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Abstract.

Composition changes in galactolipids, phospholipids, and sterols in apple shoots (Malus domestica Borkh.

cv. Red Ddlicious) from August to April were determined. The predominant fatty acids in the membrane lipids of
apple shoots were palmitic acid (C16:0), linoleic acid (C18:2), and linolenic acid (C18:3). The major galactolipid
components in apple shoots were monogalactosyl diglyceride (MGDG) and digalactosyl diglyceride (DGDG). The
amount of MGDG and DGDG increased from autumn to spring. Galactolipids contained highly unsaturated fatty
adds, mainly linoleic (18:2) and linolenic (18:3) acid. The major individual phospholipids were phosphatidylcholine
(PC) and phosphatidylethaeolamine (PE). b -Sitosterol and sitosteryl ester were the predominant sterols. The phloem
contained higher amounts of galactolipids, phospholipids, and sterols than did the xylem tissue. There was a significant
increase in the content of galactolipids and phospholipids and onsaturation of their fatty acids during cold acclimation.
A decrease in the ratio of free sterols to phospholipids also occurred in apple shoots toward cold winter months.
Composition changes in galactolipids, phospholipids, and sterols that were associated with growth cessation, defol-
iation and cold acclimation from fall to winter, were mostly reversed foilowing deacclimation in spring.

Growth temperature has a major influence on membrane fatty
acid composition and unsaturation. Changes in composition of
the fatty acid components of membrane lipids are important in
the acclimation of most types of plants (Martin et a., 1976).
Most deciduous fruit trees growing in temperate climates de-
velop some degree of cold hardiness with the onset of winter.
Many plants capable of cold hardening exhibit an increase in
lipid unsaturation (Willemot, 1975) and an increase in the level
of phospholipids during hardening (de la Roche, 1979; Sikorska
and Kacperska-Palacz, 1979; Siminovitch et a., 1968; Wille-
mot, 1975). This change is probably one of severa factors in
maintaining membrane permesbility and in regulating the activ-
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ity of membrane-associated enzymes (Cronan and Gelmann, 1975;
Raison, 1985).

Sterols play a vitd role during the growth and development
of higher plants (Garg and Paleg, 1986). Sterols in plants are
considered to be structural components of cell membranes and
they play a role in membrane permeability and serve as mem-
brane stabilizers (Heftman, 1971). The ratio of sterols to phos-
pholipids decreased with cold hardiness. Decreases in phospholipid
content, degree of unsaturation in phospholipid fatty acids, and
membrane fluidity were observed in the plasma membrane of
the bark of mulberry trees during cold deacclimation. The sterol
to phospholipid ratio increased with decreasing cold hardiness
(Yoshida, 1986). However, the degree of unsaturation in the
lipids of bark of black locust ‘trees does not change during the
year. Hardening of the bark cells during winter is correlated
with increased total phospholipid levels (Siminovitch et a., 1975).
Despite numerous investigations carried out on this subject, there
is little information about changes in membrane lipids and their
quantitative relationships during the growing season of decid-
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uous fruit trees. It is important to investigate changes of mem-
brane lipids in apple trees during dormancy and budbreak to
determine if these changes are associated with acclimation and
deacclimation and if these events can be better regulated. The
am of the present study was to investigate whether the seasonal
fluctuation of growing temperatures induces lipid changes in the
shoots of apple trees and to determine whether the acyl chains
of phospholipids are affected during cold acclimation from au-
tumn to mid-winter and if they are reversed during deacclima-
tion in spring.

Material and Methods

Plant material. Twenty 10-year-old ‘Delicious apple trees
planted a the Agricultura Research Center in Beltsville, Md.,
were used in this study. Twenty newly produced shoots (1-year-
old branches) were randomly collected from each tree between
8:30 and 9:30 AM on the 15th day of each month from August
to March. Samples were also collected on 5 and 22 Apr. Phloem
(bark) and xylem (wood) from these shoots (buds removed)
were separated and cut into thin dlices, frozen, and used for
lipid analyss.

