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The effect of aging of isolated chloroplasts of two chilling-sensitive (CS) and three
chilling-resistant (CR) plants on the inactivation of oxygen evolution and accu-
mulation of free fatty acids (FFA) was studied at 30°C, pH 5.5 or 7.0, in the absence or
presence of either sorbitol or NaCl.

Considerable accumulation of FFA in aged chloroplasts of CS plants: bean and maize
line F7-RpIII was accompanied by a marked inactivation of oxygen evolution. This
relation was not, however, found in chloroplasts of CR species: pea, wheat and maize
line EP1-Rpl, in which the accumulation of FFA upon aging was very low whereas the
decline of the rate of oxygen evolution was pronounced.

In contrast to changes observed at pH 5.5, the inactivation of oxygen evolution in
chloroplasts of CR species aged at pH 7.0 was dependent on the composition of the
medium, especially in wheat chloroplasts. Thus, for the evaluation of chilling
sensitivity based on the measurements of oxygen evolution activity solely, either aging
of chloroplasts at pH 5.5 or possibly at pH 7.0 with NaCl included into the incubation
medium may be recommended.

It is concluded that determination of both the extent of FFA accumulation and
inactivation of oxygen evolution in aged chloroplasts might be applied as chilling

tolerance indexes.

In the first concept of chilling sensitivity of
plants the degree of fatty acid unsaturation in
membrane lipids was considered to be a critical
factor contributing to the ability of plants to
survive chilling temperatures [1]. It was also
postulated that the content of phosphati-
dylglycerol molecules containing two high
melting point fatty acids (16:0 + trans-A>-16:1)
influences the temperature at which phase
transition takes place in bulk membrane lipids
[2 - 4]. Both hypotheses are well known but did
not avoid several critical comments concerning

the participation of unsaturated fatty acids [5]
and of phosphatidylglycerol molecular species
in phase transition of membrane lipids [6, 7].
On the other hand, our studies indicated that
there is another characteristic feature of chill-
ing-sensitive plants, namely a higher activity of
chloroplast lipid ac¥1 hydrolase (galactolipase
EC 3.1.1.26) (LAH)" in chilling-sensitive (CS)
than in chilling-resistant (CR) species [8 - 12].
This property of the enzyme is responsible for
few consecutive events such as: more extensive
accumulation of free fatty acids (FFA) in chlo-
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! Abbreviations: Chl, chlorophyll; CS, chilling-sensitive; CR, chilling-resistant; FFA, free fatty acids; LAH,
lipid acyl hydrolase; MGDG, monogalactosyldiacylglycerol.
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roplasts upon chilling [8 - 12], the depletion of
functionally activeMn [13- 15], the inactivation
of oxygen evolution [10 - 13, 15 - 18] and the
damage of chloroplast structure [19,20]. InCR
species such changes are not observed [19].
Thus, it was concluded that chilling-induced
degradation of thylakoid lipids by LAH in C5
plants affects the compositionand therefore the
fluidity of membranes and their physical
properties responsible for phase transition.

All these changes induced by chilling stress
applied to detached leaves seem to be analo-
gous to those occurring inaged chloroplasts [21
- 23]. Therefore in this work we assume that
extent of FFA accumulation and inactivation of
oxygen evolution in isolated chloroplasts upon
aging could serve as an index of susceptibility
of plants to chilling.

Our experiments on the effect of pH and
detergents on FFA accumulation in aged chlo-
roplasts of CS plants demonstrated that this
process is influenced by pH (Saczyriska et al.,
unpublished). Moreover, it was reported [24]
that the rate of fatty acid release in spinach
chloroplasts isolated and aged in the medium
containing NaCl was higher than in those iso-
lated and aged in mannitol or sucrose media.
On the other hand, it might be presumed that
elevated temperature, pH and the composition
of the incubation mixture could affect both
oxygen evolution and galactolipase activity.
Thus, the aim of this work was to establish
conditions of chloroplast aging the most suit-
able for discrimination between CS and CR
plants.

