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AsrsTrACT. Carrot (Daucus carota L.) root shreds were stored under a continuous flow of 0.5% and 2% O, (balance N,)
or in air for 7 days at 5 and 15 °C to study the regulation of ethanolic fermentation metabolism. Low-0, atmospheres of
0.5% and 2% caused increases in cthanol and acetaldehyde concentrations and the activities of alcohol dehydrogenase
(ADH) and pyruvate decarboxylase (PDC) compared to air. By day 3, ethanol increased 38-, 25-, 13- ,and 9.5-fold;
acetaldehyde increased 20-, 13-, 7.7-, and 5.6-fold; ADH increased 7.6-, 6.3-, 3.8-, and 2.7-fold; and PDC increased 4.2-,
3.9-, 2.3, and 2.2-fold in samples at 0.5% O, at 15 or 5 °C and at 2% O, at 15 or 5 °C, respectively, compared with
corresponding samples in air. These resulls indicate that ethanolic fermentation was accelerated more in the 0.5% than
in the 2% O, atmosphere and more at 15 °C than at 5 °C. The acceleration of ethanolic fermentation may #flow production

of some ATP, which may permit the carrot tissues to survive.

Although a number of studies have been conducted to evalnate
the effects of controlled and modified atmosphere on the quality
and storability of carrot roots (Abdel-Rahman and Isenberg, 1974;
Carlin et al., 1990; Hansen and Rumpf, 1974; Leshuk and Saltveit,
1990; Liew and Prange, 1994; Phanetal., 1973; Van den Berg and
Lentz 1966; Wills ct al., 1979), little is known about the mode of
action of low O, and high CO, on respiratory metabolism of
carrots. In a study on the effects of low-O, atmospheres on
glycolysis of carrots, we reporled that glycolytic [lux increased
under low O, due to increased activity of pyrophosphate-dependent
: phosphofructokinase, which was activated by the increase in
fructose 2,6-bisphosphate (Kato-Noguchi and Watada, 1996a,
1996b). Since hypoxic condition increased ethanolic fermentation
in many plants (Davies, 1980; Ke et al., 1995; Kennedy et al.,,
1992), low-O, atmosphere may increase the metabolism ofethanolic
fermenlation in carrots. Leshuk and Saltveit (1991) reported on the
ethanol concentration in carrol root disks 4 h after applying a low-
O, atmosphere; however, to our knowledge, there is no informa-
tion on long-term effects of low-O, atmosphere on fermentative
metabolites and related enzymes in carrots.

Our objective was to investigate the effects of low O, on
ethanolic fermentation of fresh-cut carrot roots. Levels of acetal-
dehyde and ethanol and activities of pyruvate decarboxylase
(PDC) and alcohol dehydrogenase (ADH) were determined in
fresh-cut carrots stored under different O, atmospheres and tem-
peratures.

Materials and Methods

PLANT MATERIALS AND TREATMENTS. Carrot roots were purchased
from a local wholesaler, shredded (=50 mm long, 5 mm wide, and
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4 mm thick), and storedin 3.8-L glass jars (100 g fresh mass per jar)
at 5 and 15 °C as previously described (Kato-Noguchi and Watada,
1996a). Jars were initially flushed with air for 2 h to dissipate
respiratory and physiological responses of wounding (Leshuk and
Saltveit, 1991). Then, a stream of 0.5% or 2% O, (balance N.) or
air was metered through the jar at 10 mL-min™' at 5 °C and 15
mL-min 'at 15 °C, which was sufficient to keep CO2 accumulation
<0.3%. In the preliminary study, no off-flavor or taste was noted
with carrot shreds held in these atmospheres for 7 d.

For determining enzyme activity, three jars of each (reatment
were removed daily during storage, and carrot shreds were frozen
immediately in liquid N, and stored at —80 °C until analysis.
Samples of day 0 were collected after ventilation with air.