Extraction, fractionation, and analysis of lipids. Lipids were
extracted, fractionated, and analyzed according to procedures
described by Wang and Faust (1988). Phloem and xylem were
extracted with isopropanol containing 4 pg 2,6-di-t-butyl-4
methylphenol (BHT)/ml. Tota lipids were separated into neu-
tral, glyco-, and phospholipid fractions by silicic acid column
chromatography on 100- to 200-mesh Bio Sil A (Bio Rad Lab-
oratories, Richmond, Calif.). The glycolipid and phospholipid
fractions were further separated by thin-layer chromatography
(TLC) on 20 x 20-cm?® glass plates precoated with a 250 pm
thickness of silica gel 60 (EM Reagents, Darmstadt, F.R.G.) in
solvent systems consisting of 100 acetone : 2 acetic acid : 1
water (by volume) and 85 chloroform : 15 methanol : 10 acetic
acid : 3.5 water (by volume), respectively. Individual galacto-
lipids and phospholipids were identified by cochromatography
with authentic standards (Sigma, St. Louis, and Supelco, Bel-
lefonte, Pa) and by detection with spray reagents specific for
hexose sugars or phosphate. Individua lipid bands were scraped.
off and eluted in 2 chloroform : 1 methanol (v/v). Total fatty
acids esterified to polar lipids from phloem and xylem tissues
were derivatized to fatty acid methyl esters (FAME) for flame
ionization detection-gas chromatography (FID-GC) analysis

(Wang and Faust, 1988). n-Heptadecanoic acid was included in
all samples as an internal standard, and methyl heptadecanoate
was used as an external standard. Individual FAME were iden-
tified by comparison of retention times with those of authentic
standards (Supelco). This tentative identification of the major
polar lipid fatty acids was corroborated by further analysis of
the FAME by gas chromatography-mass spectrometry (GC-MS)
(Wang et al., 1988).

Free and esterified sterols in the neutral lipid fraction from
phloem and xylem were separated by TLC on silica gd plates
(250 pum thick, Merck G 60). A known amount of cholesterol
and cholesteryl myristate was included in al samples in interna
standards (endogenous levels of cholesterol and cholesteryl es-
ters were negligible). TLC plates were developed in a solvent
mix of 80 hexane : 20 ethyl acetate : 2 formic acid (by volume).
Spots corresponding to free sterols and steryl esters were iden-
tified by spraying with FeCl; reagent. Free sterols and steryl
esters were scraped and eluted with 3 ml 2 chloroform : 1
methanol (v/v) plus 4 pg BHT/ml. After adding 1 ml 0.8%
NaCl (w/v), vortexing under N,, and centrifuging, the CHCl;
phase containing free sterols and steryl esters was evaporated
to dryness under N,. Free sterols were dissolved in isooctane
before GC andysis. Steryl esters were saponified in 1 m KOH
in 85% ethanol for 1 hr a 80C (under N,). After cooling and
adding 1 volume of H,O, free sterols were extracted with hex-
ane. Samples were evaporated to dryness under N, and redis-
solved in isooctane for GC anaysis. Sterol composition was
determined by FID-GC (Wang and Faust, 1988) and further
confirmed by GC-MS (Wang et a., 1988).

Data were analyzed with analysis of variance procedures. All
values are the means of three replicate samples. Standard errors
of means are reported.

Results and Discussion

Galactolipids. The phloem and xylem contained monogalac-
tosyl diglyceride (MGDG) and digalactosyl diglyceride (DGDG).
The phloem contained a higher amount of the galactolipids than
xylem tissue (Tables 1 and 2). MGDG was the major galacto-
lipid, with about twice the amount of DGDG. The amount of
MGDG and DGDG showed a continuous increase from August
to April, especially toward spring (Tables 1 and 2). The increase
in MGDG and DGDG may be associated with the development
of chloroplasts in outer layers of apple bark, which turned green-

Table 1.  Seasonal changes (mg-g™ dry weight) of glycolipids and phospholipids in the

phloem of apple trees.™”

