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Abstract-The carotenol esters of apple (M&s pumila, cv Cox’s Orange Pippin) frutt peel were parttally character- 
tzed, and their accumulation measured relattve to changes m ethylene concentratton Monoesters of vrolaxanthm, 
neoxanthin and an unknown pigment, possibly cryptoxanthin 5,6,5’,6’-epoxtde, were found. Lutem, vtolaxanthm and 
neoxanthm were present as dtesters. Palmttate and oleate were the main acyl substttuents, wtth lesser amounts of 
laurate, myristate and stearate. There were large families of dtesters, presumably including mixed fatty acyl 
dertvattves, and these were not fully resolved by reverse phase HPLC. The pattern of acyl substttution appeared to 
recur among the mono- and dlesters of the different carotenols. Violaxanthm mono-oleate and palmttate began to 
accumulate ca 20 days before the rise m ethylene production associated with fruit rtpenmg, whereas the increase m the 
corresponding dtesters was concurrent with the rise m ethylene The results suggest that carotenol esters are 
synthesized de nouo in ripening apples and that synthesis may be independent of ethylene or require lower 
concentrattons to initiate than other ripening processes The pigments could serve as early mdtcators of fruit maturity. 

INTRODUCTION 

Carotenol esters accumulate m the peel of apple fruits as 
they ripen [l] These were tentatively identified as mono- 
and dtesters of lutem and violaxanthin and appeared to 
be present in trace quanttties before the onset of ripening 
[1] This implies that the transition of chloroplast to 
chromoplast 1s an early event in ripening and that the 
appearance of the pigments could be a predictive mdic- 
ator of fruit maturity [2]. 

Carotenol esters could be formed by random trans- 
estertficatton from cell membrane liptds m the course of 
plasttd lysts [3]; this would be expected to lead to sub- 
stttutton with fatty acids typical of those lipids, and 
would be in accord with the view that fruit ripening 
mvolves disruption of cell membranes and loss of regu- 
lation [4]. Alternatively a distinct fatty acid profile would 
imply de novo synthesis, consistent with the hypothesis 
that ripening entails a controlled induction of new meta- 
bolic activities [S]. 

The objectives of this work were to characterize the 
carotenoid pigments of ripe apple fruits, including their 
acylatton pattern, and to determine when carotenol ester 
formation begins relative to the rise in ethylene synthesis 
which IS generally regarded as marking the onset of 
ripening [6], 

RESULTS 

Carotenols m apple peel 

Cox apple fruttlets, harvested m mid-July contained 
carotene, lutem, vtolaxanthm, and neoxanthin as ex- 
pected m photosynthettc, higher plant tissue; the xantho- 
phylls were non-estenfied. By contrast, in apples m mid- 
November the bulk of the xanthophylls occurred as 
esters; a saponified extract yielded 65 pg lutem, 210 @g 
neoxanthin and 54Opg vtolaxanthin from 100 g peel. 
Mmor pigments were found of polarity intermediate 

between carotene and lutem, then absorption spectra in 
the presence and absence of actd suggested that they were 
cryptoxanthm and Its epoxtdes ($6 and 5,6,5’,6’). 

Carotenol esters 

After column and TLC separation of the ptgments of 
ripe Cox apples 10 carotenoid-contammg fractions were 
isolated Saponification of these fractions showed that SIX 
of them contained esters of carotenols which were tdenti- 
fied by their spectral properties and mobthty on TLC 
(Table 1) The more polar esters of the dt- and trthydroxy 
carotenotds were assumed to be monoesters and the less 
polar to be dtesters When pure carotenotds were acyla- 
ted the mobthty of the esters was observed to be un- 
affected by the chain length of the substttuent, and the R, 
values agreed with those m Table 1. Free lutem copuri- 
fied wtth neoxanthm monoesters and was estimated by 
HPLC of this fraction Concentrations of estertfied caro- 
tenols greatly exceeded those of the free compounds and 
the major pigments of the ripe apple were seen to be 
diesters of violaxanthm and neoxanthin and monoesters 
of vtolaxanthm (Table 1). Monoesters of lutem may have 
escaped detection because they were a minor fraction 
obscured by vrolaxanthm monoesters. 

