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Ahtrmt -AIdehyde production by iotmct apples was monitoral by rcvcrsed phase HPLC of bcadsw concentrates, 
aftcr rcactioo with 2,4dinitrophcnylhydrazinc. Dcpcnding on the dcgra of maturity and their storage history. Gokicn 
Delicious appks showed a variabk b&space compo&tion. diffcrcnazs being mostly of a quantitative nature. Wbercas 
the headspace of prcciimacterk fruits was particularly rich in C, -Cb akkhydcs, that of climacteric, ripcniog apples was 
greatly reduced, and some aklchydcs wcrc only present in trace amouots. Trcatmcnt of prcclitnactcrk or cold storal 
fruits with carboxylicacid vapours had a ncgligibk effect on tbc akkhydc composition. Cootrolkd atmospheric storage, 
howcvcr, kd to a notable incrcasc in the aldehydcs derived from the added carboxylic acids or from those shortened by 
j-oxidation. This con!irms the prcscm~ of a reductive path of carboxylic scids into aldchydcs Furtbcr results suggest 
that high carbon dioxide (CA-storage) iotcrfcres with auboxylic acid metabolism and akohol dchydrogcnasc activity, 
kading to a deterioration of the aroma quality. 

ISTRODUCllON 

Although aldthydcs have been known to oozur in fruits 
for a long time [I and refs therein]. the way they are 
synthcsizd IS still only solved in part. It is cstablishcd that 
hexanal and 3-hcxenal are formcd from linolcic and 
linolenic acids, rcspcctivcly [2-S]. For the biosynthesis of 
C,- to C,-aldchydes, mostly circumstantial evidtncc 
points to the corresponding carboxylic acids at least in 
part as precursors. When apple discs [6] or intact apples 
[7,8] are trcatcd with carboxylic acids, an increase in the 
‘symmetrical’ esters (e.g. propyl propionatc) is observed. 
This indicates the sequence 

RCOOH -. RCHO -. RCHIOH + RCOOCHzR. 

The first step IS analogous to the reduction of palmitoyl- 
and stcaroyl-CoA by E&M grads and Brassico oler- 
acea preparations [9. IO]. or of substituted cinnamoyl- 
CoA thiol cskrs [I I-133. During cxpcrimcnts with intact 
apples which had been stored in controlkd atmosphcrc 
ceils (CA) application of propionic acid vapours not only 
kd lo a change in the volatik esters pattern, but also 
gcncrakd fra propanal [7]. However, the hcadspaa 
tcchmquc used in thcsc cxpcrlments, by adsorption of the 
volatiks on Tcnax GC. gives variable raults for low 
boiling polar compounds. Thus it sccmcd worthwhile to 
repeat thcsc invcstigarlons with the specific aim of study- 
ing aldchydc patterns. by applying a raxntly dcvclopcd. 
more appropriate quantitation method [ 141. 

RESULTS AND DISCUSSIOS 

The headspa of Golden Delicious apples of diffcrcnt 
dcgrccs of maturity and ripening usually containal the 
homologous scrks of C,- to C,-aldchydcs in varying 
rclativc concentrations. Only in the cast of prcclimactcric 

fruits wcrc rclatlvcly high amounts of thcaldchydcs found 
with pcntanal exceeding the other aldchydcs (Tables I 
and 2, control; Fig. I. control). 

During post-harvest storing of the prcclimactcric 
apples at ambient tcmpcrarurc, no large changes occurred 
cxapt in the cast of pentanal, the concentration of which 
was almost rcduccd by half (Table I. control). 

