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Abstract-Cold hardened and unhardened 8- or 16-month-old citrus plants were examined for differences in fatty acid 
(FA)content Unhardened leaves from 8-month-old Valencla scion budded on sour orange rootstock had 29 % less FAs 
than leaves from seedling sour orange After cold hardening trlacylglycerol (TAG) FAs increased Cfold m Valencla on 
sour orange and 6-fold m sour orange seedling The percentage of FAs associated with TAGS for unhardened-hardened 
16-month-old Valencla on sour orange tissues were upper leaves 7-20, lower leaves 617, bark 6-9, and roots 57-73 % 
Cold hardening increased the amount of TAG FAs of 16-month-old Valencla on sour orange m upper leaves by 226 % 
and m lower leaves by 173 % Concentrations of hnolelc acid increased by 479 % m upper leaves and by 303 % m lower 
leaves Quantities of honolemc acid m monogalactosyl dlacylglycerols dechned by 27 “/, m upper leaves and by 20 y0 in 
lower leaves 

INTRODUCTION 

Plants vary m their inherent ablhty to wlthstand freezmg 
temperatures Temperature cold hardemng improves a 
plant’s ablhty to withstand freeze stress Temperature cold 
hardening consists of exposmg plants to progressively 
cooler temperatures from 1 to 4 weeks LipIds are one of 
several plant constituents which respond to this hardening 
process m which changes are noted m phosphohplds and 
components of blomembranes [l] Lipid involvement m 
the hardening mechanism remains unclear [2,3] 

Citrus cult~vars vary m then ability to withstand 
freezing temperatures [4] The rootstock and the scion 
apparently interact m determining citrus resistance to low 
temperature [S] Analyses of leaf fatty acids (FAs) indicate 
some changes that occur durmg cold hardening of three 8- 
month-old citrus rootstocks with various chill resistances 
[6] Quantities of FAs and degree of unsaturation were 
found to be lowest m the least resistant and highest m 
leaves of the most cold resistant rated rootstock Cold 
hardening increased the amounts of FAs and degree of 
unsaturatlon m leaves of all three rootstocks The greatest 
increase drd not occur m phosphohplds but m the 
tnacylglycerol (TAG) fraction Lmolelc (18 2) accounted 
for the major increase m FAs 

In our earlier study [6], leaves were from seedling 
plants m which the leaf lipid profiles were representative 
of the rootstock’s germplasm resistance towards cold 
stress An ObJective m the present study was to determme 
whether leaf lipid profiles from a citrus scion budded to 
one of these rootstocks would be different from the 
rootstock’s normal leaf lrpld profiles In the previous 
citrus study [6], leaves were selected from the top five 
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leaves of ten trees Another obJectlve of the present study 
was to determme whether cold hardening also alters hpld 
profiles m lower leaves and other tissues The third 
objective was to determine the quantities of the five major 
FAs wlthm nine lipid classes under normal and cold 
hardening temperatures The emphasis m future harden- 
mg studies can then be placed on analyses of specific lipids 
and FAs 

RESULTS AND DISCUSSION 

Data comparing FAs m tissues from seedling and 
grafted citrus trees are presented in Table 1 Hardening 
increased the total FA content m sour orange seedling 
(SO) by 19 % with 18 2 mcreasmg by 172 % FAs m the 
neutral hpld fraction of SO seedling increased by 190 % 
Although all five FAs mcreased in neutral hpld with 
hardening, the greatest mcrease (6 6-fold) was with 18 2 
Trlacylglycerols (TAGS) accounted for 31% of the FAs m 
neutral hpld of unhardened leaves and 75% m neutral 
lipid of hardened leaves Total FAs m TAGS increased 6- 
fold and 18 2 m TAGS 13-fold with hardening 

