_ze-'l extroction nethods involving
ethonol and ether for Gramineae leaf tissue while in the present wirk a chloroforr-
methanol extraction procedure was utilized may account for the higher lipid
content extracted from the species studied,

The age and type of tissue extracted may affect lipid composition,
In this connection,Fagan (1928) demonstrated a decrease in the concentration
of the ether extractable material from Italian ryegrass (}-. multiflorum)
as the grass matured, Also Waite and Sastry (1949) have demonsirated that

as timothy (Phleum pratense) grass matures the content of crude protein,

ether extractable material and ash content decreased while the proportion of
crude fibre and nitrogen free extractable material increased, These trends

were probably due to a decrease in the leaf to stem ratio., The stem was shown



to contain lower proportions of protein, ether extractable material and ash wiile

increased proportions of crude fibre and nitrogen free extract were observed,

3§ \ e -
lore recently Havle (1963) has demonsiratel thit young succulent short

S 07 A ki

rovetion ryegrass (L, multiflorum x L. perenne) containing entirely leaf tissue

. o -~ f . -
contained higher percentages of lipid (rean 8.1,. of dvy wt.) than mature grass

-

which contained aprreciable stalk (mean 5.4, of dry vwk,) These resulis vere

reported in conjunction with data on the fatty acid composition of the milk
at from monozygzotic cows grazed on these two types of pasture. Cows grazed

Fal

on the youngsr grass had higher levels of unsaturzied fatty acids in the milk
fat which may have been related to the higher degree of unsaturated fatty acids

in the young grass or to the degree of hydrogenation of falily acids in the rumen,

In the present work the lipid content of roture L. perenne leaf tissue was

.

found to be lower than € dsy old leaves when resilis were expressed on a ,. dry
weight basis. However, tne lipid content of mature tissue has been found to be
greater than that of young tissue when resulis are expressed as v wet weight of
tissue, The high dry weight content of mature lecaf tissue could account for the
lower lipid values obtained for mature tissue when resulte are expressed as o dxy
weight.

when considering the possible environmental factors that could affect lipid
content of photogymthetic tissue the light environment may be important. Spoehr
and 1dllner (1949) have shown that light stimulated the synthesis of lipid material
in Chlorella, The effect of light levels on lipid content was confirmed in the
present work in vhich photosynthesising barley seedlings contained an eppreciably
higher concentration of 1lipid compared with seedlings grown in the dark or exposed
tolow levels of light, Furthermore,the observation that the basal tissue of
L. perenne plants (which contained lower chlorophyll levels compared with the rest
of the plant) had a lower content lipid content supports the proposal that light

levels received by leaf tissue affects lipid content. Also since leaf cheaths



and stems of L, perenne contain fewer chloroplasts (Soper and litchell, 1956)
which are reportecd o be rich in 1lipid meterial (Uolf et al, 1962) the data of

lower lipid levels in the basal leaf region of mature nlants is confirned,

&7
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2, The constituent fatly acids of Crauinesc leaf lipids

The constituent fatty acide found in L, perenne and H, wulgare leaf

lipid are simil:ir to those revorted for other Gramineae species by Shorland

— e 4+

= F APl 1 - - r O - " o - J— - -
€ 9L, 1961 ); Havie (1 963 and Carton (1980). In cach oase linolenic, linoleic,
oleig, stearde and palmitic acids are the major fatiy acids.
The nature of %he hexadecencic acid (2 s o §.20 08 Pl Geda ) T8 of
palnitate :
particular interesl as this study has shiovm that increased light appears to
promote synthesis of this fatly acid in Crasinese leaf tissue, t is possible

that this fatty aeid iz Hraans-3-hexadecencic wlidel: hias been identified in
-4-*

. . . = 5 . 5\ . =
spinach (Spinacea oleracea) lipids by Debuch (1961) and Allen et ale, (1964);

L

d by "Teeninlc and Shorland (1 96L.) in L. perenne and pea (Pisum sativanm) 1)

