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ABSTRACT

Lipid and fatty acid composition of chloroplast thylakoid membranes
was determined in two varieties of wheat (Triticum aestivum L.), the
hardy Miranovskaja and the sensitive Penjamo. Plants were grown at
room temperature or under frost hardening conditions (1.5°C). Changes
in lipid and fatty acid composition of the isolated thylakoids could be
related to the temperature dependence of light-stimulated proton uptake.
Changes in the thylakoid phospholipids upon hardening of the two
varieties did not show any direct relation with low temperature tolerance
of light-dependent H' uptake; neither did changes in phospholipid fatty
acid chain lengthening to 20 and 22 C-atoms in combination with in-
creased desaturation up to 6 double bonds. Increased low temperature
tolerance of light-induced H' uptake by hardening was correlated with
the following glycolipid changes: maintained glycolipid level, a propor-
tionally increased digalactosyl diglyceride fraction, a decrease in thyla-
koid monogalactosyl diglyceride, increased sulfolipid fatty acid chain
lengthening (20 and 22 C-atoms), and increased sulfolipid desaturation
(4-6 double bonds). We suggest that the above mentioned changes in
glycolipids have adaptive value for low temperature tolerance of light-
dependent proton uptake.

proportionally or remained unaffected in some species/varieties
(frost-sensitive wheat variety [17]; pea and spinach [1]), whereas
in the thylakoids of other species an increased DGDG/MGDG
ratio was observed upon hardening (frost-resistant wheat variety,
[17]; pine, [12]). Taking into account the different physical
structures of DGDG and MGDG (14), analysis of a possible
adaptive value of the observed changes for survival and function-
ing of chloroplasts under freezing conditions seems warranted.
Another physical factor in functioning of chloroplasts in

hardened plants is the phase behavior of the chloroplast lipids.
Of the chloroplast lipids, only phosphatidylglycerol exhibits
phase transitions at room temperature (chilling-sensitive plants
only; [11]). Changes in chloroplast lipid composition, induced
by hardening the plants, may be accompanied by changes in
phase transitions of chloroplast membranes and a possible adap-
tive value of such changes should be evaluated.

In this paper we report on the lipid and fatty acid composition
ofthe thylakoid membranes oftwo wheat varieties ofcontrasting
hardiness. The results are discussed with reference to data on the
functioning of chloroplasts of the same varieties (17).

MATERIALS AND METHODS

Frost hardiness of plants depends on the physical structure of
plant cell membranes: properties of the plasmalemma will deter-
mine to a very large extent death or survival of plant cells under
freezing conditions (16). It seems likely that also in other organ-
elles, such as chloroplasts, damage may occur during freezing
(13). Chloroplasts may contribute to the freezing tolerance of the
plasmamembrane by the provision of metabolic energy and
material such as sugars and lipids. For these reasons a study of
the role of chloroplasts in freezing tolerance of plants is appro-
priate (17).

Functioning of chloroplasts will at least partly be dependent
upon the thylakoid lipid composition. Several intriguing ques-
tions remain to be answered. Upon hardening of the plants the
thylakoid galactolipid levels (MGDG3 and DGDG) decreased
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Growth Conditions and Hardening Procedure. Seeds of two
wheat varieties (Triticum aestivum L.), the frost-sensitive Pen-
jamo and the hardy variety Miranovskaja, sown in soil, were
germinated at a day/night temperature regime of 20/12C, 16 h
d-length, for 6 d. The hardening program was subsequently
started by lowering the temperature gradually during 3 weeks,
followed by a continuous period of 4 weeks at 1.50C, with the
same light regime. After finishing the hardening, the leaves were
harvested for thylakoid isolation.
For the isolation of thylakoids the procedure of Lineberger

and Steponkus (7) was used. Lipids were extracted as described
earlier (4) and separation was done by two-dimensional TLC
chromatography (15). Fatty acid methyl esters were prepared by
transesterification of the isolated lipids in methanol, containing
5% HCI at 80C in sealed ampules for 1 h. Analysis of fatty acid
methyl ester was carried out by GLC on a column with SP-2340
(Supelco) coating. Identification of extralong-chain fatty acids of
20 and 22 C-atoms was done by a combination of the hydrogen-
ation procedure and interpretation of the observed retention
times of the fatty acid in question. Two fatty acids had to be
listed as unknown and await identification by GC-MS.

