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Abstract ‘Chandler’ strawberries (Fragaria ananasseDuck.) were kept in air, 0.25% Q, 21% O, + 50% CQO,, or 0.25 Q,

+ 50% CO, (balance N) at 5C for 1 to 7 days to study the effects of controlled atmospheres (CAs) on volatiles and
fermentation enzymes. Concentrations of acetaldehyde, ethanol, ethyl acetate, and ethyl butyrate were greatly increased,
while concentrations of isopropyl acetate, propyl acetate, and butyl acetate were reduced by the three CA treatments
compared to those of air-control fruit. The CA treatments enhanced activities of pyruvate decarboxylase (PDC) and
alcohol dehydrogenase (ADH) but slightly decreased activity of alcohol acetyltransferase (AAT). The results indicate that
the enhanced PDC and ADH activities by CA treatments cause ethanol accumulation, which in turn drives the biosynthesis
of ethyl esters. The increased ethanol concentration also competes with other alcohols for carboxyl groups for
esterification reactions. The reduced AAT activity and limited availability of carboxyl groups due to ethanol competition
decrease production of other acetate esters.

Controlled atmospheres (CAs) can be used to delay senescentgate was increased by exposing strawberries to 20940CO
and control decay and insects of strawberries (Aharoni etal., 1% 8ays at 1C.
Couey and Wells, 1970; Couey et al., 1966; El-Kazzaz et al., 1983Applying ethanol postharvest caused accumulation of ethyl
Harris and Harvey, 1973; Ke et al., 1991; Li and Kader, 198%ters and decreased concentrations of butyl esters and hexyl esters
Prasad and Stadelbacher, 1974; Smith, 1957; Woodward amdpples (Berger and Drawert, 1984). Exposing feijoa fruit to
Topping, 1972). Exposure to CAs reduced respiration and ettgdetaldehyde vapor enhanced taste and volatile concentrations;
ene production rates and retarded softening of strawberries (Elwever, the same treatment caused off-flavor and too-high con-
Kazzazetal., 1983; Keetal., 1991; Liand Kader, 1989; Woodwashtrations of ethanol, ethyl acetate, and ethyl butyrate in straw-
and Topping, 1972). Keeping strawberries in <1%m@i/or >20% berries (Pesis et al., 1989).
CO, caused accumulations of certain volatile compounds (Ke etin this research, we studied the regulation of ester biosynthesis
al., 1991; Li and Kader, 1989; Prasad and Stadelbacher, 19@4trawberries kept in 0.25%,@nd/or 50% CQ with emphasis
Smith, 1957; Ueda and Bai, 1993; Woodward and Topping, 197&).the mode of CA action on acetate ester production.