Total hpld FAs m leaves of Valencla budded on sour 
orange (Val/SO) increased by only 6 % from the harden- 
ing process Amounts of the five FAs m total hpld of 
Val/SO leaves were from 40 to 94% of those m SO 
seedling leaves Since all cultural practices were similar for 
the two sets of plants, these lower quantltles must be 
characterlstlc of the scion leaf Differences m the concen- 
trations of 16.0, 18 0 and 18 3 between control and 
hardened samples of Val/SO leaves were mmlmal whereas 
18 ldecreasedby52xand18 2mcreasedby112% The 
greatest lipid changes under hardening occurred m the 
neutral lipid TAGS FA changes, however, were less with 
Val/SO than with SO seedhng Within the TAG subfrac- 
tion of Val/SO total FAs increased Cfold, 18 2 6 Cfold, 
and 18 3 3 g-fold 
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Table 1 Effect of cold hardenmg on myor fatty acids (FAs) m leaves and bark of S-month-old citrus plants 

pg FA/g fresh tissue 

16 0 18 0 18 1 18 2 18 3 Total 

UH’ H* UH H UH H UH H UH H UH H 

Sour orange seedlmg 
Leaf 

Total hprd 
Neutral hpld 
TAG 

Bark 
Total hpld 

Valencla on sour orange 
Leaf 

Total hpld 
Neutral hptd 
TAG 

Bark 
Total hpld 

1772 1669 188 206 507 565 1090 2961 4538 4217 8095 9618 
598 763 11 52 73 299 200 1520 277 732 1159 3366 

90 333 9 45 41 260 89 1235 125 648 354 2521 

1001 1421 80 104 522 634 1291 2664 1217 1758 4111 6581 

1389 1366 86 97 476 228 711 1505 3070 2864 5723 6060 
369 415 7 19 45 56 90 443 116 311 627 1244 

34 150 6 12 18 42 48 357 53 257 159 818 

1250 1104 73 73 811 341 1422 1771 1703 1468 5259 4757 

*IJnhardened and hardened tissue, respectwely 

FAs tn SO seedltng bark increased by 60”/, under 
hardening condltlons Increases were observed m all five 
of the bark major FAs Amounts of 18 3 m bark were 
from 27 % (unhardened) IO 42 % (hardened) of those in 
leaves from the same plant Whether citrus bark contains 
lower concentrations of 18 3 rich glycohplds than citrus 
leaves 1s still to be investigated Changes m bark FA 
concentrations with hardening were smaller for Val/SO 
than for SO seedling Under hardening temperatures, 
18 2 m Val/SO bark increased by only 25 % while m SO 
seedling bark 18 2 increased by 106 % The amount of 
18 1 m Val/SO bark hardened samples was 50 “/;1 less than 
that of the unhardened sample Again this reduction must 
be characterlstlc of the scion smce this decrease was not 
observed with SO seedling 

To compare citrus tissues for lipid changes m response 
to hardening the contrlbutlon of TAGS to the total hpld 
was calculated for each tissue Leaves from 8-month-old 
SO seedling changed the most upon hardening The 
percentage of TAGS m SO seedling hpld increased from 4 
to 26 % or 22 percentage units while the unit increase for 
8-month-old Val/SO leaves was 11 (calculated from data 
m Table 1) With 16-month-old Val/SO, the unit mcreases 
m TAGS with hardening were upper leaves 14, lower 
leaves 11, bark 3, and roots 16 (calculated from data in 
Table 2) Saturated FAs accounted for the TAG increase 
in roots m contrast with the polyunsaturated FA increases 
in the other citrus tissues (Table 1) The presence of TAGS 
in citrus eplcutlcular leaf wax was not established Bands 
with TLC R, values similar to TAGS were estenfied, 
however, their fatty acid methyl ester (FAME) profiles 
were more characterlstlc of free fatty acids, an established 
component of citrus leaf eplcutlcular wax [7,8] The 
absence of a defimte difference between unhardened and 
hardened FAME profiles for this area was evidence that 
the TAG synthesized m the citrus leaf with hardening was 
not deposited m the eplcutlcular wax 

Percent polyunsaturated FA values for TAGS of hard- 
ened samples were greater than total lipid, sterol esters or 

other acyl lipids from the same tissue (Table 2) With only 
one exception (sterol esters, lower leaves), the relative 
percentage value of 18 2 increased upon hardening of the 
plant This occurred along with decreases m relative 
percentages of 18 1 m leaves and m bark 