Determination of thylakoid lipid composition and fatty acid
composition of each thylakoid lipid was done on preparations of
leaves of plants from three control and hardening experiments.
Lipid composition of the thylakoids of plants from the three
experiments was very similar, showing 10% variation; in one
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experiment the values for phosphatidylglycerol were 20% lower
than in the other two experiments. Fatty acid composition of
specific lipids also was similar for preparations from plants of
each growth experiment, with 15 to 20% variation. In the "Re-
sults" section a single growth and hardening experiment has been
presented. Within a single growth experiment, variation in lipid
composition and fatty acid composition of lipids did not exceed
10%.
In every experiment, low temperature tolerance of the light-

dependent proton uptake of the thylakoid sample was measured
as well as cold tolerance of the leaves ( 17).

RESULTS

Light-dependent proton uptake ofthe thylakoids ofboth wheat
varieties was determined. Hardening of the plants resulted in
increaed low temperature tolerance oflight-stimulated H+ uptake
in Miranovskaja but not in Penjamo. Actual data of these
experiments are given in Vigh (17).

Phospholipids. The level of PC in the thylakoids increased
after hardening of the frost sensitive Penjamo (Table I), in
agreement with numerous observations in the literature. On the
contrary, in the thylakoids of the hardy Miranovskaja the level

Table I. Phospholipid Composition (mol % ofPolar Lipids) and Fatty
Acid Composition ofPhospholipids (weight %) from Thylakoids of

Hardened and Unhardened Wheat Plants ofMiranovskaja (Resistant)
and Penjamo (Sensitive)

Results from one out of three growth experiments are presented.

Variety: Miranovskaja Penjamo

Growth Condition Unhardened Hardened Unhardened Hardened

PC 5.5 4.0 4.5 7.5
PG 8.4 8.1 10.1 13.8

Phosphatidyl choline
Fatty acid

16:0 31.9 17.0 27.6 21.2
16:1 1.1 3.5 3.4 tre
18:0 1.4 6.4 1.5 5.3
18:1 7.9 7.1 7.4 tr
18:2 28.7 8.5 21.4 3.5
18:3 20.3 4.2 27.8 4.2
20:2 5.7
20:3 2.2 13.8 2.3 15.5
Ub 17.0
20:4 4.8 21.3 6.3 16.9
22:4 1.7 18.1 2.3 10.6

Phosphatidyl glycerol

16:0 13.2 14.2 9.7 20.3
16:1 (3-t) 28.4 8.9 33.5 5.5
18:0 1.4 4.3 0.4 19.8
18:1 1.9 5.3 1.1 7.5
18:2 5.7 14.9 3.6 8.1
18:3 32.1 12.3 48.1 1.6
20.2 0.8 2.4
20:3 3.3 12.7 1.0
U 14.6
20:4 3.8 19.0 2.8 3.4
20:5 4.7 tr 2.9
22:4 5.5 8.4 0.8
U 2.6
22.5 1.7
22:6 8.0

a Trace. bUnknown.

ofPC was decreased by the hardening treatment. Clearly, genetic
differences for the level of PC in thylakoids are indicated for
wheat. The increased level of PC in Penjamo was accompanied
by changes in fatty acid composition: decreased 16:0 and 16:1,
increased 18;0, decreased 18:1, 18:2, and 18:3 and a large increase
in C20 and C22 polyunsaturated fatty acids, indicating stimula-
tion of fatty acid chain lengthening in combination with in-
creased desaturation of these extralong-chain fatty acids. The
effect of hardening of Miranovskaja on fatty acid composition
of thylakoid PC was quite similar: disappearance of 18:2 and
18:3 and replacement by C20 and C22 polyunsaturated fatty
acids, again indicating chain lengthening. Part of the reduced
levels of 18:2 and 18:3 may be due to transfer of these fatty acids
to thylakoid glycolipids, especially DGDG.
The level ofPG in thylakoids was slightly increased by harden-

ing plants of the sensitive Penjamo. No effect of hardening of
Miranovskaja was observed. Hardening ofboth varieties resulted
in a dramatic increase of polyunsaturated fatty acids of 20 and
22 C-atoms in thylakoid PG at the expense of 16:1 (3-t) and
18:3. The levels of saturated fatty acids (16:0 and 18:0) tended
to increase in hardened plants, especially in plants of Penjamo.
In conclusion, fatty acid chain lengthening was strongly stimu-
lated by the hardening treatment, while in Penjamo the desatu-
ration activity seemed to be slightly inhibited. Other phospholip-
ids were absent (PE) or only present in traces.