Volatiles are important contributors to flavor and odor of fruit
and vegetables. Pyruvate decarboxylase (PDC) and alcohol Materials and Methods
acetyltransferase (ADH) are two important enzymes responsible
for acetaldehyde and ethanol production, and their activities weréMaterials and treatmentsChandler’ strawberries were ob-
increased by some CA treatments (Ke et al., 1993). Esters ardahmd on the day of harvest from a commercial shipper in Oxnard,
volatiles formed by esterification of alcohols and carboxyl grougalif. Damaged and nonuniform fruit were eliminated, and good
Ethyl acetate is produced through an esterification reaction cditait were matched by color to remove unripe and overripe fruit.
lyzed by the enzyme alcohol acetyltransferase (AAT), using etfiaventy selected fruit were placed in a 4-liter glass jar at 5C and
nol and acetyl CoA as substrates (Harada et al., 1985). Fellmareatilated with humidified air or a specified gas mixture at a
al. (1993a, 1993b) reported that AAT activity increased wittontinuous 50-ml-minAflow rate for up to 7 days. The gas mixtures
advanced maturity of apples but was suppressed by exposuiedaded 0.25% O+ 99.75% N, 21% Q +50% CQ+29% N, and
0.5% or 1% Q Mattheis et al. (1991) found that storing apples ®25% Q + 50% CQ+49.75% N. Daily, half of the fruit was used
0.05% Q caused accumulations of several ethyl esters, a conditioxtract juice to measure volatiles and the other half was used to
that was associated with a decrease in concentrations of o&xdract fermentation enzymes. Three replicates were used for each
esters requiring the same carboxylic acid group for synthesisatment.
Hansen et al. (1992) showed that keeping apples in 1% t0,4% OMeasuring volatilesFrozen fruit juice was thawed and a 5-ml
decreased propyl acetate and butyl acetate. Treating orangessgithple was putin a 15-ml screw-cap test tube. The tube was closed
<1% Q for 24 h increased concentrations of ethyl acetate, etiygth an elastic cap and incubated at 60C. After 60 min, a 1-ml
butyrate, methanol, and ethanol (Shaw et al., 1990). Ke etheladspace gas sample was taken with a 1-ml glass syringe.
(1991) found that strawberries keptin <0.25%0>50% CQfor ~ Concentrations of acetaldehyde, ethanol, ethyl acetate, ethyl bu-
>6 days developed off-flavor, which was correlated with thgrate, and other esters were measured by injecting the sample into
accumulation of acetaldehyde, ethanol, and ethyl acetate. Uadgas chromatograph (HP5890A; Hewlett Packard, Palo Alto,
and Bai (1993) found that evolution of ethyl acetate and etl@alif.) with a flame ionization detector (at 250C) and a glass
—_— column (2 mmx 1.0 m) containing 5% Carbowax on a 60/80
Received for publication 4 Oct. 1993. Accepted for publication 7 Feb. 19@arbopack as the stationary phase (Supelco, Bellafonte, Pa.) at
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buffer (pH 6.5) containing 2 m dithiothreitol and 1% (w/v) phosphate buffer (pH 7.5), 0.1 ml of 10vn%,5" dithiobis-
polyvinylpyrolidone. The homogenate was filtered through fouitrobenzoic acid (DTNB), 0.01 ml o#MMgCl,, 0.1 ml of enzyme
layers of cheesecloth and centrifuged at 27%@F0r 10 minat4C. extract, 0.02 ml of 20 misoamyl alcohol, and 0.02 ml of 5avm
The supernatant was decanted and set on ice as enzyme exaeetyl CoA. The increase in absorbance at 412 nm over time was
PDC was assayed through coupling with the ADH reaction measured by a spectrophotometer to follow the production of a
mixing 0.45 ml of 100 m MES buffer (pH 6.5), 0.1 ml of 5m yellow thiophenol product (2-nitro-5-thiobenzoic acid) formed by
thiamine pyrophosphate, 0.1 ml of 5&mgCl,, 0.05 ml of 1.6 the reaction of DTNB with free CoA released from the AAT
mm NADH, 0.1 ml of commercial ADH solution (containing 13.%sterification reaction.
enzyme units), 0.1 ml of enzyme extract, and 0.1 ml of GO m Enzyme activities were expressed as millimoles of substrate
pyruvate. ADH activity was measured by mixing 0.8 ml of 1@0 mused or product formed per minute per gram fresh weight. For in
MES buffer (pH 6.5), 0.05 ml of 1.6MMNADH, 0.1 ml of enzyme vitro studies of enzyme kinetics, several assay pH values were used
extract, and 0.05 ml of 80nmacetaldehyde. For both PDC ando study the changes in PDC, ADH, and AAT activities. For PDC
ADH, NADH oxidation was measured by recording the decreamed ADH, 100 nm MES buffer was used for pH 4.5t0 7.5; 100 m
in absorbance at 340 nm over time using a spectrophotometetris buffer was used for pH 7.5 to0 8.0. For AAT, 100 potassium

The AAT extraction and assay method was modified from thattosphate buffer was used for pH 6.0 to 7.5; 1@@rs buffer was
of Fellman et al. (1993b). To extract AAT, 6 g of tissue was slicaded for pH 7.5 to 8.5. The activities at pH 7.5 were the averages
from three fruit and frozen in liquid NThe sample was ground inof the two buffers used.
12 ml of 100 nm potassium phosphate buffer (pH 7.5) and 2 g
polyvinylpolypyrolidone using a precooled mortar and pestle. Results and Discussion
After thawing, the sample was filtered through four layers of
cheesecloth and centrifuged at 27,0@0for 15 min at 4C. The  Exposing ‘Chandler’ strawberries to 0.25% @1% Q + 50%
supernatant was decanted and set on ice as enzyme extract. B8] or 0.25% Q+ 50% CQat 5C for 1 to 7 days greatly increased
activity was assayed by mixing 0.75 ml of 10& motassium concentrations of acetaldehyde, ethanol, ethyl acetate, and ethyl
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Fig. 1. Changes in concentrations of acetaldehyde, ethanol, ethyl acetate, and ethyl butyrate of ‘Chandler’ strawberries kept in,a2] %23%80% CQ, or 0.25%
O, +50% CQat 5C for 1, 3, 5, or 7 days. The vertical bars represer#tP = 0.05.
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butyrate over those of air-control fruit (Fig. 1). While 21%+O pyl acetate, propyl acetate, and butyl acetate) compared to those of
50% CQ caused the highest acetaldehyde concentration (Fig. 1&i);control fruit (Fig. 2).