Acylation patterns 

Reverse phase HPLC showed that each ester fraction 
was a complex mixture but the elutton profiles of the 
groups of monoesters showed stmilartttes as dtd the 
dtesters (Tables 2 and 3). The fatty acid composition of 
vtolaxanthm esters was determined after preparative 
HPLC separations Tetramethylammonium hydroxide 
(TMAH) was used as a catalyst of transacylation Al- 
though 5 mm may be sufficient reaction time for hptds 
with this reagent [7], TLC analysis of the progress of 
derivattzation showed that for carotenol esters at least 
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Table 1 Carotenotds m peel of ripe Cox apples 

Concentration (ng,‘g fr wt ) 

Carotenold Free Monoester Dlester 

/&Carotene II0 

(2, 0 94, 0 84) 

Unknown mono1 nd 

Lutem 230 

(20, 0 43, 0) 

Vlolaxdnthm 330 

(20. 0 30. 0) 

Neoxanthm 20 

(50, 0 19, 0) 

na 

250 

(2, 0 94, 0 69) 

nd 

1480 

(10, 060. 009) 

420 

(20, 0 40, 0) 

na 

na 

330 

(IO, 0 94. 0 74) 
5140 

(5, 0 94, 0 SO) 
2010 

(10. 0 87, 0 20) 

na, Not applicable. nd, not detected Figures m parenthesis are % 

Me,CO required for elutlon from MgO column, R, on slhca with 

petrol-Me,CO (7 3) and R, with petrol-Et@EtOH (60 20 I) 

Table 2 Carotenol monoeters m peel of npe Cox apples 

Parent carotenol Fatty acid 

Unknown 

mono1 

R, %, 
Vlolaxanthm Neoxanthm 

R, % R, % 

4. I 24 4.n I.7 -ifi x.7 

60 20 46 33 
6.5 1.0, F 60, l-4. I 54. 1.X9 lAJlr.tie_ (sf.!. 

x(1 19 

X.4. 27 7 i ‘ix 67 5 -L M_ymcttie_ &f.). 

90 174 85 170 Oleate (f) 
81 558 

95 4x 7 8.8. A.16 PdrnJhk (.ti). 
!.I_ !. 1.22 I.0 i 14.7 98 !.20 st&u,tia (d!. 
______. 

R, m reverse phase HPLC system (see Experimental). o/u. 

percent of total peak drea 

The fatty acid composition was determmed for the viola- 

xanthm monoesters by co-chromatography with synthetic 

compounds (s) and by direct GC analysis of methyl esters (f) 

24 hr was needed In the first attempts to analyse apple 
carotenol esters, hprd contamination gave excess fatty 
acids whrch obscured those derived from the pigments 
Thus contammatron was eliminated by a five min treat- 
ment of fractrons after magnesium hydroxtde chromato- 
graphy with TMAH, this treatment did not affect the 
pattern of ester peaks detected by reversed phase HPLC 

Synthetic esters were prepared as a further ard to 
tdentrficatron It was found that longer reaction trmes 
than those prevrously reported [SJ were generally re- 
quired, that lutem was more readily esterrfied than vrola- 
xanthm or neoxanthm, and that yields drmmished as the 
chain length increased Attempts to prepare esters with 
unsaturated fatty acids were unsuccessful 

When vrolaxanthin monoesters were analysed by 
HPLC they were almost fully resolved mto seven peaks 
and’it was posstbfe to associate partrcuiar tatty acids with 
most of these (Table 2) The tdentttles of these monoes- 

Tdble 3 Carotenol dlesters In peel of ripe Cox apples 
__ 

Parent carotenol 

Lutem Violdxanthm Neoxanthln 

1n.o. !.0.6. c 79 lfi 71. ik 

!!4 27 93 17 84 1~ 5 

!.X?. !.5 6. I- I.0 z 4. i 91 fL3_ 
128 1~7 4 IO x 4 1~ 9x 17 

I.-i L 9 9 1.1.4. 14. Ill5 ‘iz 
139 84 II? 70 

144 153 M 122 84 M 117 116 M 

!.I 7 4 5. !.3 3. I)_ I.Zl. ii 

!.4 5 7 I I.3 9 14.9 1.u 1.1. I. 