T 'f"\ T o . - = TR 24 7., E T P S - ) {5 . P-4 1 - il v e
Nichicls (1965) has reported +the presence of this fatily acid in Chlorella wulrariz,
A S £ o B s SSR A s - ~ - 4y At =Y i o mam ¥ IR o | -
and 1% yas found that thiis geid wasalmest entirely aboent ywien cells wers grosm
- s P T e T L T e mal e iy - e e o e Ky
on' ani- organic médiuwl, In light or darimiess. Lizht was shovay o stintilals

L 3 LT r . 1- ST 1 TSt N . VI T £ e O i -
lizht had litile eoffect on the fatly aecid ceomposition «f cslls growm on an

orzanie media, The trans-3=hexadeccuocic aeid apoears to be concentratced in

- -
\

the phosphatidyl glycerol component (Weeninls, 19543 Jllen, eb al., 1954;

Michols, 1955; Tlaverake and Van Deenen, 41505
fatty ac¢cid may be imporiant in the photosynthetic process since phosphatidyl
glycercl appears to be the only lipid present in gll photesynthetic micro-~
organisms (including photosynthetic bacteria which lack the usual poly-
unsaturated acids) and higher plants, Nichols and James (1565), Confirmation
of this acid as a trans isomer was achieved by elution of the fraction of metiyl
esters corresponding to mothyl elaidate after .-‘;81‘303/35.1:10& gel G thin-layer
chromatography. Gas=liquid chromatography on P,E.G.A, shiowed considersble

concentration of the slower moving 16 : 1 component in this fraction,



of partieular dnterest in light of Tecent wox of
febty acids in plant %issue, vias the findin:; of trac 2240

~ N P ™ X T A — S P g ol " o . a .
gad 2l ¢ O Loty scidn, vre and Stumpf (1985) have demonstrsted in Zrardnenc

S S T pen— L
g percentuge of the

B L e gl
~iTGy ADZOS Syt
L . 5 -] e = o
The smal S £ itors In Jesf

ticone 4is confi fully acide vere cooponet
P . L PR e MY S VR 8} =~ S e R i M A 0o - = =
of photosynthetic 4issue in short rotatien Tyesrass (Imvite, 159635), Chorells yuluards

I - W . o 3
-A\L_ 1LuoL sraettl Liis L0 (13&1:.} aud in J._-ll*q.‘-

Sehlen): e , (1950), the phytoflagellsute

blue-green algee inacystis nidulans Molton, et al., (1964)e

The nature of the aphinge g 8 X > :h 3 -
The nature of the fatty acid chromatographing at -lpalr‘..:.tute value of [ 8

on P.B.5.As was not determined, but it, vwas observed that this relztive retention
velume would be similur to wmeatupeated fally acifs 20 carbons in chain lenzih,.

-

Shorlsnd (1953) hus regortad rivoy pereeniezes of 20 carbon

}

unsaturated fatty acids in L, peremne lipids

- - LY ”~ - . - - = .
Although Teys and Drorland f'l 95 ;) found a2 16 corbon trieneic acid in rape

s aleo confirmed by Jllen gt al., (4194L) and Debuch (1952) in

X - - N\ " . -
olerroes) and Debuch (4 go2) in Antirrhinum majus no evidence

This discrepancy may ropresent a snecies difference,



Je The variation in the fatty acid composition of Jramineae leaf linids
SR s s =

A Ty g ot L7 e i pooE S o " < s
Tariations in the fatly acid composition of leaf regions of L, neremme plants

