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Akact-Fhnogeniion of fresh tissue from cucumber fruits results in a loss of endogenous lipid catalysed 
by acyl hydrolase enzymes. Deacylation of lipids is not accompanied by accumulation of free fatty acids. The 
levels of both saturated (mainly palmitic) and polyunsaturated (linoleic and linolenic) fatty acids in the lipids are 
reduced. Losses of the major acyl lipid constituents of cucumber (triacylglycerols and phospholipids) are mainly 
responsible for the observed hydrolysis. Triacylglycerol acyl hydrolase @@se), phospholipase D and polar lipid 
acyl hydrolase enzyme activities were demonstrated. It is suggested that hydrolytic attack on endogenous lipids 
is the initial event on disruption of cucumber tissue, in the formation of lipid degradation products, amongst 
which are the volatile carbonyl compounds responsible for the characteristic flavour of cucumber. 

JNTRODUcIlON 

Physical disruption of many plant tissues initiates autoly- 
tic changes, catalyzed by endogenous enzymes amongst 
which are those causing hydrolytic and oxidative break- 
down of lipids. Oxidation of polyunsaturated fatty acids 
may produce volatile carbonyl compounds with desirable 
flavours or undesirable (off-flavour) properties [ 1-3 1. 

The characteristic flavour of cucumber fruits is mainly 
due to C9 unsaturated carbonyl compounds released on 
disruption of the tissue [4-S] ; these compounds are not 
present in the intact tissue and are not formed if the 
endogenous enzymes are inactivated before the material 
is homogenized. The major components of cucumber fla- 
vour, mono- and di- unsaturated C, aldehydes, are 
formed From linoleic and linolenic acids respectively 
when these unsaturated fatty acids are added to 
cucumber homogenates [7--8]. An enzyme system that 
converts linoleic acid via hydroperoxide intermediates to 
C6 and C9 carbonyl fragments has recently been isolated 
from cucumbers [P-lo]. Long chain (C, +ZL8) aldehydes 
are also present in the volatile fraction of cucumber 
homogenates [6,11] and an a-oxidation enzyme system 
which converts saturated and unsaturated fatty acids to 
long chain aldehydes has been isolated from 
cucumbers [12]. 

The above processes have been observed with free fatty 
acids as substrates. However, free fatty acids rarely occur 
in significant amounts in healthy plants and their con- 
centration in cucumbers is low [8,13]. We have therefore 
considered the possibility tRat lipid-bound fatty acids are 
released by acyl hydrolase action as the initial step in 
the formation of fatty acid degradation products in 
cucumber homogenates. This paper demonstrates the 
disappearance of cucumber lipids by enzymic action in 
homogenates. Recently, Hatanaka et al. [8j published 

results that demonstrate the loss of fatty acids from 
cucumber lipids in blended tissue. The present work sup- 
ports their observations and provides additional infor- 
mation on the lipids concerned and on the enzymic 
nature of the process. 

RESULTS AND DISCUSSION 

Tissue from peeled cucumber fruits was homogenize-d 
with water or buff& and the mixture was incubated. 
Enzyme activity was then killed and CHCl,-soluble 
extracts were analysed for lipid ester content, fatty acid 
and lipid composition. In addition the presence of lipoly- 
tic enzymes in the homogenates was investigated. 

Lipid ester content 

The concentrations of total lipid esters in homogenates 
from fresh and enzyme-inactivated (heated) cucumber tis- 
sue are given in Table 1. It is reasonable to assume, 

Table 1. Acyl ester content of homogenates from fre& and 
heated tissue from cucumber fivits 

Acyl ester content 
(pequivalents of ester/g fr. wt) 

Fresh tissue 1.12 f 0.04 
Control 1.50 f 0.04 

Cucumber tissue (12 g) was homogenized with O.lM potas- 
sium phosphate buff&r pH 6.4 (12 ml) and the mixture wag 
incubated at 25’ for 30 min before heating at loo” for IS 
min to kill enzyme activity. In the control, the tissue was 
heated at loo” for 15 min Wore homogenization. The lipids 
were extracted into CHCll and analysed for acyl ester content. 
The values given in the table represent means and standard 
deviations from du&cate anaiyses on three extracts. 
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from the composition of cucumber lipids shown here and 
elsewhere [S, 13,143, that the ester values represent fatty 
acid esters of acyl lipids. In comparison with the control 
extracts, 27% of the lipid ester content was lost during 
homogenization and subsequent incubation in the exper- 
iment quoted in Table 1. 