When green. mature fruits were taken out of cold 
storage, their hcadspacc showed low lcvcls of aldchydcs. 
which decreased slightly on further ripcnmg (Table 2. 
control). If one accepts that carboxyhc acids arc prc- 
cursors of aldchydes. the former observation may bc 
corrclatcd directly lo the ripening phenomenon: at that 
moment large amounts of volacllc esters arc produced [8]. 
rhc necessary alcohols for which arc formed by reduction 
of the corresponding aldchydcs [IS]. If alcohols arc 
rcmovcd almost as fast as they arc formed. one might 
expect thcaldchydccontcnt to rcmainsmall provided Ihat 
aldchydc synthesis is rate limitmg. In order to test this 
supposition. both gran and yellow mature Golden 
Dchcious apples were treated with carboxylic acid 
vapours, and their aldchydc and ester production de- 
termined. The cffccc on the aldchydc concentration may 
bc dcscribcd as minimal (Table 2). Ester production on 
rhc other hand incrcascd almost I@fold (Table 3). Thrs 
shows that aldchydcs arc transformed as quickly as they 
bccomc available. and that in untrcatcd. cold stored 
apples alcohol dchydrogcnasc and the cskr formmg 
enzyme system work at kvcls far below saturation. 

Pre-climactcrtcapplcs (which form only small amounts. 
if any, of volatile cstcrs, CJ [ 163) did not react much on 
application of carboxylic acids (Table 1). This could mean 
that the aldchydc forming system works at full capacity or 
that the added carboxylic acids arc not transformed into 
the ectivatcd form ncaicd for reduction to aldchydcs. 

Howcvcr, when Golden Ddicious apples. stored in 
controlled atmosphcrccclls (CA stored). were trcatcd with 
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Tsbk I. Aldchyde dtmioation by iatoct, preclimamric Golden Ddtcious qpks after treatmmr with 

carlmxylic acid npoun 

alla -_-_.---.. .-_ - _.- 

TfCMttXUI IraIumII c, cz c, c. c, cr, c, 

None (amrol) I 
3 
1 
9 

II 

Acetic scid I 

3 
7 

9 
II 

Propioaicrid I 
3 
7 

9 

II 

1.9 4.9 1.0 4.0 64.3 0.6 
1.6 1.4 0.5 1.7 12.3 0.1 - 

24 26 tr 3.7 26.2 2.1 - 

3.3 6.1 - 8.3 41.4 1.8 

3.0 4.5 .- 7.7 35.9 I.8 -- 

2.4 IS.1 0.9 8.1 38.2 2.1 

3.0 I.5 - 0.6 5.2 - - 

2.1 3.7 .- 7.1 30.1 I.6 

0.7 2.0 2.6 12.0 0.7 

2.9 5.7 - 8.8 46.9 I.5 .‘- 
2.1 I.4 - 0.9 II.6 0.7 ‘- 

2.0 3.5 - 1.9 22.3 I.1 -. 

3.1 S.3 - 2.4 21.0 0.7 

I.1 1.6 - 0.6 4.9 0.2 - 

3.0 4.1 ‘. 4.3 28.1 I.1 ‘- 

.HCIlIYI 

11. < 0.05 &ig/ltr 

T~IIIMII 
._ ._ - _ 

None (control) Green 

Yellow 

Amkrd Great 

Yellow 

Ropioak acid Gram 

Yelkw 

liuIyTk&l Gran 

Ydlow 

-F AMY& WdW 
alla -- _ .--. .-- 

IraImmI 

I 
2 

I 

2 
4 

7 

I 

2 

I 

2 
4 
7 

I 
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2 
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2 
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2 
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Cl c2 
- .-- 
0.3 0.3 
0.2 Ir 
Ir 0.1 