grow: for LO éays in o contrelled enviromiscnt wis deuwongtrated. The matiwe loof
regions {'i(} -419, 19 = 26 um.} were found to contain hizher levels of clhlorcuiyil
compared with the Immsiupe lexf remion wihieh contzizsd a hish proportion of lessd
siicaths and stem tigsue, The mature lea? rocions woo sho to gontsin hicher
lavels of linolenute wiih coryesponding decreascs in the nPosortisnc of prlmitaie,
oleate, and linoleate compared with immnture leaf tissue, soper and Iitelell
(1958) have reported that leaf sheaths and stems of L, perennc contzincd less
photogynthetic tissue and since linolenate zpnears o be concenirated in ciloro-
nlaste (Debuch, 1562; COronbie, 1958) the sbove observation would be e:pecteds
Mrther, Hewman (49562) has veportsd that the Patty seids of nlastids containing
reduced levsls of chilorepiyll contained 2 hisher ratio of saturated to msatupatasd
Patty acids., Croobie (1958) has zlco demonstrated it vericzated leoaves of
veple (feor nepunde varicsatan) and maize [Jee nads Josonica verdegata) contained

o

eas linolenic zeid,
If aze of tissue was a criteris that determined Patly acid compesition, it
would have been expected to obtain similor results from the 8 day old lsaves of

=]

L. perenne and thic leaf region of corresponding ase obtained from LD dgys Srovth

(i.e, the 1 = 10 cm, leaf region), However, it was demonstrated that the
chlorophyll level and fatty acid composition of eizht day old leaves was similor

to the mature leaf regicns of the older plants, Hence it is proposed that chloro-
phyll content is of greater importance than the gge of tissue in determining fatiy
acid composition,

In this connection, Wallace and Nevman (196)) have shown that illumination of

dark grown bush bean (Phaseoulus vulgaris) inecreased the proportion of linolenic




-

L]

acid with relative decreases in the proportion of palmitic, stearic, oleic
and linoleic acids in the plastid lipids, Similarly Zrwin and Bloch (1 964.)
and Rosenbers and Pecleer (1364) have showm thet darl: treatment of Buslena

sracilis cells decreased the content of linolenic acid, The finding that

H, valzare seedlinzgs zrowm in a normal lizht envivonment had increased

=

relative proporiions of linolenic acid and decreased Telative proportisng of

palmitate, stearate, oleate, and linoleate coumpared with dark srowm seedlings
supperts the szbove worlk,

A though lizht appears to be the major euvironmental factor affecting
ztty acid composition in photosynthetiec tissue, other environmental factors

such as nutrient level, -'.302 concentration in the atmosphere and temperature
levels, that moy affect the photosynthetic rate, aphear to affect fatty acid
coryposition, wellase and Meyman (-I‘:-".-!;.} have demongtroated that a2 nitrozen
deficisnt media decreascd the relative nroportlons of linclenic acid in the

iy - - » 5 i . " - \
slastids of sguash (Curcurhite maxima) while Drwin and Bloch (4 964) have

-

T

demonstrated changes in falty acid composition by srowing Tuslena gracilis

on different mediz, The same workers have dezonstrated that Buglena sracilis

aroym in an atmogphere of 0,5 ‘302 compared with 5. 302

had an appreciably
. 2 . - . o]
redced content of linoleaic acid, &n increase of iemperature from 26 C to
e} s : . -
44,270 was cshomn to bring sbout an elevation in the vrovorition of saturated

acids in the blue-green algae, Anacystis nidulans lolton gt el,, (196L) .

Their work has confirmed observations on the effects of temwerature on the fally

acid composition of non=photosynthetic micro-organisms such as Ischerichia coli

(Varr and Ingraham (1962) and Serratis marsecens (Bishop and SH1l1, 1963),
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Ly Fatty acid biosynthesis

The biosynthesis of fatty acids from acetate 1-014

in plant tissue
confiviis the work of IHawke and Stumpf (1965).

