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Abstract. Non-SO2-fumigated ‘Thompson Seedless’ table grapes (Vitis vinifera L.) were
stored at 5 or 20 °C for 6 and 4.5 days, respectively, in air or one of four insecticidal
controlled atmospheres (ICA); 0.5% O2 + 35% CO2; 0.5% O2 + 45% CO2; 0.5% O2 + 55%
CO2; or 100% CO2. The fruit were evaluated for weight loss, berry firmness, soluble solids
concentration (SSC), titratable acidity, berry shattering, rachis browning, berry browning, and volatiles (acetaldehyde and ethanol). Fruit quality was not affected at 5 °C with
the exception of greater rachis browning in fruit treated with 0.5% O2 + 45% CO2. At 20
°C, ICA treatments maintained greener rachis compared to the air control; however, SSC
was reduced in the fruit treated with 55% and 100% CO2. At both temperatures, ICA
induced the production of high levels of acetaldehyde and ethanol. Ethanol concentrations
were two-thirds lower at 5 °C than at 20 °C. Consumer preference was negatively affected
by some ICA treatments for grapes kept at 20 °C, but not by any of the treatments at 5 °C.
Preliminary data for mortality of omnivorous leafroller pupae (Platynota stultana
Walshingham), western flower thrips (Frankliniella occidentalis Pergande) adults and
larvae, and pacific spider mite (Tetranychus pacificus McGregor) adults and larvae
indicate that many of the ICA treatments would provide significant insect control.
Methyl bromide, a fumigant widely used
for insect quarantine treatment of fresh commodities, is scheduled for phaseout in the
United States in 2001. There is great interest in
finding alternative treatments. Controlled atmospheres (CA) with elevated CO2, reduced
O2 concentrations, or both could be an effective treatment against some insect pests (Carpenter and Potter, 1994; Carpenter et al., 1993;
Kader and Ke, 1994; Ke and Kader, 1992). CA
are effective for control of many insects that
attack stored grain, especially when CO2 is
>50% and O2 is <1% (Fleurat-Lassard, 1990;
Jayas et al., 1991). CA are very effective for
insect control in dried fruit and nuts
(Soderstrom and Brandl, 1990). The feasibility of CA for controlling insects in fresh fruit
and vegetables varied according to the temperature at which these commodities could be
stored without injury and also according to
their response to high CO2 or low O2 (Aharoni
et al., 1979, 1981; Batchelor et al., 1985;
Prange and Lidster, 1992).
Previous CA research on table grapes has
focused on CA as an alternative to SO2 for
decay control and for long-term storage
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(Harvey and Uota, 1978; Nelson, 1969; Yahia
et al., 1983). However, the response of ‘Thompson Seedless’ grapes to short-term high-CO2
treatments for control of insects is unknown.
After 133 days of storage at –1.1 °C, Nelson
(1969) observed an increase in berry and stem
browning, and development of an off-flavor
with CO2 >15%. High soluble solids concentration (SSC) was correlated with browning of
the stem and the berries. Although Nelson
(1969) found that 15% CO2 provided disease
control similar to SO2, he concluded that the
threshold of CO2 tolerance for >4 months
storage appeared to be between 10% and 15%
CO2.
Storage of ‘Italia’ grapes at 0 °C under
0.5% O2 in N2 resulted in good control of
Botrytis cinerea Pers.:Fr during 4 months of
storage (Cimino and Zapanangeli, 1990). However, storage of grapes at 2% or 21% O2 with
0%, 2%, or 5% CO2 induced stem darkening
during 1 month of storage (Laszlo, 1985).
Although there was no difference in grape
palatability in this study, the SO2-fumigated
control had less decay than CA-stored grapes.
Claypool and Allen (1947) stored grapes for
10 days at 18 or 4.5 °C under 21%, 15%, 10%,
5%, and 2.5% O2. The reduced O2 levels did
not produce any noticeable change in the ripeness or the flavor of the berries nor did the low
O2 level affect berry shattering. Low-O2 (2.5%)
storage provided decay control, but as the O2
concentration increased, fungal growth developed on the stems. Although these studies do
not indicate tremendous promise for longterm storage of grapes in CA, the data indicate
that grapes may tolerate short-term exposure
to CA.
The objective of this study was to determine the response of ‘Thompson Seedless’