The extent of ester loss varied widely from less thiul 
10% to over WA under similar conditions for different 
experiments. The reasons for the variability are not 
known; the experimental material was purchased from 
local stores and the cultivars (which varied seasonally) 
were not identified. 

The effect of pH on the enzymic deacylation was 
examined by preparing homogenates in buffered aqueous 
media. The pH response curve showed a broad optimum 
between PI-I 4.5 and 6 and 50% of maximum activity 
around pH 4 and 7. T’he measured pH of water homo- 
genates of cucumbers used was between pfl 5.5 and 6.0. 

Fatty acid cuntmt 

Fatty acid methyl esters were prepared by tr&nsmethy- 
lation of the total lipid extracts with an added internal 
standard of heptadecanoic acid. The concentrations of 
individual fatty acids in lipid extracts from homogenates 
of fresh and boiled tissue are listed in Table 2. The three 
major components, pahnitic (16 :0), linoleic (18 : 2) and 
linolenic (18 : 3) acids, were present at significantly lower 
levels in the homogenate of the fresh tissue than in the 
control. Reductions of 18, 30 and 37% were recorded 
in the levels of 16 : 0, 18 : 2 and 18 : 3 acids respectively. 
The overall reduction in fatty acid content was approxi- 
mately 27%. 

The differences in fatty acid composition (expressed 
as % of the total fatty acid content of each extract) 
between homogenates of Fresh and boiled tissue were less 
marked (Table 2) because the three major acids, together 
representing approx 90% of the total fatty acids in both 
extracts, were all reduced in concentration in the homo- 
genates of fresh tissue. 

The results shown in Tables 1 and 2 refer to the same 
experiment in which both acyl ester content and fatty 
acid content both fell by approx 270/* during homogeni- 
zation and subsequent incubation. These results of lipid 
ester and fatty acid analyses indicate that the free fatty 
acids, released by hydrolytic action, do not accumulate 

Table 2. Fatty acid content of homogenates from fresh and 
heated tissue from cucumber fruits 

Fatty acid 

Fatty acid composition 
Concentration relative 

% Total to internal standard 
fatty acids (17 :o = 100) 

Fresh Fresh 
tissue Control tissue Control 

Laurie (12 : 0) 1.0 0.8 2.1 (0.8) 2.5 (0.3) 
Myristic (14 : 0) 

2E 
1.1 3.2 (0.5) 3.5 (0.2) 

Pahnitic (16 :O) 26.0 
S&ark (18 :O) 512 3.5 

65.1 (0.9) 79.3 (0.5) 
11.5 (3.0) 10.8 (0.6) 

Oleic (18 : 1) 3.0 2.5 6.8 (1.0) 7.6 (4.5) 
Linoleic (18 :2) 25.2 26.3 55.8 (3.7) 80.2 (3.4) 
Linoknic (18 : 3) 34.6 39.5 76.5 (7.1) 121.2 (5.5) 

Reaction and extraction conditions were as described in 
Table 1. An internal standard of Img of heptadecanoic acid 
(17 : 0) was added during the lipid extraction. Figures in paren- 
theses represent standard deviations of triplicate analyses. 

in the homogenates but they are further cunverted to 
other products, and this is substantiated by the lipid 
analyses described below and by the results of Hatanaka 
et aI. [S] who demonstrated evm greater losses of fatty 
acids on homogenization of cucumber fruits. 

