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Ultra-low oxygen and nitric oxide treatment
for pests in pome and stone fruit

Ozone fumigation as post-harvest phytosanitary treatment

Insect pests and fungal pathogens dictate the timing,
level of investment, and scope of research for
fumigation regimes, integration of new technologies,
and cold treatment processes. If they are not mitigated
according to the phytosanitary requirements and
regulations in targeted export markets, access for
the premium-quality fruit of South Africa will be
significantly hindered.

The Post-Harvest Innovation (PHI) Programme and
Hortgro partnered to co-fund two research projects
in this regard. One focused on using ultra-low oxygen
(ULO), with and without nitric oxide (NO), for alter-
native post-harvest treatment of pests and fungal
pathogens in pome and stone fruit. The other, on
ozone fumigation as a post-harvest phytosanitary
treatment for insect pests and plant pathogens.

Regulatory restrictions have increased, fumigant
maximum residue limits (MRLs) are becoming more
restrictive (whilst chemical fumigants are being
phased out), and evolving consumer demands require
more sustainable production systems. These factors
have collectively necessitated the evaluation of
alternative phytosanitary interventions.

The phasing out of methyl bromide fumigation in
key export markets has sparked a quest for suitable
post-harvest treatments that are effective against
a wide spectrum of pests and fungal pathogens.
Dr Renate Smit (Hortgro PHYLA Manager and
researcher) noted minimal chemical residue and
maintained fruit quality as important prerequisites
for the alternative treatments.

PHYLA, a phytosanitary research laboratory and
insectary established by Hortgro in 2023, houses
a small-scale ULO fumigation system that enables
precise manipulation of oxygen, carbon dioxide,
nitrogen, and NO concentrations.

Background and overall goal

To control key internal and external pests, and fungal
pathogens that target South African pome and
stone fruit, Dr Smit evaluated ULO atmospheres,
with and without NO and in combination with cold
storage, as alternative post—harvest treatments.

In a second project, she evaluated the efficacy of
gaseous ozone fumigation as a post-harvest phyto-
sanitary treatment for controlling selected insect
pests and post-harvest fungal pathogens on pome fruit.

Ozone is a strong oxidizing agent that inflicts oxidative
damage to the respiratory system of the insect. This
causes the insect respiratory stress, cuticular damage
and eventual death.

And ozone gas (O3), with its well-documented
antimicrobial properties, is used for surface and
environmental sanitation in the food industry.

Its alignment with sustainability and residue-
reduction goals makes ozone an ideal alternative
in post-harvest applications. And international
research further substantiates the efficacy of ozone
fumigation for controlling post-harvest fungal
pathogens on pome fruit, as well a s suppressing
certain arthropod pests in stored commodities. As
for protection during cold storage, ozone can
oxidise ethylene to potentially retard ripening.

It makes sense to report on the two projects
together, because both sought to identify alter-
native fumigation regimes that meet international
phytosanitary requirements. Essentially, addressing
the same need using two different avenues.

The insect pests targeted in the ULO research in-
cluded the grain chinch bug and two-spotted red
spider mite (Tetranychus spp.) — external pests —



and codling moth — an internal pest. And the targeted
fungal pathogens were Penicillium expansum,
Penicillium digitatum, Botrytis cinerea (sensitive
and resistant strains), Diaporthe ambigua and
Lasiodliplodia theobromae.

Targeted organisms in the ozone fumigation research
were largely similar, with the addition of mealybug
and the banded fruit weevil. The impact of ozone
fumigation on fruit quality and ethylene dynamics
during cold storage was also assessed.

Dr Smit emphasised the overall goal of complete
insect pest mortality on the one hand and retained
fruit quality on the other. Of equal importance, she
added, are these pre-requisites for post-harvest
phytosanitary treatment efficacy: cost-effectiveness,
safety, and operational feasibility. However, these
can only be achieved through ongoing research and
development, which are crucial for continued entry
of South African fruit into key international markets.

Methodology

A small-scale ULO fumigation system was designed
and constructed for the ULO research to ensure
precise manipulation of oxygen, carbon dioxide,
nitrogen and nitric oxide concentrations — which
was imperative. NO fumigation was conducted under
hypoxic conditions (<30 ppm O) at concentrations
ranging from 1-5% and exposure durations of
2-24 hours.

With pest mortality and retained fruit quality ranking
high on the research radar, external pest mortality was
assessed directly after treatment and cold storage,
and egg viability and larval survival were monitored
over time. The response of grain chinch bug (a
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targeted external pest in this research), for example,
to various Oz and COy concentrations, at -0.5 °C
can be seen in Table 1 below.

Regarding fruit quality for both the ULO and ozone
treatments, the threshold of the fruit — across
cultivars — for phytotoxic damage was a critical
metric. Hence, fruit responses were evaluated
using the quantitative approach of regression
models, which were derived from central composite
designs. Regression models produce data from
spotting trends through analysis of relevant

Table 1: Exposure of grain chinch bug to different O; and CO; concentrations for 24 hours a

Control (no modified atmosphere)
0.1% O (balance nitrogen)

0.5% O (balance nitrogen)

1.1% O; (balance nitrogen)

0.1% O3 + 2.3% CO; (balance nitrogen)
0.5% O, + 2.3% CO; (balance nitrogen)
1.1% O, + 2.3% CO; (balance nitrogen)

8.3+ 6.0%
20 = 4.3%
64 + 6.3%
86 = 3.7%
56 +7.7%
74 = 3.5%
94 + 2.9%



relationships, providing vital information for
predictive decision-making.

All fumigation experiments followed a defined
sequence to distinguish screening, treatment and
storage effects. First, insects and/or inoculated fruit
were exposed to ULO or NO fumigation, either at
ambient temperature or under cold conditions,
depending on the objective.