MATERIAL AND METHODS

Plant material and chloroplast isolation. In
the present studies two species of CS plants -
bean (cv. Eureka) and maize (line F7-Rplll) and
three species of CR plants — pea (cv. Nike),
wheat (cv. Parada) and maize (line EP1-Rpl)
were used. Seeds were soaked in aerated water
for a few hours and allowed to germinate on
moist paper towels in darkness. Then seedlings
were grown at about 24°C (day) and 18°C
(night) under 16 h Photoperiod. Light, approx.
80 umol x m2xs", was provided by the "day
light" fluorescent tubes (Polam, Poland). Seed-
lings were watered with Knopp's solution and
distilled water, and leaves of the 2 - 3-week-old

plants were harvested. Chloroplasts were iso-
lated and the chlorophyll content was esti-
mated as described previously [12].

Aging of chloroplasts. The suspension of
freshly isolated chloroplasts was diluted with
the isolation buffer to contain 5 mg Chl per ml.
The aliquots of 0.20 ml of the diluted chloro-
plast suspension was added to 2.30 ml of the
incubation mixture, of pH 5.5 or 7.0, containing
alternatively: (a) 0.109 M Tris/maleate bulffer,
(b) 0.109 M Tris/maleate buffer plus 0.24 M
sorbitol, and (c) 0.109 M Tris/maleate buffer
plus 0.12 M NaCl. The calculated osmomo-
larity of the media containing sorbitol or NaCl
was the same as of the buffers used for isolation
of chloroplasts.

Aging of chloroplasts was carried out at 30°C
during 1 h in the incubation media mentioned
above and the samples were withdrawn after
20, 40 and 60 min of incubation for the determi-
nation of FFA content and oxygen evolution.
Susceptibility of isolated chloroplasts to aging
was studied in 2 - 4 experiments for each
species examined.

Isolation and determination of FFA. In both
control and incubated samples of chloroplasts
(equivalent to 1 mg Chl) the lipid hydrolysis
was stopped with acidic ethanol, and FFA were
extracted with hexane. The efficiency of fatty
acid extraction was estimated using [ 4C]pal-
mitic acid as an internal standard. The FFA
content was determined by the modified colo-
rimetric method with 1,5-diphenylcarbazide
[25] (to be published elsewhere). The compari-
son of the results obtained by this method with
those obtained by GLC demonstrated useful-
ness of the colorimetric method in comparative
studies.

Determination of oxygen evolution. Oxygen
evolution was followed polarographically with
Clark type electrode (Yellow Springs Instru-
ment Co., US.A.). The reaction mixture con-
tained: 20 mM Tris/maleate buffer, pH 7.0, 0.4
M sucrose, 15 mM NaCl, 5 mM MgClz, 0.4 mM
phenyl-p-benzoquinone, 3 mM methylamine
and chloroplasts (13 - 18 ug Chl x mil)ina2.54
ml volume. The reaction was carried out at
25°C under saturating light (about 900 pmol x
m~2 x s71). Recordings of electrode signals and
calculations of the oxygen evolution rate were
made automatically using a programme for
IBM-PC computer with ADDA Card.
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Presentation of results. The amount of fatty
acids released and the extent of inactivation of
oxygen evolution during incubation are ex-
pressed in umol FFA and oxygen, recalculated
per mg Chl and per mg Chl per h, respectively.
The data presented are means + SE of 2 - 4
experiments.

RESULTS

Inactivation of oxygen evolution

The inactivation of oxygen evolution follow-
ing incubation of chloroplasts of CS and CR
plants at pH 5.5 or 7.0 is presented in Figs. 1-3
(bottom). As can be seen, there are significant
differences between CS and CR plants in re-
spect of changes in oxygen evolution upon in-
cubation. These changes were much higher in
chloroplasts isolated from CS bean and maize
line F7-RplIl than in those of CR plants. In
chloroplasts of CS plants, the inactivation of
oxygen evolution was more extensive at pH 5.5
than at 7.0 and was the most rapid during the
first 20 min of incubation. On the other hand,
in chloroplasts of CR plants a gradual decrease
of oxygen evolution was observed during 60
min of incubation. Moreover, the presence of
sorbitol or NaClin the Tris/maleate incubation
mixture diminished inactivation of oxygen
evolution in chloroplasts of CR plants aged at
pH 7.0 (Figs. 1B - 3B).