To determine whether TAGS were possibly synthesized 
at the expense of other hplds during the hardening 
process, ‘balance sheets’ were prepared for both upper 
(Table 3) and lower (Table 4) 16-month-old Val/SO 
leaves In upper leaves total FAs increased by ca 8 % This 
consisted of an 84 % increase m neutral hpld and a 13 % 
decrease m glycohplds In the three neutral hprd subfrac- 
tions, FAs associated with TAGS increased by 226 % while 
acids m neutral hpld more polar than TAGS, increased by 
114”/, and sterol ester FAs decreased by 38 % 
Monogalactosyl dlglycerldes could account for all of the 
decline m glycohpld FAs Profiles of the four phospho- 
hplds were similar to those m our first study [6] 

Lower leaves of Val/SO had higher concentrations of 
FAs than upper leaves The differences were for un- 
hardened samples 25 % 2nd for hardened samples 13 % 
The greater amount of FAs m lower leaves was due mamly 
to 18 3 (Table 4) 18 2 was less m hardened lower leaves 
than the correspondmg upper leaves In contrast with the 
upper leaves, total FAs from all three lower leaf hpld 
fractions were influenced by the hardening process 
Wlthm the neutral hpld fraction, hardening increased 
TAG FAs by 62x, due primarily to 18 2 and 18 3 The 
FA decrease m glycohplds was due to 18 3 m monogalac- 
tosyl dlglycerlde Of the four phosphohplds, phosphatld- 
ylchohne showed the greatest unhardened-hardened dlf- 
ference m total fatty acids (22 %) Hardening increased the 
18 2 content of all lipids with the exception of sterol 
esters, as observed with upper leaves 

FAs of total hpld, the three hpld fractions and eight out 
of the rune subfractions all increased m unsaturatlon with 
hardening The increases ranged from 3 percentage units 
for monogalactosyl dlglycerldes m lower leaves to 27 for 
TAGS m upper leaves Hardening had more influence on 
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Table 2 Effect of cold hardening on mayor fatty acids (FAs) in tissues from &month-old Valencla on sour 
orange 

Rel % FAST 

Tlssue/hpld 

% Of total FAs % Polyunsaturates* 18 1 18 2 18 3 

UHS HS UH H UH H UH H UH H 

Upper leaves 
Total bpld 

TAG 
SE 
OL 

Lower leaves 
Total hpld 

TAG 
SE 
OL 

Bark 
Total hpld 

TAG 
SE 
OL 

Roots 
Total lipid 

TAG 
SE 
OL 

Leaf wax 
TAG” 

667 729 74 45 197 326 470 403 
68 204 51 1 782 142 69 300 533 21 1 249 
88 51 639 770 99 56 359 500 280 270 

844 745 68 3 714 66 38 172 260 511 454 

687 742 66 41 165 235 522 507 
61 169 649 776 166 76 240 353 409 423 
46 51 739 534 129 69 336 311 406 223 

89 3 780 687 748 55 32 151 204 536 544 

58 2 693 176 85 303 430 279 263 
59 93 68 8 745 15 1 76 411 550 277 195 
15 08 55 1 605 282 179 327 434 224 171 

926 899 53 5 63 9 173 90 262 363 273 276 

365 396 322 324 259 310 106 86 
566 72 7 448 405 317 323 274 304 174 101 

12 08 38 3 393 425 315 294 320 89 73 
422 265 33 9 384 332 318 271 311 68 73 

nd nd 40 63 431 370 40 63 -_8 -5 

‘(18 2+18 3)/(16+18+18 1+18 2+18 3)x100 
tRelatlve per cent of the five major fatty acids 
*Unhardened and hardened tissues, respectively 
&-if present-less than 0 1 rel “/, 
SE = sterol ester, OL = other llplds, TAG = tnacylglycerol, n d = not determined 

Table 3 Effect of cold hardening on major fatty acids (FAs) m upper leaves of &month-old Valencla/sour 
orange 

pg FA/g fresh leaf 

16 0 18 0 18 1 18 2 18 3 Total 

UH* H* UH H UH H UH H UH H UH H 

Total hpld 1037&-@~&33121888315792101194644714837 -- ---_ 
Neutral lipid 280 368 15 22 105 105 262 736 197 347 8591578 

TAG 101 136 4 11 43 68 91 527 64 246 303 988 
N(P) 78 182 9 8 23 23 29 96 22 35 161 344 
SE 101 50 2 3 39 14 142 113 111 66 395 246 