Glycolipids. Hardening the plants strongly increased the level
ofsulfolipid in thylakoids ofPenjamo (Table II); in Miranovskaja
only a slight increase was observed. Dramatic changes in fatty
acid composition occurred in thylakoids from hardened plants,
practically all fatty acids were increased in length to 20 or 22 C-
atoms in thylakoids of Miranovskaja and to a lesser extent in
Penjamo. The elevated levels of saturated fatty acids in the
thylakoids ofthe frost-sensitive Penjamo again indicated reduced
desaturation activity as a reaction upon hardening. In both
varieties the level ofMGDG was decreased upon hardening, the
decrease being most pronounced in Miranovskaja. The level of
linolenic acid, 18:3, was increased by hardening the plants,
especially in Miranovskaja, indicating a higher desaturation ac-
tivity in hardened Miranovskaja plants.

In Penjamo the level of thylakoid DGDG was decreased upon
hardening, in proportion to the observed decrease in MGDG.
As a result, the ratio of the two glycolipids remained unaffected.
In the thylakoids from hardened Miranovskaja the level of
DGDG was increased to the same extent as MGDG was de-
creased, indicating stimulation of galactosylation of MGDG.
Fatty acid composition ofDGDG was not affected by hardening
of Penjamo and in thylakoids of hardened Miranovskaja stimu-
lation of desaturation was evident as increased level of linolenic
acid (18:3) at the expense of palmitic acid (16:0).

* DISCUSSION
Four weeks of hardening at 1.5°C increased the low tempera-

ture tolerance of the light-dependent proton uptake of the thy-
lakoids of the wheat variety Miranovskaja. In thylakoids from
unhardened and hardened seedlings, light-dependent proton up-
take was reduced to 80% at -6 and -10°C, respectively. In
thylakoids from Penjamo ApH was reduced to 80% at -6°C,
independent of the hardening procedure (17). As expected, the
hardening treatment resulted in a greater frost tolerance of Mir-
anovskaja than of Penjamo, the temperature at which 50% of
the leaf cells were killed, being respectively -16 and -8°C.

Because of the genetic differences for low temperature toler-
ance of light-dependent proton uptake by the thylakoids, corre-
sponding changes in lipid and fatty acid composition of the
thylakoids may be related to changed low temperature tolerance
of light-dependent proton uptake. Lipid and fatty acid changes
in thylakoids from Penjamo, in which no appreciable changes in
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Table II. Glycolipid Composition (mol % ofPolar Lipids) and Fatty
Acid Composition ofGlycolipids (Weight %)from Thylakoids of

Hardened and Unhardened Wheat Plants ofMiranovskaja (Resistant)
and Penjamo (Sensitive)

Results from one out of three growth experiments are presented.
Variety: Miranovskaja Penjamo

Growth Condition Unhardened Hardened Unhardened Hardened
MGDG

DGDG

Sulfolipid

58.6
17.3
10.2

44.4
31.0
12.5

54.5
23.9
7.0

Monogalactosyl diglyceride

Fatty acid

16:0

16:1

16:2

16:3

18:0

18:1

18:2

18:3

2.6
tra
1.1
4.0
1.1

1.5
4.5

85.2

0.7

0.3

0.8

tr

tr

tr

1.5

96.7

2.1
tr
2.9
4.1
1.0
1.1
3.5

85.3

Digalactosyl diglyceride
16:0

16:1

16:2

16:3

18:0

18:1

18:2

18:3

15.5
tr
tr
tr
2.3
1.6
3.4

77.2

5.0

0.5

1.6

0.1

tr

1.0

1.1

90.7

8.9
1.1
tr
tr
0.8
0.9
2.2

86.1

Sulfolipid

16:1
18:0 1
18:1
18:2
18:3 6.
20:2

Ub 1

20:4
20:5
22:4

aTrace. bUnknown.