Accumulation of FFA

In general, inactivation of oxygen evolution
upon aging of chloroplasts is related to the
extent of simultanously released fatty acids as
it was previously demonstrated with chilled
leaves [10, 12, 18, 28]. As shown in Figs. 1-3
(upper parts) accumulation of FFA was mar-
kedly higher in chloroplasts of CS species: bean
and maize line F7-Rplll incubated in all three
media, than in those of CR species: pea, wheat
and maize line EP1-Rpl. The release of fatty
acids in chloroplasts of CS plants was again the
most rapid within the first 20 min of incuba-
tion. It was faster and greater at pH 5.5 than at
7.0 but at given pH was not influenced by the
presence of NaCl or sorbitol in the reaction
mixture. In contrast, in chloroplasts of CR
plants the extent of fatty acid release during
aging was extremely low at both pH 5.5and 7.0
and in all three media applied.

Inactivation of oxygen evolution versus FFA ac-
cumulation

In chloroplasts of CS plants: bean and maize
line F7-RpllI the extent of both the inactivation
of oxygen evolution and accumulation of FFA
during aging depended on pH of the assay
mixture. Greater inactivation of oxygen evol-
ution in chloroplasts aged at pH 5.5 than at 7.0
was accompanied by more extensive accumu-
lation of FFA (Figs. 1 - 3). Both kinds of respon-
ses were progressive with time.

In chloroplasts of CR plants there was no
relation between oxygen evolution and the
amount of fatty acids released either at pH 5.5
or 7.0 (Figs. 1 - 3, upper parts). The accumula-
tion of FFA in chloroplasts of all three species
was very low, while the inactivation of oxygen
was pronounced. This suggests that other fac-
tor(s) are involved in the inactivation of photo-
chemical activity. The degradation of galactoli-
pids can be excluded due to the insignificant
increase of FFA level, independently of pH at

aging.
DISCUSSION

The acyl lipid composition of leaves and chlo-
roplasts of CS and CR plants does not differ
essentially [26]. Similarly, the content of the
high melting point fatty acids in phosphati-
dylglycerol in chloroplasts of CS and CR
species is not a sufficient criterion to distin-
guish between these two groups of plants [6].
The content of FFA in freshly isolated chloro-
plasts of CR plants is generally lower than in
CS ones [9] but variable in both groups of
plants. Evenamong closely related CS cultivars
the original content of FFA in chloroplasts dif-
fers greatly, e.g. by a factor of two in tomato
[10], about three in cucumber [12], four in
maize [18], five in melon [28] and 6.5 in red
pepper [18]. Moreover the composition of FFA
in the thylakoid membranes of CS plants with-
in the same species but differing in chilling
tolerance indicated some small deviations from
the general pattern in the proportion of indi-
vidual fatty acids [12, 27]. However, there are
no corresponding data for CR plants.

It is interesting that the high original level of
FFA in chloroplasts of some red pepper cvs and
maize lines remained constant during a few
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Fig. 1. Decrease of oxygen evolution and increase of FFA level during aging of isolated chloroplasts in the
incubation mixture, pH 5.5 (A) or pH 7.0 (B), containing Tris/maleate buffer only.

Chloroplasts of the chilling-sensitive (CS) plants: bean (1) and maize- line F7-RpIIl (2) and chilling-resistant (CR) plants:
maize - line EP1-Rpl (3), pea (4), and wheat (5) were used. Oxygen evolution and FFA level were measured after 20 (grey
bars), 40 (hatched bars) and 60 (black bars) min of chloroplast incubation at 30°C in Tris/maleate buffer. Bars with vertical

lines represent means + SE of 2 to 4 experiments.