0.1 0.2 

0.3 0.2 

Ir 0.1 

0.4 0.1 

0.3 0.3 
0.2 0.6 
0.3 0.4 
0.9 0.4 

II 0.1 
0.3 0.1 
0.3 0.1 

0.4 0.4 

0.3 0.4 
1.0 0.6 

0.6 0.4 

0.3 0.1 
0.1 Ir 
0.1 0.2 

0.1 0.2 
0.6 0.4 

0.1 0.2 

c, c. c, c, 
..-. -- - 

0.1 0.3 
0.1 tr - 
II 0.1 -- - 
Ir 0.1 

0.1 0.3 0.1 lr 

0.1 0.1 1r lr 

II 0.1 0.3 - 

0.1 Ir Ir 

0.2 0.7 0.1 0.1 
0.2 0.4 0.1 v 
0.2 0.9 0.1 0.1 
tr 0.1 - - 

0. I 0.1 Ir 
0.1 0.1 0.2 - 

0.2 0.1 0.1 0.7 

0.2 0.5 0.2 0.1 

0.2 1.6 0.1 - 

0.1 0.6 tr - 

0.1 0.1 - - 
Ir 0.1 - - 

0.1 0.4 
0.1 0.3 Ir Ir 
0.3 0.9 0.1 0.1 

0.1 0.2 II lr 

Ir. < 0.05 )@@I. 
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Fit 1. Effect on akichydc elimination by CA stored Gokkn 
Dclic+ow rppks of tratnzo~ with arboxylic rid npours. 
Aldchydcs: l --0. c,; o-o, c,; .-0. c,; m -a 

c.; A-A. c,; a -0. c6. 

carboxylic acid vapours at ambient temperature. divcr- 
gent hchaviour was ohscrvcd (Fig I). Apphcation of 
acetic acid did not lead IO a large change in the aldchyde 
pattern of the headspace. But wtth propionic, butyric. 
pcntanoic and hcxanoic acids noticeable incrcascs of, 
rcspcctivdy, propanal, butanal, pcntanal plus propanal, 
and butanal occurred. This shows that carhoxylic acids are 
precursors of aldehydcs either directly or after /I- 
oxidation. In tests with peel discs of CA-stored apples, the 
transformation of propionic acid into propanal still 
proceeded smoothly (blank: I .6 pg’kghr; 1es1: 
28.2 @kg!hr). 

From the results obtained with cold stored (Tables 2 
and 3) and CA stored fruits (Fig. I ), it may be concluded at 
this point that both are able IO produce aldchydcs from 
cxogenously supplied carboxylic acids. But whereas cold 
stored apples transform the akichydcs emclently into 
volatile esters by way of the alcohols, CA stored fruits 
seem to be unable to handle increased concentrations of 
aldehydcs. This is contirmcd by the earlier finding that 
addition of propionic acid to CA stored apples leads to a 
change in the volatile ester pattern, but not to an 
cxtcnsrvely changed concentration 173. The well docu- 
mented diminished ester forming capacity of CA stored 
apples [l6-193 could thus result from a change in the 
alcohol dchydrogcnasc activity m the fruit, leading IO an 
alcohol shortage. This is supported by the work of Knee 
and Hatfield, who found that volatile ester formation is 
probably limited by the availabtlity of alcohols [20]. The 
posstbility of in oivo aroma cnrtchment of apples by 
treatment with alcohols was shown [2l, 221. 

In practrcc. the freshly harvested mature green Golden 
Dclictous apples which arc held in commercial stores arc 
at the very start of the climacteric rtsc and arc m fact 
thoroughly unripe. In order to obtain some information 
on the effect of carbon dioxide on the metabolism during 
CA storage. a batch of apples kept in cold storage for 2 
months (analogous to the fruits used in the cxpcrlmcnts of 

Tabk 3. Vohtik ester formation by cold-ctorcd Got&n Dclkious apples during npening after 
a-don of arboxylic rid vapoun 

Volatik esters Aauc ROpiOlliC Bulyric 

(J&&Q?5 tin) Control acid ac+d s&d 

Fropyl &Mate 0.29 1.64 26.24 1.04 
2-Methylpropyl acetate 2.14 7.23 us5 3.67 
Propyl propionxtc - - 66.63 - 
Rutyl WXtalC 23.35 109.30 60.08 83.68 
3-Mctbylbutyl UztaIC 1.87 10.83 8.02 6.29 
Prqxyl butyratc - - 13.46 - 
Butyl propiorutc 0.40 4.09 68.77 2.90 
Pcmyl XctaIC 0.31 289 5.20 1.49 
Bury1 butyrxtc 1.71 3203 1558 129.29 
Rntyl propionxte - - 3.18 - 
Hcxyl acetate 3.90 58.32 45.70 20.65 
Butyl 2-mctbylbutyrate 0.21 3.67 I.09 2.12 
Propyl hcxarKWe - 4.26 16.80 - 