It was cbserved that a large prorortiion of the fatty acids synthesised
de novo from acetale by L, perenne tissue wers the very long chain saivrated
fatty acids containing 20, 22, 2k and 26 carbon atous, These falty acids
appear to constitute only a winor percentage of the endogenous lipid, ceedling
tissue as well as tissue of the same age from established plants appearcd o be
able to synthesise these fatty acids. Etiolaled or green tissue, synthesised
similar fatty acids although the latter appearcd to contain a high percentuge
of unsaturated fatity acids, This is consistent with previous findings tihat
light stimulatea synthesis of unsaturated f'atty acids (Rosenberg and Pecler,
1963 \allace and llewman, 1965), Hawke and Stwmf {1955) heve demonstrated
thatl the biosynthesis of these long chain fatty acids involves tlie syntiaesis
of palmitate as the primary fatty ecid folliowed by chain lengthening by
addition of 02 units. The metabolic significance of these very long chain

saturated fatty acids is not yet understood.,



b 18]
L8]

-

54 The galactolipid content of plant tissue

A high salgetolipid content in the legaf tissnes of red clover (Trifolium

sratense), mixed pasture, runner bean (shaseoulus multiflorus) and alfalfa

(Tedicago sativa) has been rcported by Veenink (1;"..,.1} Garton (1 950); Sasiry

and Fates (197); and 0'3rien and Benson (1954) resicctively., The values

reported for malactoliryid content vary from 50. (erpressed as ner cent of total
- - b - ‘ .

extroctable lipid) for mixed pasture (Garton, 1960) 4o 13 for alfalfa (0'Brien

and Benson, 1964). In the present work the zalactolipids of photosynthetic
] 4 u - W

Gramineae tissue were found to constitute aprroxinately 30« of the total leaf

lipids, The nonogalactolipid component was present in hizher ameounts than the

PR z s
= (49 1} in red clover (fi‘rlf'olltm

p—-‘

digalactolipid corponent as reported by Veeni
s - -

pratense) anf fastry and FMates, 1964 in runver bsan (Phaseoulus multiflorus).

\ . 5 -
Torever, 0'Brien and Benson, (1 06Lk.) have reporied a hi-her concentration of the

r..u-

dizalactolipid in alfalfa (Pedicezo sotiva) 1lip

s,

Aecerding to the meilied of presenting results difforent tirends can be

F

showm in the salactolipid content of leaf tissue,

The galactolipid content of leaf regions obtained from L. perennc plants

‘!

srovn for fordly days, is very similar when results of the galactolipid

concentration are expressed as a percentage of the total 1lipid, However, vhen

-

esults are expressed on a wet weight basis, there is a noticeable increase in
galactolipid content from the basal to the distal leaf region. Thie increase
is matched by a similar rise in chlorophyll content, indicating a possible
relationship between these two components, Similar relationships between
galactolipid content and chlorophyll level have been demonstrated by WWintermans
(1960); Nichols, 1963 and licArthur et al., 1964, in other plant species,
The above results were further confirmed by growing barley (g. vul,-;are}

seedlings in different light environments, An increase in illuminalion has been
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found to lead to an increase in the galactolipid content of the seedlings, when

results are expressed on either a percent total 1lipid or a percent wet weight

basis, Jimilarly, as chowm for L, perenne, a possible relciionship between
Galactolipid content and chlorephyll level has been demonstrated, and this woull

that these 1lipid cosponents are located in the chloroplast as found 13

Ar
o

z = 14
(internans Y Suk-'fo

The findins of galactosyl glycerides in stiolated and non-phstosynthniic
barley seedlingz would suggest that these corponents are not entirely found in

photosynthetic %1

’ 3\ . . .
(1954} have found gnlactesyl glycerides in etiolated bush besn plastids vwhile

i
=
=
O
=
I

llichols and James (1964) confirmed the presence of these compounds

photosyntihctic tissue such as Narcissus bulds, stems, roots and etiolated

plants,

The nresence of selactolipids in eticlated barley secedlings wonld sugsest
that their gynithesis does net depend entirely on products derived from the
photosynthetic pathwey as proposed in the schere of Terrari and Denson (1564 ).
It is possible that these lipids are synthesised from {the storage fat in the
scod. Orombie cnd Coxber, (1956) and ardmun and Cro:bie, (1958) have