I75 49 P 143 154 P 133 174 
187 18 149 11 I 140 II I 

I.58 73 I4 7 68 
202 14 s 165 57 S 157 74 s 

R, (mm) m reverse phdse HPLC system, “/o. percent of total 

peak area F, fatty acid present m synthetx dlester co-chromato- 

graphing with pigment from apple C. caproate, L. laurate. M, 

myristate, P. palmltate. S. stearate 

ters, except the oleate, were confirmed by co-chromato- 
graphy with synthetic compounds The dresters were not 
fully resolved by HPLC but, as with the monoesters 
palmrtate and oleate were the dominant fatty acids Syn- 
thetic compounds were available to identify some of the 
uniformly substituted dresters (Table 3). but most of the 
peaks must have been mixed esters. 

Ester synthesrs durmg fruit rzpermq 

Cox apples were harvested at weekly mtervals from 
mid-August, then internal ethylene concentratron was 
measured and pigments were extracted for analysts by 
two methods The ‘silica method’- mvofved isocratrc 
separation on a sihca column of non-polar pigments 



Carotenol esters m developmg apple frutts 1007 

isolated usmg a reverse phase sample preparation cart- 
ridge; carotene was almost unretarded on the sahca 
column and mclusion of a volume of petrol with the 
sample enhanced its separation from later peaks by cau- 
sing a transient dechne in the alcohol content of the 
eluant Purified diesters were eluted as the eluant re- 
turned to its normal composttion but monoesters were 
eluted after about five min. Elutton of the sample prepar- 
ation cartridges was adjusted to discard most of the 
monoesters, but it was noticed that a certain amount of 
green pigment eluted from the cartridge with the caro- 
tene and diesters The absorption spectrum of this mater- 
ial suggested that tt was phaeophytin, and unfortunately 
it was eluted from the silica column at the same time as 
the diesters. For this reason extracts of immature fruit 
showed an apparent dtester peak m this system 

In the ‘reverse phase system’ the sample cartridges 
were eluted to retam all of the ptgments and these were 
analysed by gradtent elution on an octadecyl sthca 
column. Phaeophytm peaks were also observed in this 
system; the only monoesters which were clearly separated 
from these and other pigments were the palmitate and 
oleate of violaxanthm. The faster running dtesters were 
also obscured so that only those violaxanthm esters with 
palmnate, oleate and stearate could be measured. 

The mternal ethylene concentration of the Cox apples 
fluctuated below lOOnl/l until mid September, after 
whtch it Increased through three orders of magmtude 
(Ftg 1). Less than 1 “g/cm* of vtolaxanthm mono-olea- 
te/palmitate was present m the fruit peel through most of 
August These pigments increased steadily durmg Sept- 
ember, begmning about 20 days ahead of the rise in 
ethylene (Fig. 1). The presence of monoesters was confir- 
med by larger scale extractions early in September; ptg- 

Aus sapt cn NW 

!xl 

Time (days) 

Ftg 1 Carotenol esters and ethylene concentrattons m rtpenmg 

Cox apples O---O, mternal ethylene concentratton, A---A, 

viofaxantlim mono-ofeate and paimitate, m---S, vtoiaxanthm 
dtesters measured by reverse phase system, O---Cl, dresters 

measured by sthca system (see Experimental) Frutt samples 

were collected from the tree from 5 August 1986 (day 0) to 2 

November 1986 and then from a bulk sample rtpenmg at lo” m 
store 

ments were isolated havmg retention times in the reverse 
phase system similar to those of authentic vtolaxanthm 
monoesters, and sapomficatton confirmed that they yiel- 
ded the parent pigment 

Violaxanthm diester peaks were first observed m the 
reverse phase system m mid-September (Fig. 1) Analysts 
of large-scale extracts of the non-polar pigments confir- 
med the presence of carotenoids wtth the characteristic 
elution profile of vtolaxanthm dtesters. Interference from 
phaeophytm made it difficult to say when diesters first 
appeared m the sthca system, although the peak started 
to Increase at about the same time as diesters appeared in 
the reverse phase system (Fig 1). The quantitative dis- 
crepancy between the two systems could be accounted 
for by the presence of phaeophytm m the peak m the 
stlica system and the non-detection of the more polar 
dtesters m the reverse phase system However, there may 
also have been other unknown pigments which contri- 
buted to the diester peak m the sihca system. 