days of chilling and this level was not related
to oxygen evolution [18]. Similarly, the original
higher level of FFA in the chilling tolerant cu-
cumber species than in the CS ones was not
accompanied by a lower photochemical activ-
ity [12]. These findings are consistent with
those shown with purified and non-purified
chloroplasts under aging conditions [29] as no
quantitative correlation was established be-
tween the total amount of FFA present in chlo-
roplasts and the degree of inhibition of electron
transport activity. In non-purified thylakoids
most of the fatty acids released on the external

side of the membrane by contaminating li-
polytic enzymes are not inhibitory for the elec-
tron transport in contrast to the fatty acids re-
leased in the purified membranes by intrinsic
lipase(s). Thus, an increase in FFA during chill-
ing stress depends mainly on the thylakoid
intrinsic galactolipase activity of the plant, and
stress conditions [8, 10 - 13, 15, 16, 18, 19]. All
these observations may imply that, in chloro-
plasts, two pools of FFA are present. The first,
of variable amount depending on the plant
species and the isolation procedure, exists in
freshly isolated chloroplasts and does not affect

Fig. 2. Decrease of oxygen evolution and increase of FFA level during aging of isolated chloroplasts in
incubation mixture, pH 5.5 (A) or pH 7.0 (B), containing Tris[maleate buffer and sorbitol. For explanations

see legend to Fig. 1.

Fig. 3. Decrease of oxygen evolution and increase of FFA level during aging of isolated chloroplasts in
incubation mixture, pH 5.5 (A) or pH 7.0 (B), containing Tris/maleate buffer and NaCl. For explanations

see legend to Fig. 1.
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photochemical activity [12, 18, 29]. The second,
generated during chilling stress [12] or aging of
chloroplasts of CS plants (Figs. 1 - 3) is respon-
sible for the inactivation of oxygen evolution
and results from the enhanced galactolipase
activity characteristic of CS plants. In contrast,
in chloroplasts of CR plants, the release of fatty
acids is low even upon incubation at 30°C, due
to very low galactolipase activity (Figs. 1 - 3).

There are data indicating that the level of
endogenously generated FFA is about ten times
more effective in the inhibition of chloroplast
photochemical activity than exogenous li-
nolenic acid [21, 23]. This is probably due to the
differences in the site and mode of action of
endogenous and exogenous FFA.

Losses of functional activity in chloroplasts
during aging have often been attributed to the
accumulation of fatty acids released from
membrane lipids by galactolipase [22, 30]. The
lack of such correlation was, however, found
only in chloroplasts of CR plants: pea, wheat
and maize line EP1-Rpl (Figs. 1- 3) in which the
release of fatty acids upon incubation was very
low while the inactivation of oxygen evolution
was appreciable. These results indicate a very
low activity of galactolipase and that inactiva-
tion of oxygen evolution is governed by the
factors other than FFA.

In conclusion, in chloroplasts of CR plants
such as lettuce and spinach [29], horse beanand
spinach [23], pea, wheat and chilling tolerant
maize (Figs. 1 - 3) no direct correlation exists
between endogenous fatty acid release and the
loss of chloroplast function upon aging.

In chloroplasts of CS plants the inactivation of
oxygen evolution was accompanied by consid-
erable accumulation of FFA (Figs. 1 - 3). More-
over, the extent and rate of changes in both
oxygen evolution and FFA level were found to
be pH-dependent (Figs. 1 - 3). Thus our results
indicate that at least two factors are involved in
the deterioration of the oxygen evolution activ-
ity in aged chloroplasts of CS plants i.e. degra-
dation of membrane lipids by galactolipase
and accumulation of FFA. These events seem to
be responsible for greater inactivation of
oxygen evolution in aged chloroplasts of C5
plants in comparison to those of CR ones. Simi-
lar conclusions were obtained with detached
leaves under chilling conditions [10, 12, 18, 28].

The data presented suggest that the extent of
FFA accumulation and inactivation of oxygen

evolution in chloroplasts upon chilling of
leaves or aging of chloroplasts are charac-
teristic parameters discriminating between CS
and CR plants and can be applied to both assay
systems.

We wish to thank Mr Zbigniew Kurczych,
Director of the Plant Breeding Station in Ko-
bierzyce, for providing maize seeds of chilling-
sensitive line F7-Rp-IIT and chilling-resistant
line EP1-Rpl. We are grateful to Ewa Miskie-
wicz and Marek Rzepecki for preparation of
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