Enzyme systems that attack free fatty acids are present 
in cucumber homogenates; an a-oxidation system in 
cucumber oxidizes both saturated (e.g. 16 :O) and unsa- 
turated fatty acids to long-chain aldehydes [12] and a 
cleavage reaction, probably mediated by lipoxygenase, 
leads to the formation of Cg carbonyl fragments from 
the polyunsaturated acids, 18 :2 and 18 : 3 [9, lo]. It is 
assumed that these enzyme activities were responsible 
for the observed absence of accumulated free fatty acid 
as deacylation products. 

Lipid analysis 

TLC analyses of the lipids from homogenates of fresh 
and boiled tissue had d&nor&rated marked reductions 
in the levels of certain lipids in the enzyme-active homo- 
genates. The results of a quantitative lipid analysis on 
these extracts are given in Table 3. 

Lipid analysis of control (enzymeinactivated) tissue 
showed &at phospholipids (mainly phosphatidylcholine 
and phosphatidylethanolamine) were the predominant 
class; di- and tri- acylglyozrols, galactosyldiglycerides 
cerebrosides and acyrated sterol glycosides were also 
major constituents. These results are qualitatively similar 
to those of Kinsclla [14] although quantitative differ- 
ences are apparent; a more detailed analysis of cucumber 
fruit lipids is presented elsewhere [13]. 

Analysis of the homogenate lipids showed decreases 
(with respect to the control) in the levels of most of the 
m4or lipids, except for cerebrosides and acylated sterol 
glycosides. The main contributions to the 1-s of acyl 

Table 3. Lipid content of homogenates from fresh and heated 
tissue from cucumber fruits 

Lipid content 
@no1 lipid/kg fr. wt) 

Fresh 
Fresh tissue as OJO 

Lipid tissue Control of control 

Phosphatidykholine 86 96 
Phosphatidylethanolamine 104 122 :z 
Lysophosphatidylcholine 12.5 7.7 162 
Lysophosphatidylethanolarnine 125 5.8 216 
Phosphatidylinositol 1.7 3.6 47 
Phosphatidylglycerol 6.8 7.7 87 
Phosphatidic acid 1.9 1.2 158 
Diphosphatidylglycerol 1.5 1.9 78 
Monogahctosyldiglyceride 10.9 14.9 74 
Digalactosyldiglyceride 17.8 19.9 
Triacylglycerol 14.0 26.6 !rs 
l,3_diacylglycerol 5.0 66 
1,24iiacylglycerol 28.6 2% 112 
Monoacylglycerol 6.3 914 68 
Free fatty acid 3.1 3.9 79 
Acylated sterol glycoside 18.2 17.0 107 
Cerebroside 29.5 31.0 85 

Fresh tissue (IO@) homogenate was incubated in 100 ml 
phosphate buffer, pH 5.7 for 15 min at 22” then mixed with 
propan-2-01 (500 ml) at 80”. Control tissue was treated with 
pmpan-2-01 at 80” before homogenization. Lipids were 
extracted and analysed as described in the text. 
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Table 4. Hydrolysis of phosphatidylcholine by cucumber extracts 

Experiniental 
conditions 

Experiment 1 
control 
tissue homogenized 
with substrate 

l*c-labclled products 
(as % df total radioactivity) 

Phosphatidyl- Phosphatidic Non-pokU 

choline acid products 

50 15 35 

35 31 34 

Experiment 2 
control 59 21 20 
control + EDTA (5mM) 82 7 11 

In control experiments, cucumber homogenate (co&aix& &2 $ Fresh weight of tissue) 
were incubated with “C-labe&d phosphatidylcholine (25 pg; 10 dpm) in O.lM sodium 
acetate buffer, uH 5.0. for 15 tin at 25” in a tota volume af 4.8 ml. The chloroform-soluble 
“C-labelled S&du& were analysed by 
CHC13-cHJ0H-7N NH&H (63 : 30 :4). 

radio-scanning of TLC separations in 

esters were from triacylglycerol, phosphatidylethanola- 
mine and phosphatidylcholine (equivalent to losses of.38, 
36 and 20 holes of fatty acyl ester/kg tissue, respect- 
ively). The only increases observed were in lipids that 
may be considered as products of partial enzymic hy- 
drolysis of phospholipids (i.e. lysophospholipids ‘and 
phosphatidic acid) and triacylglycerols (i.e. 1 &liacylgly- 
cerol); however, these increases were only minor in molar 
terms and the net result was overall loss of lipid acyl 
ester of approx 100 pmol/kg of tissue. 