EXTRACTION AND DETERMINATION OF ETHANOL AND ACETALDEHYDE.
The carrot shreds (20 g fresh mass equivalent) were immediately
homogenized with 50 mL of ice-cold 0.1 m HCI after sampling
using a Waring blender according to Ke et al. (1995). The
homogenate was filtered through four layers of cheesecloth, and a
5-mL aliquot of extract was transferred to a 10-mL screw-cap test
tube that was sealed with a Teflon septum.

After incubation for 20 min at 70 °C, a 1-mL sample of
headspace gas was injected into a gas chromatograph (GC-12A;
Shimadzu, Kyoto, Japan) equipped with FID detector (at 160 °C)
and a Porapac Q column (3 mm x 3 m). The tflow rate of carrier gas
(N,) was 20 mL-min ', and the oven was kept at 140 °C. The
ethanol and acetaldehyde concentration in the sample was calcu-
lated from the peak arca. Internal standards for ethanol and
acelaldehyde, added to the extraction medium before sample
homogenation, showed 80% + 5% and 82% +7% recovery, respec-
tively, as calculated from five replications.

MEASUREMENT OF PH. Carrot shreds (2() g fresh mass equivalent)
were homogenizedin Waring blender, and the pH of the homogenate
was immediately measured with pH meter (601A, Orion, Cam-
bridge, Mass.) (Leshuk and Saltveit, 1991).

EXTRACTION AND ASSAY OF ENZYMES. Frozen carrot shreds (2.5 g
fresh mass equivalent) were ground to a fine powder in liquid N,
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using a mortar and a pestle. Before the liquid N, had cvaporated,
10 mL of ice-cold 100 mm MES buffer (pH 6.5) containing 2 mm
dithiothretol and 2.5 g insoluble PVP was added to the sample and
the mixture was homogenized. The homogenate was filtered
through four layers of cheesecloth and centrifuged at 30,000x g for
25 min at4 °C. The resulting supernatant was used immediately for
measuring ADH and PDC activities.

Quantification of ecnzyme activity was performed spec-
trophotometrically by monitoring the oxidation of NADH at 340
nm for 15 min at 30 °C in the following 1-mL reaction mixture
according to Nanos et al. (1992): 85 mm MES (pH 6.5), 0.9 mm
NADH, (.02 mL sample, and 5 mM acetlaldehyde to initiate the
reaction for ADH; 85 mm MES (pH 6.5), 0.5 mm thiamine

pyrophosphate. 5 mm MgCl, 0.9 mm NADH, 14 units of ADH, 0.2
mL sample, and 5 mm Na-pyruvate to initiate the reaction for PDC.
The overall recovery of enzyme activity by this method was 91%
+4% and 87% * 5% for ADH and PDC, respectively, according to
five replicate assays with the pure enzymes. Protein was deter-
mined according to Bradford (1976) using bovine gamma globulin
as a standard.

POLYACRYLAMIDE GEL ELECTROPHORESIS. Nondenaturing elec-
trophoresis was performed using slab gels (1.5 mm thick) as
follows. Frozen carrot shreds were extracted, and the extract were
clarified by centrifugation as previously described. Each gel track
contained 85 pL of sample plus 15 pL of 90% glycerol containing
0.01% bromophenol blue. The running gel containing 8.8% (w/v)
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acrylamide-0.12% bisacrylamide, 0.38 M Tris-HCI (pH 8.8), and
12% (w/v) glycerol was polymerized with 0.08% (v/v) TEMED
and 0.036% ammonium persulfate. The stacking gel containing
5% acrylamide-0.07% bisacrylamide, 0.075 m Tris-HCI (pH 6.8),
and 12% glycerol was polymerized with 0.06% (v/v) TEMED and
0.005% ammonium persulfate for =5 h. Gels were run with 10 mm
Tris-77 mM glycine buffer (pH 8.8) in both electrode tanks at 15
mamps for 20 h at 4 °C and were stained in a solution containing
100 mL of 0.1 m Tris-HCI (pH 8.0), 50 mg NAD, 5 mg phenazine
methosulfate, 15 mg MTT, and 3 mL absolute ethanol (Arulsekar
and Parfitt, 1986). ADH bands appeared within 20 min, and
development was allowed to proceed an additional 30 min before
the reaction was stopped by rinsing in water