table grapes to short-term exposure to highCO2 and low-O2 atmospheres that have potential to provide quarantine security against insects and mites. Preliminary testing of these
atmospheres for mortality of omnivorous
leafroller (OLR) pupae, western flower thrips
(WFT) adults and larvae, and pacific spider
mite (PSM) adults and larvae also was conducted to determine the potential of these
treatments for quarantine control of these important California table grape pests.
Materials and Methods
Non-SO2-fumigated ‘Thompson Seedless’
grapes were obtained from the southern San
Joaquin Valley of California on 23 Aug. and
from the central San Joaquin Valley on 15
Sept. 1994 for two separate experiments. The
fruit was transported the day of harvest in an
air-conditioned vehicle to the Univ. of California at Davis and stored overnight at 5 °C,
before clusters were selected for uniformity;
condition of the pedicel, rachis, and capstem;
and cluster size, greenness, and absence of
decayed berries. Defective berries were
trimmed from clusters and several clusters
were selected to give ≈1.5 kg for each of four
replications. Preliminary experiments with
insects and mites guided the selection of atmospheres, temperatures, and treatment times.
Each replication was placed in a 9.5-L
glass container. In the first experiment, fruit in
the jars were stored at 20 °C for 4.5 days under
the following flow-through atmospheres: air
(21% O2 + 0.03% CO2); 0.5% O2 + 35% CO2;
0.5% O2 + 45% CO2; 0.5% O2 + 55% CO2; and
100% CO2 (balance N2 for all, except air). In
the second experiment, fruit were stored at 5
°C for 6 days. Flow-through atmospheres were
identical to those used in the first experiment.
After 4.5 or 6 days, fruit were transferred to air
at 20 or 5 °C, respectively, and quality evaluations began 8 h later. The remaining fruit
were transferred to 0 °C and quality was evaluated after 3 or 10 days of storage.
Quality evaluations. The following objective measurements were made immediately
after harvest, 8 h after removal from the insecticidal controlled atmospheres (ICA), and after 3 days storage in air at 0 °C. The skin was
removed from the side of each of 10 berries per
replication using a razor blade and resistance
to compression (with a 4.8-mm-diameter
plunger) was measured using a Univ. of California fruit firmness tester (Western Industrial
Supply Co., San Francisco). Juice was extracted from 10 berries per replication with a
hand-press juicer. Percent SSC was measured
with a temperature-compensated refractometer (American Optical Corp., Buffalo, N.Y.).
Titratable acidity (TA) was measured by titrating 4 g of juice to pH 8.2 using an automatic
titrator (Radiometer, Copenhagen, Denmark).
Tartaric acid equivalents were calculated to
give percent TA. An aliquot of juice was
frozen at –40 °C for later volatile analysis.
Berry shattering was determined by the percentage of berries per cluster that separated
during 2 s of moderate shaking in a paper bag.
The total number of berries per cluster was
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estimated in the 20 °C experiment, based on
the average weight per berry calculated from a
10-berry sample for each cluster and the total
cluster weight. In the 5 °C experiment, the
number of berries per cluster were counted.
Clusters were subjectively evaluated for rachis and berry browning.
Volatile analysis. Ethanol and acetaldehyde concentration of grape juice were determined by the method of Davis and Chace
(1969) with some modifications as described
by Ke et al. (1991b). Five milliliters of juice
was incubated 1 h at 65 °C in a septum-capped
tube. A 1-mL sample from the headspace gas
was analyzed for acetaldehyde and ethanol
concentration using a gas chromatograph
(model GC-9 AM; Shimadzu, Kyoto, Japan)
with a flame ionization detector (250 °C) and
a 5% carbowax on 60/80 Carbopack column
(Supelco, Bellefonte, Pa.). Volatiles were quantified by comparison to known standards and
the concentration in juice samples expressed
as µL•L–1.
Consumer preference analysis. The fruit
were presented to a consumer panel for preference testing 3 days after transfer to air storage
at 0 °C. Testing was conducted on campus and
consumers were asked to participate only if
they liked grapes. A tray was placed before
each consumer with randomized cups containing three berries each with one cup per treatment. Cups were presented in a circle for both
experiments. For the 20 °C experiment, a total
of 53 consumers participated. Of those, 25
were female and 28 male. The age ranged from
17 and 72 years, with a mean of 32. Grapes had
been purchased or eaten by 23 of the participants within the last week. For the 5 °C experiment, a total of 58 consumers participated. Of
these, 33 were female and 25 male. The age
ranged from 16 to 48 years, with a mean of 26.
Grapes had been purchased or eaten by 29 of
the participants within the last week. Consumers were instructed to taste each berry in the
cups and to treat the cup as one sample. The
consumers were instructed to rank the samples
in order of preference from most to least preferred.
Insect mortality tests. Omnivorous
leafrollers (OLR) were raised on an artificial
diet based on lima beans (Phaseolus lunatus
L.) (Yokoyama et al., 1987) in an incubator at
27 °C. Pupae were collected into small plastic
cups (29.56 mL) with mesh lids to allow for
gas exchange. Pacific spider mites (PSM) were
raised on cotton (Gossypium hirsutum L.)
plants. Individual leaves were visually inspected for presence and mortality of mites
before CA treatments and dead mites were
removed. Leaves were placed in plastic cups
as described for OLR. Western flower thrips
(WFT) were collected from greenhouse-grown
alfalfa (Medicago sativa L.) flowers with a
known population of WFT. Flowers were
placed in mesh bags made of polyester (107µm pores). Insects and mites in cups or bags
were placed in 3.8-L jars under flow-through
atmospheres similar to those used in the grape
studies. These experiments were conducted
separately from the grape experiments but
under the same conditions.
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Statistical analysis. For the grape experiment, the design was completely randomized
with four replications per treatment. The grape
data were analyzed using the General Linear
Models procedure (SAS Inst., Cary, N.C.),
while the consumer preference data were analyzed using the Newell–MacFarlane twofactor ranked analysis of variance (Newell
and MacFarlane, 1987).
Results
The ICA treatments at 20 and 5 °C did not
affect fruit weight loss, firmness, TA, berry
browning, or berry shattering (data not shown).
ICA treatment at 20 °C. Grapes treated for
4.5 days at 20 °C in air had considerable rachis
browning (Table 1). Fruit in ICA at 20 °C had
significantly less rachis browning than control
fruit in air (Table 1) and no decay (data not
shown). Grapes treated with 0.5% O2 + 55%
CO2 or with 0% O2 + 100% CO2 had significantly lower SSC than control fruit in air. SSC
did not show significant differences after 3
days of storage at 0 °C (data not shown), while
rachis browning was worse (Table 1). All ICA
treatments resulted in an accumulation of acetaldehyde and ethanol (Fig. 1 A and B).
Ethanol concentrations decreased in fruit from
all ICA treatments during 3 days of storage in
air at 0 °C (Fig. 1A), while acetaldehyde
concentration continued to increase in fruit
treated with 0.5% O2 + 35% or 45% CO2, while
remaining unchanged in fruit from other treatments (Fig. 1B).
ICA treatment at 5 °C. ICA treatments
showed few negative affects on grapes treated
for 6 days at 5 °C. Only rachis browning was
significantly affected by the treatments (Table
1). Grapes held under 100% CO2 or with 0.5%
O2 + 45% CO2 had more rachis browning upon
removal from the ICA treatment than control
grapes held in air. However, these differences
did not persist after 3 days (Table 1) or 10 days
(data not shown) storage at 0 °C. Acetaldehyde and ethanol accumulated in ICA-treated
grapes (Fig. 1 C and D). Ethanol concentration
changed little after transfer to air at 0 °C (Fig.