DISCUSSION 

The results of thts work confirm and extend those 
obtamed earher [ 11, superior chromatographic proce- 
dures showed that the carotenoid pigments of ripe apples 
were more complex than prevtously thought. The mono- 
and diester fractions described earher [l] would be more 
accurately described as partially and fully esterified; the 
first of these fractions would contam neoxanthin diesters 
and dtol monoesters and the second would contam 
mono1 (mono-) esters and dial diesters Some mmor 
classes of pigment such as lutem monoesters probably 
escaped detectton in the present work; the results suggest 
that all possible combmattons of the four carotenotds 
and live fatty acids occur except for neoxanthm triesters 

It IS probably impossible to resolve all of these pig- 
ments in a single chromatographic system. Inmally tt was 
hoped that esters could be separated according to thetr 
parent carotenol and level of substitution by gradient 
elution of sthca or alumma HPLC columns These sys- 
tems were abandoned because of Interference from 
chlorophyll degradation products and the isomerization 
of epoxides on the columns. The reverse phase system 
employed did not suffer from these problems, but it was 
only possible to estimate a few of the major esters routin- 
ely However the recurrent patterns of estertfication ob- 
served m more detailed analyses suggest that the other 
esters would have increased m a similar fashion to those 
measured routmely. 

In senescent leaves of woody plants total carotenotd 
levels declmed and carotenol esters appeared to accumu- 
late m the cytoplasm [3] In a more recent study of 
agemg beech leaves plastoglobuli were isolated from 
chloroplasts and shown to contam mcreasmg quantittes 
of carotenol esters as autumn advanced [9] The esters 
are said to be formed by transacylatton from lipid [3, 93 
which is simultaneously bemg degraded [9] Lmolenyl 
esters of lutem have been reported from senescent leaves 
of Acer and Aesculus spp [lo] and this acyl group could 
piausibiy derive ti-om chioropiast membrane 

-.. 
liptd Ll lj 

However the predommant carotenol esters of Popu/us 
spp are palmitates [lo], and the pigments of various 
flowers are often complex mixtures of esters of fatty acids 
from C,, to C,, [12, 131; tt is more likely that these are 
specifically synthesized than derived from cellular lipid 



loo8 M KNEE 

The predominant fatty acid of the mtracellular hpld of 
apples IS lmoleate [14], which IS also the major free fatty 
acid formed on rlpenmg [ 151 Lmolenate 1s the mam 
fatty actd m apple galactohpld, which IS hkely to be the 
maJor lipld of plastld membranes m apple, as m other 
plant cells [14] The absence of lmoleate or lmolenate 
from apple carotenol esters IS evidence that the pigments 
are speclfically synthesized rather than derived from 
cellular or plastld membranes The Increase m total caro- 
tenold, which IS largely ester [I] also argues for specific 
synthesis as an aspect of frmt ripening 

The presence of oleate m a carotenol ester does not 
seem to have been previously reported. The absence of 
hnoleate and lmolenate suggests that the fatty acid pre- 
cursor pool was formed wlthm the plastld, which IS 
thought to be mcapable of the desaturatlon of oleate 
[16] The stmllarlty of the esterlfication pattern of differ- 
ent pigments and the apparent formatlon of mixed dies- 
ters Imply random esterlficatlon from a common fatty 
acid pool. At first the most likely substrates for estenfic- 
atlon would be free carotenols to form monoesters, as the 
concentration of these built up the probablhty of then 
recelvmg a second fatty acid to form a dlester would 
increase 

Jeffery et rrl [17] dlstmgmsh between ‘ethylene- 
dependent’ and ‘ethylene-independent’ processes m rrpe- 
nmg fruit The ethylene-mdependent processes seem to 
mvolve changes m the actlvlty of exlstmg pathways such 
as respiratory metabohsm The synthesis of carotenol 
esters m apple begms before the rise m ethylene and may 
not be dependent on increased ethylene production; how- 
ever ester synthesis mvolves new metabohc actlvlty as do 
the ethylene-dependent processes previously described 
[ 171 The synthesis of carotenol esters m the apple IS an 

example of a developmental change, that 1s associated 

with frutt rlpenmg, but which precedes the rise m ethyl- 
ene productlon usually thought to mark the onset of 
rlpenmg [6] However the rise m ethylene synthesis Itself 
requires preceding metabohc events McGlasson et al 
[ 1 S] argue that fruits become more senslttve to ethylene 
with time, so that the low concentrations present in the 
prechmacterlc stage become sufficient to trigger rlpenmg 
It could be that carotenoi ester synthesis 19 more readdy 
mduced by ethylene than other rlpenmg processes so that 
that It precedes the mductlon of rapid ethylene synthesis 
Accordmg to this view ester synthesis may not be an 
ethylene independent process, as It first appears Never- 
theless, as an early process m rlpenmg it could provide 
the basis for a practical mdlcator of maturity A feasible 
test requires a simple method of detectton of the monoes- 
ter< as a group rather than as mdtvldual pigments 