0.25% Q caused the greatest accumulations of ethyl acetate (FigChanges in concentrations of volatiles may influence flavor. At
1C) and ethyl butyrate (Fig. 1D). The three CA treatments geneiatively low concentrations, acetaldehyde, ethanol, ethyl acetate,
ally resulted in lower concentrations of other acetate esters (isopad ethyl butyrate may enhance fruit flavor (Pesis et al., 1989;
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Fig. 2. Changes in concentrations of isopropyl acetate, propyl acetate, and brigy3. Changes in activities of pyruvate decarboxylase (PDC), alcohol dehydrogenase
acetate of ‘Chandler’ strawberries kept in air, 0.25%20% Q + 50% CQ, or (ADH), and alcohol acetyltransferase (AAT) of ‘Chandler’ strawberries kept in
0.25% Q +50% CQat 5C for 1, 3, 5, or 7 days. The vertical bars represent  air, 0.25% Q, 21% Q +50% CQ, or 0.25% Q+ 50% CQat 5C for up to 7 days.
atP =0.05. The vertical bars represarnb atP = 0.05.
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Shaw et al., 1990). However, too-high concentrations of thesdicated that PDC and ADH had an optimal pH of @liije AAT
fermentation volatiles may cause off-flavor (Ke et al., 1991; Pebid an optimal pH of 8.0 (Fig. 4). It has been found that exposing
etal., 1989). Decreased concentrations of other acetate estersfradyand vegetables to low,@nd/or high CQreduced cytoplas-
also result in lack of characteristic flavor. mic pH (Chavez, 1991; Nanos and Kader, 1993; Siriphanich and
Storing strawberries in 0.25%,21% Q + 50% CQ, or 0.25% Kader, 1986); high C{affected pH more than low,(Hess et al.,
O, + 50% CQ increased PDC and ADH activities but slightly1993). In most planttissues, cytoplasmic p¥iand CA treatments
decreased AAT activity compared to those of air-control fruit (Figeduce the pH by 0.2 to 0.8 units. If strawberries aifected
3). The 0.25% Qtreatment enhanced ADH activity the most (Figsimilarly, then a reduced pH by CA treatments may have activated
3B) and reduced AAT activity the least (Fig. 3C). The in vitro studiP®C and ADH activities but inhibited AAT activity (Fig. 4).
The induction and/or activation of PDC and ADH (Fig. 3) by
CA treatments was consistent with the increased acetaldehyde and
ethanol concentrations (Fig. 1). Ethanol and acetyl CoA are the

100 substrates for ethyl acetate biosynthesis. Since AAT activity was
slightly reduced by CA treatments (Fig. 3C), it seemed that the
dramatic increase in ethanol concentration (Fig. 1B) was the major

75 F driving force for ethyl acetate accumulation (Fig. 1C). The slight

reduction in AAT activity may have partly counteracted the effect
of ethanol on ethyl acetate accumulation. It was the combination
of AAT activity and ethanol concentration that determined ethyl
acetate concentration.
1 AAT activity and ethanol concentration play a major role in
\ determining the concentrations of acetate esters. AAT catalyzes
i o \ the esterification reactions to produce acetate esters. The reduced
25 o~ i AAT activity by CA treatments was a major reason for the
‘b decreased concentrations of isopropyl acetate, propyl acetate, and

% activity
3

ADH butyl acetate.
0 . 1 . ! . L . L . Ethyl acetate and the other three acetate esters share acetyl CoA
4 5 6 7 8 9 asone of their substrates. The dramatic increase in ethanol used a
lot of acetyl CoA to produce ethyl acetate, which may have
pH competed with the other alcohols for acetyl CoA and limited the

. . - ﬁ\vailability of this substrate for the biosynthesis of other acetate
Fig. 4. Effects of pH on relative activities of pyruvate decarboxylase (PDC), alconol . .

dehydrogenase (ADH), and alcohol acetyltransferase (AAT) extracted fr@rﬁtersl- The increased ethano_l concentratlon also Ca:used the ?—CCU'

fresh ‘Chandler’ strawberries. mulation of ethyl butyrate (Fig. 1D), since ethanol is one of its
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Fig. 5. Proposed mode of,@nd CQ action on ester biosynthesis of strawberries. AAT = alcohol acetyltransferase; ADH = alcohol dehydrogenase; PDC = pyruvate
decarboxylase; PDH = pyruvate dehydrogenase;+ is induction and/or activation; — is reduction and/or inhibition.