Hexyl propionxte 0.19 1.99 4289 0.67 
Butythcxarxmtc + hcxyl butyrate 270 47.47 23.99 W.8 I 
Hcxyl 2mctbylbutyrxtc 0.48 5.57 210 1.40 
Hexyl pcatanoxte 0.05 0.84 I.03 0.32 
Huyl hcxsnrvte 0.74 10.73 5.48 228 
Sum of tbc esters 38.w 3aI.88 414.79 310.61 

8unptcx were taken from I& ripe 4ppks. Table 2, one dry after l pglrrtion of the MZ&. 
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Tabk 4. Aldchydc climina1mn by Golda Dcliciow l pPka, firsr cold s&xui in air sod tbcD CA rtorcd, oo tirrncot wirh 

propionic acid npour 

Dw AMY&a (WILW) 
SlOrPpe pna -- -. _ .- ._.-__ --. -. -.- ._ 

condibons Trto1mtal 1rutmcnl c, C1 c, c. c, c, Ce 

cold stored: 2 months 

5 % COr. cold: 6 waks 

Cold stored: 2 months 

5 % COl. cold: w&s 

Post-srorPp ripcoing at 2O? 1 week 

None (control) I 3.1 61.5 or 22 1.7 1.0 2.8 

Propionsc acid 1 3.5 245.0 IS.4 4.8 4.0 1.8 tr 

None (control) I 3.6 40.4 rr 1.8 0.4 II II 

Propi& add I 1.3 52.2 2.6 0.8 0.1 If 11 

11. < 0.05 p&Qh. 

Table Z), were transferred to 5 “O CO,-au containers, and 
kept at 4 for 6 weeks. After this pcruxl. the aldehydc 
content of the headspace had changed noticeably: much 
higher concentrations were found than in the foregoing 
cxpcrtmcnts, and hcptanal and nonanal were present 
(Table 4). Treatment with proptomc acid led once more IO 
the accumulatton of propanal. which did not occur to any 
large extent with cold stored fruits. The apples were then 
stored at 20’ for a week under a continuous air flow. After 
this time they had started IO yellow and IO produa an 
aroma. and the aldehydc content of the headspace had 
diminished (Table 4). Addition of propionic acid still led 
IO an mcrcasc of propanal, but to a much smaller degree 
than in the first experiment. which sterns IO Indicate that 

the apples were recovering from the CA treatment. 
In concluston II may be stated thaw carboxyhc acids are 

precursors ofaldehydcs. and thar the antagonistic activity 
of carbon dioxide on the aroma formation might result 
not only from interference with alcohol dehydrogenasc. 
but also (as deduced from the appearance of hcptanal and 
nonanal in the hcadspacc) with carboxyhc acid 
metabolism. 

CXPERlMESCAl. 

Fruirs. Golden Dclr~ous apples were obtamcd from the 

‘Velhng Produco’a~ SI. Nlklaas. Bdgium (lY82.1983) (CA slorcd 

2”, CO,; 0 I ). from the 1cs1 orchards al Mccrdonk. Bclgmm 

(1982. IY83) and from a commercial grown at Zomcrgem. 

Bclgmm (1984. lY85) (cold srorcd; 0 I ). 
Concenrrarion and dtwrmrnarton of heodspace oldehydes 

Apples (1.5 2 kg) were pur in dcsnxarors ( + 8 1.20 k whKh were 

conrmuously flushed wnh au (150 ml:mml. The hcadspacc was 

sampled by passmg the &ring gases for 20 mm rhrough Iwo 

scrubbers comammg 2.4dmnrophcnylhydrazmc rcagcm (6.5 ml 

of a soln of I25 mg ?.CDNPlt In 100 ml 6 H HCI. dllumd with 

Ii,0 IO 2OOml) The rcsulung hydrazonc- were is&red and 

quantdicd as dcscrrhed In ref. [ 141 In a Varlan g5CQ or a Varlan 

5ooo hquld chromarograph. ‘Trcatmcnt wnh carboxylr acldsand 

analysis of the vola~~lc csmrs wcrc pcrformcd as dcscrrbcd carhcr 

[ 7.81. 
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