3.6 13.7
1.5 2.6
0.9 2.1
1.2 tr
3.8 3.7
i3.9 5.3
tr 6.3
1.1 10.3
tr 8.7
2.4 17.4

13.1
1.5 16.8

30.0
5.3
8.1
4.7
4.5

45.1

1.1

4.7
0.9
1.5

low temperature tolerance of light-dependent proton uptake by
hardening are noted, serves in this case as a control: the observed
changes in lipid and fatty acid composition merely reflect a
change in lipid enzymic activity without significance for temper-
ature dependence of light-dependent proton uptake or they may
represent degradative processes. Considering the tolerance of
wheat seedlings to a prolonged period at 1.5°C, the latter expla-
nation does not seem likely. Changes in lipids of the thylakoids
of frost-tolerant Miranovskaja by hardening (which are not ob-
served in Penjamo) may contribute to low temperature tolerance
of light-dependent H+ uptake.

Differences between the two varieties, as far as the effect of
hardening on thylakoid galactolipids are concerned, were strik-
ing: in Penjamo the total glycolipid level was decreased and the
proportions of both galactolipids remained unchanged as was
also observed in pea and spinach (1). In Miranovskaja the total
thylakoid galactolipid level was maintained during hardening

and the DGDG fraction was proportionally increased, as was
also observed in pine (12). A higher portion ofDGDG (lameliar
phase lipid) might contribute to increased low temperature tol-
erance of light-dependent H+ uptake. It would be interesting to
test whether hardening of spinach, pea, and pine would result in
changes of low temperature tolerance of light-dependent proton
uptake, in correspondence with the observed changes in thyla-
koid glycolipids. At the moment it seems hazardous to state that
the reduced level ofMGDG (hexagonal phase-2 structure) itself
would contribute to increased low temperature tolerance oflight-
dependent proton uptake in Miranovskaja. The same may be
said about the increased level of linolenic acid upon hardening
in MGDG (both varieties) and DGDG (Miranovskaja). Most
likely, increased desaturation activity during hardening may
explain this result.
Changes in the thylakoid PC and PG upon hardening the

plants do not show any direct relation with either low tempera-
ture tolerance of light-dependent proton uptake, nor with frost
resistance of the plant cells. Possibly increased levels of PC upon
hardening of Miranovskaja are found at other sites in the plant
cells since the leaves of hardening Miranovskaja have much
higher PC content than those of hardened Penjamo (3). It may
be argued that under freezing conditions PC from a cytoplasmic
pool is transported to the plasmalemma to replace plasmalemma
PC which has been degraded by freezing-induced phospholipase
D-activity (5).
The data do not support the hypothesis that 16:1 (3-t) fatty

acid in thylakoid PG is essential for functioning ofthe chloroplast
under low temperature conditions. The lowered levels of 18:2
and 18:3 in thylakoid PC and PG upon hardening of the wheat
seedlings do not relate to the role these fatty acids are given in
chilling-resistant plants (9).
A remarkable fatty acid chain lengthening of phospholipids to

20 or 22 C-atoms in combination with increased desaturation of
these fatty acids to 4, 5, and 6 double bonds is observed in
hardening plants of both varieties. No genetic differences are
evident. Possibly such changes may relate to other thylakoid
functions than light-dependent proton uptake or reflect stimu-
lated chain lengthening activity and increased desaturation activ-
ity during hardening. Increased elongation and desaturation of
fatty acids may be ascribed to a longer availability of substrate
for fatty acid elongation and desaturation due to inhibition of
transfer of acyl groups from the acyl carrier protein to phospho-
lipids (2). Murata et al. (10) suggest that extralong-chain saturated
fatty acids observed in leaf phosphatidyl serine represent precur-
sors of epidermal lipids. Genetic differentiation for fatty acid
chain lengthening in combination with increased desaturation
was evident for thylakoid SL. Chain lengthening was much more
pronounced in thylakoids from hardened Miranovskaja than in
those from hardened Penjamo. Such extralong-chain fatty acids
in the thylakoid SL fraction could contribute to low temperature
tolerance of the light-dependent proton uptake; SL itself is the
most effective lipid in protection of chloroplast coupling factor
to low temperature damage (8). The above observation also is in
agreement with data on early spring plants, which show a direct
relation between SL esterified with fatty acids of 20 or more C
atoms and growth of the plant at low temperature (6). Further
interpretation of the adaptive value of the thylakoid glycolipid
changes in low temperature tolerance of light-dependent proton
uptake is only possible when the presence of these lipids in the
thylakoid proton channels has been established.
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