1C). Acetaldehyde concentration continued to
increase after transfer to air at 0 °C and the
concentration in fruit treated with 0.5% O2 +
55% CO2 increased to higher levels than in
fruit treated with other atmospheres (Fig. 1D).
Consumer preference analysis. The consumer preference analysis produced little significant difference at either temperature. At 20
°C, only grapes treated with 0.5% O2 + 55%
CO2 were preferred less than the grapes treated
with air, but were not significantly different
from the grapes from other ICA treatments
(Table 2). However, at 5 °C grapes treated
with 0.5% O2 + 55% CO2 were preferred over
grapes treated with 100% CO2, but were not
significantly different from air-stored fruit or
other ICA treatments (Table 2).
Insect mortality. All specimens of the three
species tested died after 6 days at 5 °C in 100%
CO2 or 0.5% O2 + 55% CO2 (Table 3). After 6
days at 5 °C in 0.5% O2 + 45% CO2, OLR
pupae and WFT adults died, while mortality of
WFT larvae was 98% and that of PSM was
>90%. After 4.5 days at 20 °C, 100% mortality
was attained in all ICA atmospheres for all
species tested (data not shown). Mortality in
air ranged from 4% to 22%.
Discussion
Insecticidal controlled atmospheres had
little negative effect on the quality of ‘Thompson Seedless’ grapes, particularly at 5 °C.
Nelson (1979) indicated that browning of the
rachis is considered a secondary symptom of
water loss, especially at high temperatures.
Water loss at 20 °C may have contributed to
rachis browning, yet storage in ICA appeared
to reduce browning while the grapes were in
ICA. Laszlo (1985) found no difference in the
rachis condition and firmness of table grapes
exposed to 1%, 2%, 3%, or 21% O2 and 0%,
1%, 5%, or 10% CO2 at 0 °C. Yahia et al.
(1983) found no significant differences in pH,
TA, or firmness of ‘Thompson Seedless’ grapes
after 2 months at 0 °C with 2% O2 + 5% CO2
or 10% CO in air.
Tolerance to ICA has been reported for

