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Introduction
With the continued loss of currently used
postharvest decay control measures (i.e. pesticides),
there is a perpetual need to search for alternatives.
One potential alternative, proposed recently by Day
(1996), is the use of elevated oxygen atmospheres.
He proposed that these atmospheres could control
decay while also preventing off-flavor and odor
development in fruits, which can be encountered
with the traditionally used atmospheres of elevated
carbon dioxide and low oxygen.  In this article we
will examine the potential of elevated oxygen as a
postharvest decay control measure.

Oxygen Toxicity
Except for organisms especially adapted to live
under anaerobic conditions, all plants and animals
need oxygen for the production of energy and
maintenance of life. Yet, oxygen is toxic to life at
concentrations only slightly greater than in air
(hyperbaric oxygen).  Bert (1878) gave us the clear
notion that oxygen at increased concentrations was
toxic to living cells, showing both the universal
nature of oxygen toxicity as well as the variation in
sensitivity among species.

Toxicity of hyperbaric oxygen  may be due to
the unfavorable effects on the oxidation- reduction
potential of the system, the oxidation of certain
enzymes, especially those having sulfhydryl groups
or disulfide bridges and the accumulation of injuri-
ous reactive oxygen products. Moreover, Gerschman
et al. (1964) and Haugaard (1968) suggested lipid
peroxidation as another cause of oxygen toxicity.
However, the major explanation for oxygen toxicity,
which gains widespread acceptance, is the formation
of superoxide radicals (O2

-), which are destructive to
some aspects of cell metabolism (Fridovitch, 1975).

In general, aerobic bacteria and fungi are
more resistant to oxygen toxicity than are mamma-
lian cells. Their growth usually resumes when the
organisms are returned to air (Haugaard, 1968). It
appears that fungi are substantially more resistant

to high oxygen than are plant (Caldwell, 1956) and
animal tissues (Bean, 1945), although not as resis-
tant as some bacteria (Caldwell, 1965).  Oxygen is a
substance universally toxic to living cells. It is only
by developing special defense mechanisms that
organisms can survive the ever present oxidizing
potential of the oxygen in their surroundings
(Haugaard, 1968).

Searching the available literature suggests
these atmospheres might be more damaging to the
fruit than to the microorganisms.  However, too
little research on commodity response and on decay
control has been done.  Studies on the effects of
hyperbaric oxygen on ripening parameters, such as
respiration, ethylene production and color formation
on plums (Claypool & Allen, 1951), avocados (Biale,
1946) and tomatoes (Frenkel & Garrison, 1976),
have shown that generally these attributes increase
with increasing oxygen levels.  No obvious phytotox-
icity was reported.

Case Studies
Studies on the effect of elevated oxygen on microor-
ganisms themselves have been few and quite vari-
able in their results.  Caldwell (1965) found that
exposure of bacteria and fungi to 10-atm oxygen
suppressed their growth completely. On return to
air, the fungi began to grow after a variable delay
period, whereas the bacterial cultures, with one
exception, resumed growth immediately.  It is
worthy to note that this effect was not solely due to
elevated oxygen concentrations, but also to the
increase in atmospheric pressure.

Robb (1966) reported that of 103 species of
fungi exposed to high oxygen concentrations (10-atm
pressure) for 7 days, 52 species resumed growth
after treatment. Of these species, 22 recovered after
14 days of exposure. On resumption of growth, after
a lag period between decompression and recovery,
growth rates were the same as those of untreated
colonies. This group of 22 fungi included several
species of Aspergillus, as well as six species of
Penicillium.
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More detailed investigation of the reactions of
Fusarium solani, Rhizopus arrhizus and Mucor
racemosus showed that the lag period of growth
following exposure to high oxygen generally in-
creased with increasing exposure times. The extinc-
tion points, that is the exposure that killed all
replicates, varied and at exposures approaching the
extinction point there was selective survival either
of spores or strains of these three fungi.

Recently, Day et al. (1996) suggested that
high oxygen atmospheres are advantageous for use
in modified atmosphere packaging to directly inhibit
decay-causing organisms.  Gonzalez and Day (1998)
later suggested that 99% oxygen alone did not
prevent the growth of any of the following microor-
ganisms tested: Pseudomonas fragi, Aeromonas
hydrophila, Yersinia enterocolitica and Listeria
monocytogenes. They found that the P. fragi and A.
hydrophila were inhibited only slightly (14 and 15%,
respectively).  However, the combination of high
oxygen and 20% carbon dioxide significantly inhib-
ited all the organisms tested. They also found that
the combined effect of oxygen and carbon dioxide
was enhanced at lower temperatures.  This is not
surprising as atmospheres of 10% carbon dioxide
and greater are well-known fungistats and are
commercially used for some commodities (Mitchell,
1992).  However, many commodities cannot tolerate
these high carbon dioxide levels, which can initiate
or aggravate physiological disorders; cause irregular
fruit ripening, off flavors and odors; and even
increase decay susceptibility (Kader, 1995).

Amanatidou et al. (1999) reported on the
effect of elevated oxygen and carbon dioxide on the
surface growth of various microorganisms associated
with vegetables and considered important human
pathogens. They found that in general exposure to
80 to 90% oxygen alone did not strongly inhibit
microbial growth, but caused a significant reduction
in the growth rate of some of the microorganisms
tested, such as Salmonella enteritidis, Salmonella
typhimurium and the biological control yeast Can-
dida guilliermondii. In contrast, growth of other
microorganisms was actually stimulated.