u

demonstrated that the storage fot of Citrullns vulgards (containing predominantl;

linoleic, sterric and palmitic acids) was utilised in the same fashion whether

seedlings werec grown in dark or light conditions, The formation of linolenic
acid in the protoplasric fat in the leaf tissue, Tollowing the complete
utilization of storage fat was demonstrated in both the dark and light zrown
seedlings, Iowever, a lovier proportion of linolenic acid was observed in the
dark growvn seedlings. Similarly, it was demonstrated that barley seedlings could
synthesise linolenic acid in the dark from sced reserves, The galactose moiety
required for galactolipid synthesis could arise from conversion of fat 1o carbo=-
hydrate via the glyoxylate cycle, Z2ill and Chenise (4962), This pathway is well
established in light grown seedlings but Bradbeer (4 958) has demonstrated fat to

carbolhydrate conversion in etiolated sunflower seedlings, Since galactolipids may
be important structural constituents of chloroplasts (Benson, 196)) these components



mgy have a similur function in the yellow protoplastids of etiolated plants,
Linolenic acid has been shovm to be the major fatty acid of the
monogalactelipid component isclated from Graminease leaf lipids. The fatlty
acid commosition of monogaluctosyl glyceride, in contrast te the fatty azeid
corposition of the toial 1lipid did not appear to be jreatly affected by the
light environment, Hence, the loswi linolenic zeid content of the total lipid
extracts of Gramincae tissue containing low chloroplyll levels, may be a

reflection of low gelactolipid concentrations,
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Total lipid content, fatty acid composition and galectolipid level have

been compared in leaf tissue of varying age obtained from Loliun perenne

plants grown in a controlled environment, 4 similar study has been

undertalken vith Hordeum vulzare seedlings growm in different lizht

intensities,

The total lipid content and the fatty acid composition of L, perenne
photosynthetic tissue appeared to be dependent on chlorophyll levels,
rather than on age of tissue, IHigh levels of chlorophyll in plant
tissue wos paralleled by high lipid concentrations (exprossed as

;o wet wte)e It was also demonstrated that o hish chlorophyll level
appearcd to be related to high proportions of linolenic acid and

corresponding low proportions of linoleic, oleic and palmitic acids,

Light intensity affected both the lipid level and fatly acid corposition
in I, yulgare seedlings, Inereased exposure to light stimulated the
synthesis of lipid material which contained relatively high proportions

of linolenic acid,

The relative concentrations of the galactosgyl glyceride lipid components

in Gramineae were closely related to chlorophyll levels, 'The monogalact-

osyl glyceride component contained high concentrations of linolenic acid,
However, in contrast to the fatty acid composition of the total lipid that
of the monogsalactosyl glyceride component did not appear to be greatly

affected by the light level
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#lycolipids including mono- and digalactelipid, cerebroside, sulpholipid
and phospholipids including phosphatidyl glycerol, phosphatidyl

ethanolamine, phosphatidyl choline and phosphatidyl inositol were

le

identified in L, perenne lipids,

g : g 4 A
This biosynthesis of fatty acids frrom acetate— ~0 ¥ in L. perenne
seedling tissue was demonstrated, The bilosynthesis of unsaturated
fatty acids from acetate- -C“*' was greatest in tissues that contained

the highest chlorophyll content,
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ABBRENDIX I

lodified Ioaglands Solu

AP

(

Zach micro or nacrs element wa
d volume of each

I SRR

e -y
after Hoagland and Zaxnon, 1938

Py r R \
See Lable/,
. -

torether, and the resuliant sclution was then made up to 10 1, by addition
of water to form the nuirient sclution,
mAInTR
__a'..."-l.;
ge in 2 L. waicy Volume in ml, In 40 1,