974 J. AvER. Soc. HorT. Sci. 119(5):971-975. 1994.



substrates. It has been reported that CA treatments in apples dwkh.). Proc. 6th Intl. Controlled Atmosphere Res. Conf., NRAES-71,
oranges also caused accumulations of ethyl esters but decreaSeghell Univ., Ithaca, N.Y. p. 500-507. _
concentrations of acetate esters (such as propyl acetate and b@typan, J.K., D.S. Mattinson, B.C. Bostick, J.P. Mattheis, and M.E.
acetate) and other esters requiring the same carboxylic acid grﬁgﬁterson- 1993a. Ester biosynthesis in‘Rome’ apples subjected to low-

; . ; . ygen atmospheres. Postharvest Biol. Technol. 3:201-214.
for synthesis (Hansen etal., 1992; Mattheis etal., 1991; Shaw e Uisen, K., L. Poll, and C.E. Olsen. 1992. The influence of oxygen

1990). This result |nd|cates.that et_h_anql compgtes W'th qth%roncentration in storage atmospheres on the post-storage volatile ester
alcohols for carboxyl groups in esterification reactions. This 'deBroduction of *Jonagold’ apples. Lebensm Wiss. u-Technol. 25:457—
was further supported by the observation that applying ethanol @g1

acetaldehyde vapor postharvest to apples and strawberries cayagdia, M., Y. Ueda, and T. lwata. 1985. Purification and some properties
accumulations of ethyl esters but reduced concentrations of othefr alcohol acetyltransferase from banana fruit. Plant Cell Physiol.

esters (Berger and Drawert, 1984; Pesis et al., 1989). 26:1067-1074.
Harris, C.M., and J.M. Harvey. 1973. Quality and decay of California
Conclusions strawberries stored in G@nriched atmospheres. Plant Dis. Rpt. 57:44—
46.

Using the results from this study and the cited referenced; S5 B- D. Ke,and A.A. Kader. 1993. Changes inintracellular pH, ATP,
.and glycolytic enzymes in ‘Hass’ avocado in response to lam®high

proposed mO(_je Of_ CA action on ester biosynthesis in_ StraWberrle:‘b stresses. Proc. 6th Intl. Controlled Atmosphere Res. Conf., NRAES-
is presented in Fig. 5. In this model, low @nd/or high CQ 71 °comell Univ.. Ithaca. N.Y. p. 1-9.

concentrations decreased cytoplasmic pH. The CA treatment (di- p., . Goldstein, M. O’'Mahony, and A.A. Kader. 1991. Effects of

rectly) and the decrease in pH (indirectly) enhance PDC and ADkhort-term exposure to low,@nd high CQatmospheres on quality

activities but reduce AAT activity. As a result, acetaldehyde andttributes of strawberries. J. Food Sci. 56:50-54.

ethanol accumulate. The great increase in ethanol concentratienD., M. Mateos, and A.A. Kader. 1993. Regulation of fermentative

causes the accumulation of ethyl acetate and ethyl butyrate. Thetabolism in fruits and vegetables by controlled atmospheres. Proc.

reduced AAT activity and limited availability of acetyl CoA due to;tth I:?tI%?Controlled Atmosphere Res. Conf., Cornell Univ., Ithaca, N.Y.

competition by ethanol decrease concentrations of other acet e :

esters (such as isopropy! acetate, propyl acetate, and butyl acetdtdy. @1 A-A. Kader. 1989. The residual effects of controlied atmo-

. . . spheres on postharvest physiology and quality attributes of strawberries.

Also, CA treatments induce ethanol accumulation, which caus€s » & "soc. Hort. Sci. 114:629-634

the production of ethyl esters and the reduction of other estgfgneis J.p.. D.A. Buchanan, and J.K. Fellman. 1991, Change in apple

These changes in volatile profiles may influence fruit flavor.  frit volatiles after storage in atmosphere inducing anaerobic metabo-

lism. J. Agr. Food Chem. 39:1602—-1605.
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