Carbon dioxide at 10 to 20% was much more
effective in significantly reducing the growth of
Pseudomonas fluorescens and of Salmonella enteriti-
dis.  The combined application of 80 to 90% oxygen

together with either 10 or 20% carbon dioxide had
an inhibitory effect on the growth of all microorgan-
isms tested. In general, a notable prolongation of the
lag phase and a reduction in the final population
density was observed. The most prominent effect
was with the yeast antagonists that were completely
inhibited in their growth. They concluded that when
high oxygen or high carbon dioxide were applied
alone, the inhibitory effect on microbial growth was
highly variable. Stronger and much more consistent
inhibition of microbial growth was obtained when
the two gases were used in combination
(Amanatidou et al., 1999).

Recent Experiments
In a preliminary experiment, the effects of various
concentrations of oxygen with and without 15%
carbon dioxide on the decay of grapefruit were
investigated. Most decay was caused by Penicillium
digitatum. The only effective reduction of decay
occurred with 80% oxygen, or its combination with
15% carbon dioxide, but not with 40% oxygen, or its
combination with 15% carbon dioxide. It is interest-
ing that 100% oxygen enhanced the Penicillium
decay of grapefruit in this experiment (Kader and
Ben Yehoshua, unpublished data).

In other experiments (Wszelaki and
Mitcham, unpublished), the effects of elevated
oxygen atmospheres in vitro on mycelial growth of
Botrytis cinerea, as well as the effects of the atmo-
spheres in vivo on strawberry decay were examined.
Eight atmospheres (21 (air), 40, 60, 80, 90 & 100%
oxygen, 40% oxygen + 15% carbon dioxide, and 15%
carbon dioxide (balance air)) were applied to plugs of
mycelia growing in Petri plates at 5°C (41°F).
Diameter of the colony was measured after 5, 7 and
14 days of treatment, and also after 1 and 3 days at
20°C (68°F) to determine if the atmospheres pro-
vided any residual protection. After 5 days, the 80,
90 and 100% oxygen treatments showed signifi-
cantly slower mycelial growth compared to the 21,
40 and 60% oxygen treatments, which were nearly
identical in their growth patterns.  However, 15%
carbon dioxide and the combination of 40% oxygen +
15% carbon dioxide was much more effective at
retarding Botrytis growth than any of the elevated
oxygen treatments alone (Fig.1).  After 7 days, the
results were similar.  However, after 14 days under
elevated oxygen, the 100% oxygen treatment had
surpassed both carbon dioxide treatments in myce-
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lial growth suppression.  The 90% oxygen treatment
was intermediate between the carbon dioxide
treatments, with greater suppression of growth than
the 15% carbon dioxide, but less than the combina-
tion treatment (Fig.1).  No residual protection in the
delay of mycelial growth after 1 and 3 days at 20°C
(68°F) was observed in any treatment.

fruit did not appear damaged by the high oxygen
treatment and quality parameters were similar for
all treatments.  However, fermentative volatiles
accumulated in all treatments.

Conclusion
While these treatments have shown some promise in
our and others data, the question of commercial
feasibility must be addressed.  It appears that the
oxygen atmospheres that are most effective for
decay control are those close to 80% or those in
combination with carbon dioxide.  These could be
difficult to maintain either in a package or on a
larger scale, as well as perilous in a commercial
situation.  Furthermore, the decay control does not
seem to be greatly superior to currently used meth-
ods of 10-15% carbon dioxide.  One aspect of the
potential benefits of elevated oxygen treatment that
is still under analysis in our laboratory is the effect
on fruit quality and anaerobic fermentation prod-
ucts.  If elevated oxygen can hinder decay without
compromising fruit flavor or odor, unlike some high
carbon dioxide treatments, which can produce off-
flavors and odors, it deserves further investigation
as a control measure.  Alternatively, assuming that
hyperbaric oxygen will ameliorate the undesirable
effects of carbon dioxide, then its commercial use
will most likely involve combinations with fungi-

Figure 2.  Strawberry (cv. Camarosa) decay after
14 days elevated oxygen treatment at 5 °C (41 °F).
In 14+2d, the additional two days indicate the time
the fruit was held at 20 °C (68 °F) to simulate
market conditions.  Decay scale:  0=no decay,
1=slight, 2=moderate, 3=severe.  Error bars indicate
one standard deviation.  n=20

Figure 1.  Mycelial growth after 5, 7 and 14 days
elevated oxygen treatment at 5 °C (41 °F). Each data
point represents the average of 3 reps of 6 plates
each.  Error bars indicate one standard deviation.

While the in vitro studies provide essential
knowledge, they are not always correlated to decay
growth on the fruit.  Atmospheric effects on both the
pathogen and the fruit can influence decay develop-
ment on the commodity.  Therefore, it was impor-
tant to look at the effects of the atmospheres directly
on the decay development of strawberries (cv.
Camarosa).  The same eight atmospheres were used
as for the mycelial growth experiment.  The fruit
were evaluated for decay after 5 and 14 days of
treatment, as well as after an additional 2 days at
20°C (68°F) in air to simulate market conditions.
After 5 days of treatment, decay levels were the
same for all treatments.  While after 14 days of
treatment, there was a decrease in decay with an
increase in oxygen concentration above 40% (Fig.2).
The 90 and 100% oxygen treatments had signifi-
cantly less decay than either the 15% carbon dioxide
by itself or in combination with 40% oxygen. How-
ever, after 14 days under the atmospheres plus 2
days at 20 °C (68°F), decay of the fruit from the 90
and 100% oxygen and 15% carbon dioxide treat-
ments was similar, although it remained less than
that of the other treatments (Fig.2).  The strawberry
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static concentrations of carbon dioxide on commodi-
ties that do not tolerate such carbon dioxide levels
alone.
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