The results in Table 3 also show that the free fatty 
acid content of the control tissue was low and that the 
content did not increase in the homogenates. 

Hydrolytic enzymes 

To establish the nature of the enzymes responsible for 
the loss of the major lipids (phospholipids and triacylgly- 
cerols), cucumber extracts were incubated with 
[14C-aql]-labelled phosphatidylcholine and trioleylgly- 
cerol. As noted above for the acyl ester measurements 
on cucumber homogenates, the hydrolytic activities of 
preparations from different batches of cucumbers were 
also very variable. Nevertheless, it was possible to 
demonstrate the enzymic hydrolysis of added lipid sub- 
strates. 

Germrally, more efficient hydrolysis was achieved when 
the tissue was homogenized in the presence of labelled 
substrate than by adding the substrate to prepared 
homogenates, (see e.g. phosphatidylcholine hydrolysis 
results in Table 4). With both substrates hydrolysis was 
active only at acid pH and was optimal at pH 5.0-5.5. 

Phosphatidylcholine was hydrolysed to phosphatidic 
acid and to non-polar products (fatty acid derivatives) 
(Table 4). Thus the extracts contained both phosphoii- 
pase D and phospholipid acyl hydrolase activities. Lyso- 
phospholipids (indicative of phospholipase A activities) 
did not accumulate in these incubations. Addition of 
EDTA (an inhibitor of phospholipase D activity) reduced 
the extent of phosphatidylcholine hydrolysis. 

When cucumber tissue was homogenized in the pres- 
ence of tracer amounts of tri-[I-14C]oleyl-glycerol, the 
distribution of ?Xabel in the hydrolysis products 
Fable 5) corresponded to the pattern of breakdown of 

the endogenous triglycerides as observed by I&aining 
of TLC separations. EDTA did not inhibit this process. 
The appearance of mono- and 1,2- diacylglycerols in 
addition to free fatty acid in the hydrolysis products indi- 
cates the presence of lipase (triacylglycerol acyl hydro- 
lase, E.C. 3.1.1.3) in the cucumber extracts. 

c0lvcLJJs10Ns 

The studies reported here provide evidence for the in- 
itial event in the sequential process by which the endo- 
genous lipids of cucumber fruits are degraded to a range 
of carbonyl compounds. The two pathways so Ear 
demonstrated, i.e. a lipoxygenasemediated cleavage pro- 
cess [9,10) and an cr-oxidation system [IZJ, both ori- 
ginate from free fatty acids which, it had been presumed, 
were products of lipid hydrolysis. The present work 
together with the recent observations of Hatanaka et al. 
[8] has demonstrated that disruption of intact tissue 
leads to a breakdown of acyl lipids, predominantly of 
triacylglycerols and phospholipids, with a resultant loss 
of their fatty acid constituents. It is probable that several 
lipolytic ezqmes are concerned with this hydrolysis. 

On the basis of work from this and other laboratories 

Table 5. Hydrolysis of trioleylglycerol by cucumber extracts 

‘4c-labelled products 
(as y0 of total radioactivity) 

Free 
Triacyl- 1,2-Diacyl- Monoacyl- fatty Unidentified 
glycerol glycerol glycerol acid material* 

23 7 9 36 25 

A mixture containing 3g cucumber tissue, tri-[1-14Cjoleyl- 
glycerol (10’ dpm) and O.lM MES buffer, pH 5.5 in a total 
volume of 4.8 ml was homogenized and the mixture was incu- 
bated for 30 min at 25”. The CHCl,-soluble 14C-labelled 
products were analysed by radio-scanning of TLC separations 
in petrol-Et@HAc (60 :40 : 1). * The unidentified material 
remained at the origin and was assumed to be fatty acid oxi- 
dation products. 
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c4-6, I+-121, a sequence of mic reactiorrs, shown in 
Scheme 1 can be pr~p~s& to explain the formation of 
carbony products in disrupted cucumber tisssue. 

aldehydes 

Scheme 1. 