'(.—‘ C1C

-~ g¢lenents

(oY atn )
o i

Snleium nitrate 172

(&

on chelate z0
Borie acid S5ei2
lanzanese chloride 2462

Zinc sulphate
Calcium sulphate

Sodium molybdate




ARPPENDIX 1IZ

Lxtraction of lipid from leaf tissue
Hawice (4963)

The tissue was chopned into short lengths, mixed and then {00 g. was
immediately macerated in ethanel with a Varing blender, The resultsnt slurry
vias warred to about 55°C to deactivate lipolytic enzymes and then filiered
through a sintered funnel, The fibrcus residuc was washed on the funnel
several times with small volumes of ethanol and ether and then transferred to
Soxhlet thimbles, Soxhilet extrsetion was carriecd cut for & heurs with
diethyl ether.

The cthanclic and ether extracis were then evagporated te drymess sepsrately

q 3 PP mymmale 2
SIIC. eael) raszdue o rracs

=4 th ether, These extruacts were conbined and shnl-en

with water to remove vater goluble dmpurities e svoid the forsiation of

ezmlsions shaldng was not vigorous until the tidr2 and final exiraction., The
washed ethsr selution was +hen evoporated to drymess and the residue extracted
with anhydrous ether The solvent was then remnved in wvague and the lipid

naterial obtaired was weighsd after drying for 413 hours in vacuo,
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The measurement of chlorophyll content

f~ y P - A
|'\_,.'\_,'S.':L et \.-I 3 1/,0
Seedlings viere cut into seznenis 1 cx, long and sreund in 22 ml, of
acctone yith the zddifion of a 1ittle sand, [ILfter 5 ninutes of grindin: the

acetone wag decanted end the tissue was re-exiracted vith 2C ml, of ether,
This extraction seguence with 10 ml, of acetone and 10 ml, of ether
alternately was repeated four times, The combined extracts were filiered
through a sintered glass funnel and the asceltone wgs removed by washing with

o

water, Ether was added to make a total extraet of 25 ml. and after standing

in a refrigerator for {1 hour to allew settling out of residuel weter, an
aliguot of the ether exlract was examined in a Unieaon specilrephoiometer at the
v - - . P -
vavelongths of 683 i 3 GLd pmmr end &3 3 the reospective manima for
e Tl My o O
chlorophyll a, chloropiy-ll b and provechleorcpiyll raspeetively,
Pigment content in mg,/z. leaf tissue wae caleulated as follows using

the equationsgi=-

Ml - T = = - 200 T . - Sy
Chloroplyll a = (1015 Dggz = 0a0896 Ly, = 0.0037 u624)
0,085 % 1000 = ¥ = 1

Chlorophyll b V (=0.1610 366_3 + 1.0195 Dy, = 00301 D524)

0,0575 x 1000 x W x 1

where V volume of solution in ml,
D = optical density of solution at wavelength designated
W = wet weight of leaves in grams

1 = internal length of spectrophotometer cell in cm,



oy asturning the mole .. of galactose in each galaclolipid, the

galactose values obiained from the acid hydroelysis profucts of the lipid
componients (obtained from a Xnown weight of total 1ipid) were used to
calculate values reported below, Each vzlue reporved is the result of

separate experiment on the particular lipid sample, The mean value was

used to caleulate data reperted in Tabkles 20 and 21,



Lipid component

© galactolipid of the total 1

pids

L, perenne
e e -

Leaf Region o mole leaf
1-40 cm, 10-19 cn, 10-28 cn, 9 cn,
- A 5% O
18.25 19,60 2350 23,80
19,60 204,20 16,50 23,40
lionogalactolipid
1740 21450 24430 18,70
19,80 20.00 23,40 18,7
GQU 1:050 1007 11 .:0
2635 iy 11690
Digalactolipid
12030 1‘Ir-)o 124,70
14670 {1020 11470
g. vulsare
Tisht  tveptrent
dark low; 1izhw full 1isht
10,40 21 440 20,50
15430 20,0 20,80

l'onogalactolipid

150
7455

Geli5 6,60