Results and Discussion

Concentration of ethanol in the carrot shreds was low on day 0
and did not change during storage in air at either storage tempera-
ture (Fig. 1). Ethanol in carrots under low-O, atmospheres accu-
mulated rapidly during the first 3 d and only slightly thereafter.
Accumulation of ethanol was much greater at 0.5% than at 2% O,
and at 15 than 5 °C. On day 0, the concentration was 0.57 and 0.61
Lmol-g* (fresh mass basis) for samples at 5 and 15 °C, respec-
tively. By day 3, the ethanol increased 38- and 13-fold with
samples in 0.5% and 2% O, at 15 °C, and 25- and 9.5-fold with
samples in 0.5% and 2% O, at 5 °C, respectively, compared with
samples in air. The greater accumulation at 15 °C was probably due

Fig. 3. Changes in the level of ADH activ-
ity in carrot shreds held in 0.5% (@) or 2%
0, ((3) atmosphere, and air (M) at 5 and
15 °C. Data are means * st from three
experiments with three assays for each
determination.

Fig. 4. Changes in the level of PDC
activity in carrot shreds held in 0.5% (@)
or 2% O, (O} atmosphere, and air (M) at
5 and 15 °C. Data are means * st from
three experiments with three assays for
each determination.
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to the higher metabolism rate at 15 °C than at 5 °C. The average
accumulation rate of the ethanol was 8.0, 2.6, 5.2, and 1.9 pmol-g!-d™!
(fresh mass basis) by day 3 and 1.6, 0.8, 0.9, and 0.3 pmol-g'-d!
(fresh mass basis) after day 3 for samples in 0.5% and 2% O,at15

1 2 .8 4

5 6 7

Fig. 5. Changes in ADH isozym'es in carrot shreds held in 0.5% or 2.1% O,
atmospheres and air at 5 (A) and 15 °C (B). Day 0 (lane 1); day 1, air (lane 2), 2%
O, (lane 3),and 0.5% O, (lane 4); and day 3, air (lane 5), 2% O, (lane 6), and 0.5%

O, (lane 7). Top is the cathode and bottom is the anode in each section.

and 5 °C, respectively. This decreasing accumulation after day 3
may be due to diffusion of ethanol out of carrot tissues or metabo-
lism of ethanol to other compounds (Ke et al., 1995). Leshuk and
Saltveit (1991) determined the lag time before increase of ethanol
in carrot disks under anoxia to be =30 min.

The concentration of acetaldehyde was much lower than the
corresponding concentration of ethanol but followed a similar
pattern (Fig. 2). At day 3, the concentration of acetaldehyde in the
carrots was 1.2%, 1.3%, 1.0%, and 1.1% of the corresponding
ethanol concentration for 0.5% and 2% O, at 15 and 5 °C,
respectively.

Endogenous production of acetaldehyde and ethanol is due to
the role of PDC, which catalyzes the decarboxylation of pyruvate
to acetaldehyde and is at a branch point between the Krebs cycle
and ethanolic fermentation. The terminal enzyme in the ethanolic
fermentation pathway is ADH that converts acetaldehyde to etha-
nol (Kennedy et al., 1992). The ADH and PDC activities in carrot
shreds increased sharply under low O, and reached plateaus after
3 d, whereas they remained unchanged in air (Figs. 3 and 4). The
ADH in shreds held in 0.5% and 2% O, at 15 and 5 °C increased
to levels that were 7.6-, 3.8-, 6.3-, and 2.7-times greater, respec-
tively, than those held in air. The PDC levels were 4.2-, 2.3-, 39, and
2.2-times greater, respectively. The increase in ADH and PDC
activities during the first 3 d were similar to the increase in ethanol
and acetaldehyde increases (Figs. 1-4). A detailed time study with
beet roots showed that the increase in ADH and PDC activities
occurred within 3 h after transfer from air to anoxia (Zhang and
Greenway, 1994).