Table 1. Soluble solids concentration (SSC) and rachis browning of ‘Thompson Seedless’ grapes after 4.5
days at 20 °C or 6 days at 5 °C in insecticidal atmospheres.
Atmosphere
O2 (%)
CO2 (%)

SSC
(%)

Rachis
browning 1z

Rachis
browning 2z

2.5 ay
1.4 b
1.4 b
1.7 b
1.6 b
**

3.7 a
2.4 b
2.0 b
2.2 b
2.4 b
**

20 °C
21
0.5
0.5
0.5
0

0.03
35
45
55
100

18.0 a
17.6 a
17.8 a
16.9 bc
16.6 c
*

21
0.5
0.5
0.5
0

0.03
35
45
55
100

19.5
19.8
19.8
19.9
19.1

5 °C
0.5 b
0.8
0.6 ab
1.0
0.9 a
1.1
0.5 b
1.0
0.9 a
1.2
NS
*
NS
z
Rachis browning evaluation times: 1 = upon removal from insecticidal controlled atmosphere; 2 = after 3
days at 0 °C in air.
y
Rachis browning scale: 0 = none; 1 = slight; 2 = moderate; 3 = severe; 4 = extreme.
NS, *, **
Nonsignificant or significant at P ≤ 0.05 and 0.01.
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Fig. 1. Ethanol and acetaldehyde content of table grapes after insecticidal controlled-atmosphere treatments
at (A and B) 20 °C and (C and D) 5 °C. Volatiles measured in headspace gas after incubation of 5 mL
of juice in a sealed vial. Arrows denote transfer to air at 0 °C. Vertical bars represent SD.