EXPERIMENTAL 

Source of fruu Apple (M&s ptrmllu) fruits were harvested 

from trees of Cox’a Orange Plppm on M9 rootstock from 5 

September 1986 (day 0) at weekly Intervals, for analysis on the 
day of harvest On 2 October 1986 a bulk sample of fruit was 

taken and kept at IO‘ for later analyses Three samples of 10 fruit 

were taken on each occdS,on for routine analysts 

C,H, anctl)src A gas sample was taken through a hypodermic 
needle Inserted m the core cav~tq of each apple and analysed for 

C,H, content by GC on an alumina column (SO x 0 4 cm) at 
100 v&h N, carrier at 20 ml:‘rnm’ and FID C,H, concentrat- 

ions were tr‘msformed lognrlthmlcdlly before calculation of 

medn\ 

Payment extructlon Apple peel was &integrated III Me&O 

(4 ml/g fr wt) For routme extractions chscs with a total area of 

68 cm2 were processed using an Ultra Turrax and for large scale 

extractIons lOOg of peel was homogemsed rn a blender Rou- 

tme extracts were centrifuged and the supernatant was adJusted 

to ca 30% H,O and apphed to a C,, sample prepdrdtlon 
cartridge (‘Sep-pak’. Waters Ass, Mllford. MA 01757) The 

cartrIdge was eluted wrth Me, CO-H,0 (17 3 for the sihca 

system and 7 3 for the reverse phase system) before the pigments 
eluted m Me,CO were collected Large scale extractions were 

filtered and partmoned into petrol (bp 60-80’). residual Me,CO 

was washed out with H,O and the extract wag dried wrth 

Na,SO, before loadmg onto a MgO column (10 x 2 5 cm). 

which was eluted by stepwlse Increments of Me,CO m petrol 

Chromatoqraphy For quahtative and preparattbe TLC, Filica 

gel plates impregnated with KOH and activated 1 hr at 105 

were developed with petrol-Et,O-EtOH (60 20 I) for ester\ 

and petrol-Me,CO for free carotenols If required. slhca was 

scraped mto funnels and eluted with Me,CO 

Most HPLC separations used a column (25 x 04 cm) of 

Whatman Part&II ODS (10 icrn) eluted at 2 ml/mm with a gra- 

dient from 12 5 to 0% H,O m MeCN-MeOH (3 1) m 10 mm 

Peaks were detected by absorbance dt 440 nm and quantified by 

peak area with reference lo synthel~c standards Some sepdr- 

atlons used a 5 pm slhca column (10 x 04 cm) eluted wtth 
petrol-2-MePrOH (200 1) at 2ml.‘mm. a 0 5 ml sample loop 

was flushed with petrol prior to lodding a 0 1 ml sample for edch 

inJectIon 

Identlficutron of caro&nol esters Fractions isolated by MgO, 

TLC and reverse phase HPLC were evapd and dissolved m 50 ~1 

Et,0 After addltlon of5 11) tetramethylammomum hydroxide m 

MeOH (Aldrlch) [7] they were held 48 hr at room temp The Me 
esters formed were analysed by GC on 170 x 0 4 cm columns of 

5% SE30 on Chromosorb G (Isothermal, 220 ) and lO”/1~ Solar 
IOC on Gas Chrom Q (programmed 4:mm, I IO- 200 ) Idcntlh- 

cations were based on the R,s of dommdnt peaks on the two 

columns The carotenols hberated were rdentlfied by TLC ~lth 

authentic pigment\ Isolated from nettle (L;rtrtrr dfo~ca) lcdvcs 

and by comparison of absorption Tpectra with publIshed data 

[19]. the Size of hypsochronuc shift m the presence of HCI was 
used to characterlse epoxldes 

To confirm the IdentIty of certam pigments the) were co- 

chromatographed with synthetic esters These were prepared 

from 0 t-0 5 mg of carotenols isolated from nettle leaves mcu- 

bated m I ml pyndme wrth 25 111 acyl chloride for 24 hr dt room 

temp. the products were purified usmg C, K cartridges and TLC‘ 

as described above 
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