Most diploid plants have multiple ADH genes (Gottlieb, 1982;
Sachs and Ho, 1986), many having a two-gene, three-isozyme
system (Tanksley, 1983; Xie and Wu, 1989) and some plants have
more than two ADH genes [e.g., barley (Hanson et al., 1984) and
pear (Nanos et al., 1992)]. However, all isozymes could not be
found in each plant tissue due to the limited expression of the
specific ADH isozymes (Ke et al., 1994; Xie and Wu, 1989).
Extracts of carrot cells in suspension culture exhibited five bands
of ADH activity on zymograms of starch gel electrophoresis;

however, extracts of root tissues
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(Fig. 5). One or two bands stained
slightly more intensely in day-1
and -3 samples stored under low-
O, atmospheres than samples
stored in air. These results indi-
cate that the increase in ADH ac-
tivity may be due to increased
synthesis of the enzyme. In maize,
mRNA for ADH began to increase
after 1.5 h of anaerobic treatment
and continued to increase for 5 h
when the level plateaued at a
50-fold above that of the aerobic
1 level (Dennis et al., 1985).
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Fig. 6. Changes in pH in carrot shreds held
in0.5% (®)or2% O, (O) atmospheres and
air (M) at 5 and 15 °C. Data are means * SE
from three experiments with three assays
for each determination.
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The pH of the carrot shreds kept in air remained constant at =6.5
(Fig. 6). Underlow-O, atmospheres the pH dropped 0.3 10 0.4 units
and remained at this level during the experiment. These pH valucs
are similar to those reported in carrot disks (Leshuk and Saltveit,
1991). Roberts etal. { 1984) reported that ADH played an important
role for tight cytoplasmic pH regulation under hypoxia. This was
shown with maize ADH null mutants that were unable to synthe-
size ethanol during anaerobic stress and also were unable to
regulate cytoplasmic pH due o competing lactic acid fermenta-
tion, which led to cytoplasmic acidosis and premature death. The
optimum pH for PDC and ADH present in crude extracts of carrots
was =6 and 7, respectively, under the standard assay condition. A
decrease in pH would activate PDC and slightly inhibit ADH
activity; however, ADH activity was =10 times higher than PDC
activity (Figs. 3 and 4). Therefore, a possible inhibition of ADH
activity by a decrcasc in pH would not limit the conversion of
acetaldchyde to cthanol, and the reduced pH may increase some-
what the ethanolic fermentation.

Low-0, atmospheres increased ethanol and acetaldehyde con-
centrations and the activitics of ADH and PDC. All the increases
were grealer at 0.5% than 2% O, and at 15 than 5 °C. These results
suggest that ethanolic fermentation was accelerated more in 0.5%
than 2% O, and more accelerated at the higher storage temperature
than the lower one. This acceleration may allow glycolysis to
continue due to consumption of pyruvate and regeneration of
NAD* (Davies, 1980; Kennedy etal., 1992). In addition, ADH was
necessary for removal of acctaldchyde because of its phytotoxic
effect (Perata and Alpi, 1991) and for tight cytoplasmic pH
regulation (Roberts et al., 1984). When O, becomes limiting,
glycolysis has accelerated in many plants, and the glycolytic
pathway was considered to replace the Krebs cycle as the main
source of energy (Kennedy et al., 1992). Thus, ethanolic fermen-
tation may be essential for the plant’s survival during O,-limiting
conditions. Carrot tissues showed an increase in glycolysis
(Kato-Nogochi and Watada, 1996a, 1996b) and ethanolic fermen-
tation under low-O, atmospheres and could produce some ATP
through substrate phosphorylation, which may permit carrot tis-
sues to survive temporarily without serious injury.
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