other commodities (Ke et al., 1994; Pesis et al.,
1994; Yahia et al., 1992). An important benefit
of high-CO2 treatments is the fungistatic action of CO2 levels >15% (Wells and Uota,
1970). Treatment with ICA may provide sufficient decay control to allow a reduction in the
need for SO2 fumigations for rapidly marketed
fruit. Also, although grapes treated in this
study were not fumigated with SO2, other
experiments have indicated that SO2 fumigation would be compatible with ICA treatments
(unpublished data).
Anaerobically produced volatiles, such as
acetaldehyde and ethanol, accumulated under
low-O2 and high-CO2 atmospheres, with greater
accumulation at higher temperatures (Ke and
Kader, 1990; Ke et al., 1991c, 1994; Pesis et
al., 1994; Saltveit and Ballinger, 1983). Our
data agree with these observations (Fig. 1).
Saltveit and Ballinger (1983) observed that 1
to 7 days was required to reduce the ethanol
Table 2. Consumer preference analysis of ‘Thompson Seedless’ grapes after 4.5 days at 20 °C or 6
days at 5 °C in insecticidal atmospheres plus 3
days storage in air at 0 °C.z
Storage temp (°C)
Atmosphere
20
5
O2 (%)
CO2 (%)
Rating
21
0.03
2.6 ay
2.9 abx
0.5
35
3.3 ab
2.9 ab
0.5
45
3.4 ab
3.0 ab
0.5
55
4.3 b
2.3 a
0
100
3.4 ab
3.3 b
z
Newell–MacFarlene two-factor ranked analysis of
variance at P ≤ 0.05.
y
1 = most preferred; 6 = least preferred (data for one
treatment not presented).
x
1 = most preferred; 5 = least preferred.
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content in ‘Carlos’ grapes by 50% during
storage at 0 °C. Pesis et al. (1994) observed a
10- to 50-fold greater concentration of ethanol
compared with acetaldehyde in apples (Malus
domestica Borkh.) after 1 week of storage at
20 °C following exposure to high CO2. Reduction in acetaldehyde has been attributed to
volatilization or further metabolism by the
fruit (De Pooter et al., 1983, 1987; Mattheis,
1991). Our results for storage in air at 0 °C
after ICA indicate a minimal reduction in
ethanol and no change or an increase in acetaldehyde concentration. The lack of reduction
in acetaldehyde and the minimal reduction in
ethanol upon transfer to air at 0 °C may have
been related to the low temperature (0 °C) and
the short time in air storage (Fig. 1).
Consumer preference was negatively affected by treatment with 0.5% O2 + 55% CO2
at 20 °C. While acetaldehyde content was
lower than in fruit treated with 35% or 45%
CO2, the SSC for grapes treated with 0.5% O2
+ 55% CO2 also was significantly lower than
control fruit. Ke et al. (1991c) demonstrated in
a range of fruits that the ethanol content that
would cause slight off flavor increased with

the SSC of the commodity. According to Ke’s
data, a SSC of 17% and ethanol at 3800 µL•L–1,
which was present in fruit treated with 55%
CO2 at 20 °C, could result in slight off flavor.
This accumulation likely affected consumer
preference for these fruit. However, preference for grapes treated with 100% CO2, which
also had lower SSC and high volatile content,
was not significantly different from that for
the air control (Table 2).
At 5 °C, there was little difference in consumer preference for treated grapes. Fruit
treated with 0.5% O2 + 55% CO2 were preferred over grapes treated with 100% CO2.
Fruit treated with 55% CO2 had the highest
acetaldehyde content at the time of the sensory
evaluation. Small amounts of acetaldehyde
and ethanol enhance sensory quality (Paz et
al., 1981; Pesis and Frenkel, 1989), while high
concentrations may be detrimental to sensory
quality (Smagula and Bramlage, 1977). Sensory quality of strawberries (Fragaria
×ananassa Duch.) was unaffected by ICA
treatments with 0% O2 and 50% or 80% CO2
for up to 6 days at 0 or 5 °C, providing the fruit
were stored at 0 °C in air for 10 days before
sensory analysis (Ke et al., 1991a). These data
indicate the importance of time after treatment
to the outcome of sensory analysis.
Our data indicate that some of the ICA
tested show promise for control of OLR pupae, WFT adults and larvae, and PSM adults
and larvae within 4.5 days at 20 °C or 6 days
at 5 °C. Grape quality after 6 days at 5 °C was
not negatively affected by the ICA treatments.
However, at 20 °C, although ICA-treated
grapes were not significantly different from
air-stored grapes in quality, the high amount of
rachis browning, likely due to storage temperature, would make such a treatment unacceptable commercially, while treatment at 5
°C appears promising.
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