Glycolipid Phospholipid

Month MGDG DGDG PC PG PE PI

Aug. 89 2 42 +6 370 18 433 1276 71 %5
Sept. 149 £ 5 568 480 11 506 142 =38 87 = 4
Oct. 164 = 7 61 £S5 504 +10 557 186 %= 11 92 =6
Nov. 1625 1055 58 =23 71 x4 2310 97=x7
Dec. 164 £ 6 107 £ 8 620 = 15 73 £ 8 320 = 17 98 = 2
Jan, 1785 114 +3 873 +48 134 +9 408 =12 156 = 10
Feb. 1906 1143 981 52 1128 410== 18 176 =8
Mar. 182 +7 125%'S 84 +38 1015 39=x16 171 =7
Apr.(early) 243+ 13 1332 63027 88 =6 318+23 123 x5
Apr.(late) 333 %15 1333 42022 604 202 =11 111 =4

’Abbreviations: MGDG, monogalactosyl diglyceride; DGDG, digalactosyl diglyceride; PC,
phosphatidylcholine; PE, phosphatidylethanolamine; PG, phosphatidylglyceral; Pl, phos-

)phati dylinositol.
Means of three replicates +sE.
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Table 2. Seasona changes (mgg dry weight) of glycolipids and phospholipids

in the xylem of apple trees”’

Glycolipid Phospholipid
Month MGDG DGDG PC PG " PE Pl
Aug. ‘18+2 142 14129 11 =x1 402 462
Sept. 23+3 15%+1 14610 172 543 51=1
Oct. B+£3 1623 1777 172 684 603
Nov. 32+4 18+2 308x12 29x3 1358 664
" Dec, 327 39+3 34110 33x4 1384 76x2
Jan, 74+4 4222 36111 392 20010 80.%3
. Feb. 78+6 481 40418 474 24613 966
Mar. 798 482 335x14. 293 1798 78=x4
Apr.(early) 77+3 624 175+4 182 852 442
Apr.(late) 90 +5 622 1597 21x1 643 45=x3
’Abbreviations: MGDG, monogalactosyl diglyceride; DGDG, dg actosyl diglycer-
ide; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PG, phosphatidylgly-
cerol; Pl, phosphatidylinositol.
YMean of three replicates +SE.
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Fig. 1. Changes of fatty acid composition (weight percentage of total)

of monogalactosyl diglyceride (MGDG) in apple shoots from August

to April. Data are the means of three replicate samples (LsD, P =
0.05).
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Fig. 2 Changes of fatty acid composition (weight percentage of totalj

of digalactosyl diglyceride (DGDG) in apple shoots from August to

April. Data are the means of three replicate samples (LsD, P =
0.05).

with an increase in the relative percentage of linoleic (18:2). A
small amount of 16:0, 18:0, and 18:1 was aso found in MGDG
from xylem tissue.

The fatty acid profiles of DGDG are shown in Fig. 2. Phloem
tissue contained a higher proportion of 18:3 acid, whereas xy-
lem contained more 18:2 acid. An increase in the percentage of
linolenic acid (18:3) from August to March in phloem tissue
was paradld to a decrease of 16:0, 18:0, and 18:1 acids. A
decrease of linolenic acid (18:3) and an increase of linoleic acid
(18:2) was found in phloem tissue toward spring. The relative
percentage of linoleic acid (18:2) of DGDG in xylem tissue
increased from August through April, along with a decrease in
the relative percentage of 16:0, 18:0, and 18:1 (Fig. 2). Linoleic
acid (18:3) in xylem tissue aso increased from August to Jan-
uary and then declined (Fig. 2).

The galactolipids, MGDG and DGDG, contained a higher
proportion of unsaturated fatty acids than the other lipids. The
ratio of unsaturated to saturated fatty acids in MGDG and DGDG
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increased from fal to winter, then declined dightly in spring,
except for MGDG in phloem, which remained constant through-
out the spring (Fig. 3).