EXPERIMENTAL 

Materitrls. fIz3m.mber (Cucumis sutiuus) fituiti of unidentified 
varietim, were obt&ed from local stores. Tri-[l-“*qoleyl- 
glycerol (50 @i&n&) was purchased Tom the Radiochuni- 
c.al Centre, Amersham, Bucks, U.K. [‘*C-acyl]-labelled phos- 
phatidylcholine was prepared from aged disks of potato tuber 
after incubation with acetate-[u-i4CJ [15-j. 

Cucumber honragenates. Pieces (approx lcm3) frum the flesh 
(peel and seeds removed) of cucumber fruits were home- 
genized with 1-4 vol of buffered solns (see text) at W, using 
either an Ultra-Tuprax homogenizer or an At&x blender, 
In controf experiments, the tissue-buffer mixture was heated 
at 100” for N-15 min before the homogenization. Homo- 
genates were incubated at 25”, with shaking, for 30 min. 

En:ymr ussays Incubation conditions are given in the 
text and in ?ables 4 and 5. CHCl,-soluble products were iso- 
lated and rinalysed by TLC radio-scanning [id]. Identities 
of the ‘QC-labelled hydrolysis products were checked by co- 
chromatography on TLC in appropriate solvent systems with 
authentic standards of phosphatidic acid, fatty acids, 2-mono- 
palmitoylgljzerol and 1,2- and 1,3- dipalmitoylglycerol. Sol- 
vents systems used were CHC13-MeOH-HAC-H,O 
(170 : 30 : 20 : 4), CHCl,-MeOH-7N NI-140H (65 : 30 : 4), 
toluene-EtAc-EtOH (2 : 1 : l), C,H,-Et@--EtOH-HAC 
(50 : 40 : 2 : O-2), petrol (60-N)“)-Et@-HAC (60 : 40 : 1). 

A& ester and fatty acid analyses. Incubation mixtures were 
heated at lrxo” for 10 min to stop enzyme activity. CHCl,-sulu- 
ble extracts were prepared as previously described [17$ The 
acyl ester content was determined by a slight modification 
[lS] of the bydroxamate method [193. For fatty acid analyses, 
heptadecan$ic acid was add4 as an internal standard before 
the CHC13 extraction. Preparation of fatty acid methyl esters 
by transmethylation and their analysis by GLC was as pre- 
viously d&ribed [20]. 

LQti sulnlysis. Lipid samples prepared from fresh and heat- 
treated tissm were isolated by hot iso-PrOH and CHCIS 
extraction [13f and then purtied from nonlipid contaminants 
by passage through a Sephadex G-25 column 121). Neutral 
lipid and acidic phospholipid fractions were obtained by chro- 
matography on DEAE cellulose columns [22]. The neutral 

lipid fraction was further divided into a neutral plus glycolipid 
and a phospholipid fraction by chromatography on Si gel 
columns r23). Individual lipids in these fractions were esti- 
mated by quantitative TLC on Si gel with the solvent systems 
CHQ-MeOH-HAC-Hz0 (170 : 30 : 20 : 4) for polar lipids 
and C6H5-Et,O-HAC (50 :40 : 2 :0.2) for non po1a.r lipids. 
Fhospholipids were estimated as inorganic phosphorus [24], 
glycolipids by GLC of the TMS-derivatives of methylated glu- 
cose or gala&se [25J and simpler glycerides by GLC of fatty 
acid methyl esters prepared by transmethylation in 5% H2S04 
in MeOH at 60” in the presence of an internal standard, 
methyl behenate. 
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