Glycobpld 372 m 62_ 39 a 38 14& 22i_ lh62. 1429 2317 2014 
MGDG 72 33 7 3 25 10 88 136 1099 767 1291 949 
DGDG 300 240 55 36 45 28 58 99 568 662 1026 1065 

Phosphohpld 385 361 42 II_ 156 75 475 608237 17012951245 
PC 152 129 23 15 57 28 217 269 111 80 560 521 
PE 80 88 8 7 25 10 172 226 64 43 349 374 
PI 84 89 4 4 9 6 55 81 45 35 197 215 
PG 69 55 7 5 65 31 31 32 17 12 189 135 

*Unhardened and hardened leaves, respectively 
N(p) = neutral lipid more polar than TAG, SE = sterol ester, MGDG = monogalactosyl dmcylglycerol, 

DGDG = dlgalactosyl dlacylglycerol, PC = phosphatldylcholme, PE = phosphaudylethanolamme, 
PI = phosphatldyhnosltol, PG = phosphatldylglycerol 



44 H E NORDBY and G YELENOSKY 

Table 4 Effect of cold hardemng on maJor fatty acids (FAs) m lower leaves of 16-month-old Valenaa/sour 
orange 

fig FA/g fresh leaf 

16 0 18 0 18 1 18 2 18 3 Total 

UH* H’ UH H UH H UH H UH H UH H 

Total hpld 
Neutral hpld 

TG 
N(P) 
SE 

Glycohpld 
MGDG 
DGDG 

Phospholtpld 
PC 
PE 
PI 
PG 

1106g z 368 225 9% 
441 22_ 22_ 106 102 203 

55 126 8 11 56 71 81 
252 209 10 11 16 12 35 
30 106 4 5 34 19 87 

478 JQQz1_25_ & 49 181 
100 50 7 3 30 14 109 
378 250 44 22 56 35 72 
470 365 26 25 176 74 539 
205 147 14 13 92 21 292 
106 83 5 5 21 9 172 
96 81 2 1 9 2 55 
63 54 5 6 48 36 20 

*Unhardened and hardened leaves, respectwely 
For abbrevlattons consult Table 3 

1282 2918 2768 -- 
459 284 $0_8_ 
326 139 391 
41 40 55 
86 105 62 

246-m 
152 1535 1200 
94 630 704 

$77 469 356 
299 273 195 
180 114 79 
60 64 55 
38 18 27 

339 925 
353 334 
260 278 

2961 2524 
1781 1419 
1180 1105 
1680 1397 

876 681 
424 356 
226 199 
154 161 

the upper than on the lower leaves Upper leaves are 
younger and thus generally would be more btologtcally 
active 

In this study potted citrus plants kept under normal 
greenhouse condltlons were the source of unhardened or 
‘control’ hpld samples During the course of this study the 
question arose whether humidity and light differences 
between greenhouse and environmental chambers may 
account for the hpld differences presented m this study A 
recent study, however, mmlmlzes the possible effects of 
these two parameters FA profiles of Val/SO plants kept 
in chambers at 30/21 lo and at 15 6/44” showed dlf- 
ferences (unpublished data) comparable to those for 
greenhouse 15 6/4 4” (Table 1) Thus, as has been ob- 
served m other plants [9-l 11, cool condltlons increase the 
quantltles of unsaturated TAGS m vegetative tissues The 
present data substantiate the earlier results [6] that 18 2 
increases m all hplds Furthermore, these increases occur 
primarily m upper leaves but also m other tissues 18 3 
was preferentially present m lower leaves When the leaves 
were cold hardened this acid decreased as a component of 
monogalactosyl dlglycerlde m both upper and lower 
leaves Leaves from Val/SO had lower FA concentrations 
as well as a lower degree of unsaturatlon compared to 
leaves of the sour orange rootstock The grafted plants 
also showed less change m FA profiles when cold 
hardened Cold hardemng increased the amounts of 
TAGS m citrus tissue The major change was an increase in 
18 2 