Phospholipid. Phospholipids play a key role in the molecular
organization of the membranes (Simon, 1974). The structure
and composition of membranes show changes during various
physiological and environmental conditions (Muller and San-
tarius, 1978). The maor individua phospholipids that were
guantified in apple shoots were phosphatidylinositol (Pl), phos-
phatidylglycerol (PG), phosphatidylcholine (PC), and phospha-
tidylethanolamine (PE); of these, PC accounted for 56% of the
total. PE and P, present at levels of 24%. and 13%, respectively,
were two other important phospholipids in apple shoots. PG
comprised only » 6% (Tables 1 and 2). The total phospholipid
extracts from phloem and xylem, which had been cooled (No-
vember to March), somewhat exceeded that from warmer sea-
sons. The phloem contained a higher amount of the phospholipid
than the xylem (Tables 1 and 2). The phospholipid content of
plants is generally known to increase in cold conditions (Ked-
rowski and Chapin, 1978; Kuiper, 1970). It has been claimed
that phospholipid biosynthesis is either stimulated or has a ower
turnover during low temperatures (Clarkson et a., 1980; Wil-
lemot, 1975).

The changes in fatty acid composition due to seasonal changes
differed somewhat between the individual phospholipids. The
percentage of individual fatty acids in phloem and xylem tissue
are similar (Figs, 4-7). Pl contained a relatively higher amount
of the saturated fatty acid palmitic acid (16:0) than the other.
The amount of 16:0 and 18:3 in PI did not change significantly
from August to March, but linolenic acid (18:3) showed a sub-
stantial increase, and pamitic acid (16:0) showed a decrease
toward spring. The relative contents of 18:0 and 18:1 decreased,
while 18:2 increased during cold acclimation in the winter. Lin-
oleic acid (18:2) in Pl decreased toward spring (Fig. 4). The
fatty acids of Pl were less unsaturated. The ratio of the unsat-
urated to the corresponding saturated fatty acids in Pl remained
constant from August to April in phloem and xylem tissues (Fig.
3). PG is largely confined to the chloroplasts and is the only
major phospholipid of chloroplast membranes of higher plants
(Williams et al., 1983). The amount of chloroplasts is limited
in phloem and xylem. This may be the reason for the low PG
content in these tissues. PG had the most saturated fatty acid,
palmitic acid (16:0), compared to the other phospholipids. The
ratio of the unsaturated to saturated fatty acid in PG was very
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Fig. 3. Changes of fatty acid saturation of apple shoot polar mem-
brane lipids from August to April. Data are the means of three
replicate samples (LSD, P = 0.05).
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low and stayed constant from August to April. The decrease of
16:0 and 18:1 and the concomitant increases of 18:2 and 18:3
were seen in PG, indicating the desaturation of 16:0 and 18:1
to 18:2 and 18:3 (Fig. 5). The decrease of 18:2 toward spring
may also have contributed to the increase of 18:3. The presence
of a smal amount of oleic acid (18:0) in PG remained constant
throughout the growing season (Fig. 5). Among the phospho-
lipids, PC is the most abundant and is very rich in linoleic acid.
PE is about one half as abundant as PC and is aso rich in linoleic
acid (Tables 1 and 2). Accumulation of PC and PE in mem-
branes during cold temperatures in winter could be part of a
common mechanism that results in increased membrane fluidity
and prevents the formation of the nonbilayer lipid phase under
low winter temperature. Yoshida and Sakai (1973) also ob-
served that the development of hardiness was accompanied by
an increase in phospholipids, especialy PC and PE (Yoshida,
1974). PC and PE contained mainly palmitic, linoleic, and lin-
olenic acids, which istypica for phospholipids from higher plants.
PC and PE had a higher unsaturation degree of fatty acid in the
winter, changing, somewhat, toward less unsaturation in the
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the unsaturation of the membrane phospholipids is associated
with their functiona activity, and membrane lipids may be ac-
tively metabolized during the growing season. The ratio of ster-
ols to phospholipids decreased in cold winter months, primarily
due to the large increase in phospholipids, and resulted in an
increase in the fluidity of the membrane. Composition changes
in gaactolipids, phospholipids, and sterols were observed in
association with growth cessation and defoliation from fal to
winter and were mostly reversed following deacclimation in
spring. Alterations in the composition of membrane lipids can
be achieved by applications of the plant bioregulator paclobu-
trazol (Wang et al., 1988). Therefore, it is quite possible that
changes associated with growth of apple shoots can be me-
diated, at least partly, through changes in membrane lipids that
act by affecting the overall physiology of the apple tree.
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