EXPERIMENTAL 

Trees and hardenmg condztrons Trees pnor to hardemng were 
grown m pots m a greenhouse under condltlons prevtously 
described [6,12] Trees used were 8-month-old seedlmg sour 
orange (Czrus aurantlum L ) and 8- as well as 16-month-old 
Valencla (C smen.sIs [L] Osbeck) budded to sour orange 

rootstock The trees were selectively matched for their smularlty 
m health and SIX. Unhardened trees were left m the greenhouse 
and cold hardened trees m controlled environment faclhtles for 4 
weeks [6,12] Temp regmes for cold hardened trees were 2 
weeks of 21 1” days and lo” nights followed by 2 weeks of 15 6 
days and 4 4” nights 

L~pd extraction and fractlonaclon Leaves from the top and 
bottom halves of each of SIX (three unhardened, three hardened) 
16-month-old Valencta on sour orange trees were collected, 
washed, blotted dry and dewaxed with CHC& [ 133 The main leaf 
vem was removed Roots and bark were removed from the plants 
Tissues were cut mto small pieces and dupbcate samples prepared 
(6 g) Enzymes were deactivated by bodmg the sample m MeOH 
for 10 mm In the won-rootstock study all of the leaves from 
each of the four I-month-old plants (two unhardened, two 
hardened) were removed Leaves from each plant were pooled 
and triplicate samples (15 g) taken In the won-rootstock study, 
bark from above the graft was taken for samples Leaves m the 
won-rootstock study were not dewaxed or devemed All tissue 
samples after enzyme deactlvatlon were stored m MeOH at - 60 
until extracted wlthm 2 weeks Leaf, bark and root samples were 
extracted for hplds as described previously for leaves [6] Wax 
extracts from upper and lower leaves were pooled, filtered, dned, 
coned and a band corresponding m R, to TAGS fractionated by 
TLC [14] Portions (10%) of leaf, bark and root samples were 
separated mto sterol ester, TAG and other lipid (OL) fractions on 
0 25 mm slhca gel TLC plates with hexane-Et20 (9 1) OLS 
included all hpld components chromatographmg from the orlgm 
to the TAG band Leaf samples (807”) were separated into 
neutral, glycohpld and phosphohplds by CC [6] These three 
bpld fractions were further separated mto their component lipids 
by TLC [6] Acyl hpld bands were located under UV after 
spraymg with Rhodamme 6G On the neutral hpld plate the 
entire area from ongm to TAGS was labeled N(p), neutral hpld 
more polar than TAGS In ca 40 ‘/” of the samples the transferase 
actlvlty of phosphohpase D was not completely deactivated by 
boding MeOH Phosphatldyl methanol (PM), formed from 
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phosphatzdylchohne by thzs enzyme, eluted wzth the glycolzplds 
from the szhca gel column The PM was Isolated by TLC as a 
narrow band between monogalactosyl dzglycende and dzgalacto- 
syl dzglycerzde Analyses of FAMES from PM were combmed 
wzth phosphatzdylcholzne FAME analyses 

Lzpzd anulyses Ahquots of total hpzd, lzpzd fractrons and 
mdzvzdual hpzds were determmed as FAMES prepared by 
methanolyszs wzth NaOH-BCl,-MeOH [6] wzth methyl hepta- 
decanoate as znt standard FAMES were prepared from bands 
scraped from TLC plates without przor removal of szlzca gel 
FAMES were analysed by FID-GC using glass columns packed 
wzth 3 % SP-1000 on GasChrom Q [6] In these studzes total FAs 
were considered to include only the five maJor Cz6-Cz8 fatty 
aczds, 3-trans-hexadecenoate present zn phosphatzdylglycerol at 
10-15 7” and C,,Czs aczds were excluded from FAME calcu- 
latzons Two FAMES of undetermined structures and methyl 
palmrtoleate, maJor components of sterol ester and N(p), were 
not always resolved from methyl palmztate under the GC 
condztzons They are reported as 16 0 zn Tables 1-4 Values in 
tables are the mean of duplicate analyses of from two to szx 
samples The coefficzent of varzatzon (CV) determzned for several 
mean ranges (MR) of values m Tables 1,3 and 4 were as follows 
MR l-SO/ig/g, CV l(r35 %, MR 51-300&g, CV 7-lo%, MR 
above 300 pg/g, CV 3-7 “/, 
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