For internal pest trials, Dr Smit and her research
team allowed larvae to develop to the target instar
inside fruit, at 25 °C, prior to treatment; fumigation
was then conducted on the fruit, at 2 °C under
hypoxic conditions, after which fruit were transferred
to -0.5 °C to simulate commercial cold storage.

Post-treatment assessments were performed either
immediately or after cold storage, with samples
subsequently held at 20-25 °C for recovery,
emergence or mortality evaluation. Ambient
fumigation trials were used only as short-duration
screening assays, whereas efficacy conclusions
were based on treatments combined with cold
storage. In the context of this research, an assay
(or rather, a bioassay) tells us what the impact of a
pest management regime is on the targeted pests.

In the ozone fumigation research, the team assessed
the mortality of external pests immediately after
treatment and cold storage, whereas egg viability
and larval survival were monitored over time.

The effects of ozone fumigation on pathogen lesion
development, insect pests, ethylene dynamics, and
fruit quality were an important consideration. Why?
This enabled the dual purpose of complete insect
pest mortality and maintained fruit quality.

A disease severity index (DSI) was used to quantify
disease severity. It integrated lesion incidence and
lesion diameter and — importantly — provided a bio-
logically meaningful metric for zero-inflated lesion data.

ULO and NO

ULO treatments alone, even when combined with
cold storage, were insufficient to achieve effective
control of two-spotted red spider mite adults or eggs.

In contrast, grain chinch bug mortality increased
under hypoxic conditions, particularly when
moderate CO; levels were included. However,
complete mortality required prolonged exposure or
additional stress factors.

NO fumigation under low oxygen conditions was
highly effective against motile insect stages. At
relatively low NO concentrations and short exposure
durations adult grain chinch bugs and adult red spider
mites were completely controlled. NO also suppressed
egg viability in red spider mites, although ovicidal
efficacy remained limited. For codling moth — the
internal pest — NO fumigation achieved high mortality
of larvae. However, high NO concentrations and
long exposure durations caused unacceptable
phytotoxic damage in apples.

Fruit quality

Dr Smit and her research team found fruit quality
responses to be highly cultivar- and concentration-
dependent. The phytotoxic damage in apples,
pears, and plums increased in tandem with an
increasing NO concentration — particularly above
3% NO - whereas exposure duration played a
secondary role. Lower NO concentrations
were associated with minimal quality impacts but
reduced insecticidal efficacy.

Ozone

Ozone fumigation was found to be capable of
suppressing the growth of key post-harvest fungal
pathogens, reduce red spider mite egg viability,
and lower ethylene concentrations during storage
without compromising pome-fruit quality. It showed
limited efficacy against certain insect pests, which
underscores two important factors: why defining
target-specific treatment regimens must be prioritised,
and why ozone fumigation should be viewed as part
of an integrated post-harvest management strategy
rather than a standalone insecticidal treatment.

Ethylene dynamics

Notably, ozone exposure reduced internal ethylene
levels in the fruit. The team found this to be
consistent with ozone-mediated oxidation of ethylene,
and that it suggests a potential secondary benefit
of ozone fumigation through modulation of ripening
and senescence processes during storage.



Fruit quality

As mentioned earlier, the study proved that ozone
can be applied safely without compromising fruit
quality, all whilst providing measurable benefits in
suppressing post-harvest fungal pathogens, reducing
red spider mite egg viability, and lowering ethylene
concentrations during cold storage.

Disease severity

The DSI recorded pathogen-dependent lesion
development in pears, in response to ozone fumi-
gation. For Penicillium expansum — an aggressive
fungal pathogen — and a fungicide resistant strain of
Botrytis cinerea the research team found that lesion
incidence remained high across treatments. How-
ever, through weekly ozone exposure, complete
suppression of lesions caused by the fungicide
resistant Botrytis strain was achieved. P expansum
recorded suppressive rather than curative effects
for ozone fumigation, which merely altered lesion
expansion. Non-resistant Botrytis did not produce
lesions under any treatment, which confirms limited
pathogenicity under the experimental conditions.

Apples showed lesion incidence that remained
close to 100% across ozone regimes. Here, ozone
effects were expressed primarily through changes
in lesion severity rather than infection frequency.
Short-duration ozone fumigation at 2 ppm,
consistently produced lower DSl values in ‘Granny
Smith’ apples compared with the control and
continuous low-dose ozone treatments. Ongoing
exposure to 500 ppb ozone was associated with
larger lesions, suggesting a stress-mediated
response without effective pathogen suppression.

Non-parametric statistical analyses (Kruskal-Wallis)
showed no significant treatment effects on DSI values
for pears or apples (P > 0.05). This reflects high bio-
logical variability and limited replication, which are
typical in lesion development studies. Again, this
reiterates ozone as a supplementary post-harvest
tool rather than a standalone insecticidal treatment.

The ozone treatment appeared to be successful at
low concentrations for the spore suspended strains.
However, contamination of the plates with Aspergillus
niger and Rhizopus spp. resulted in the masking of
the effect of ozone on the target fungal pathogens
(different concentrations) on treated plates.

And though - according to literature — higher concen-
trations are more effective, there is potential toxicity
to humans and fruit that needs to be considered.

Effective commercial implementation will require
lower NO concentrations that are applied over
extended periods, improved fumigation termination
protocols, and integration with cold storage or
modified atmospheres.

Regarding ozone, pathogen assays presented
challenges specific to contamination and inoculation
variability. These have informed protocol modifica-
tions for future trials, like improved aseptic handling,
laminar-flow inoculation, and enhanced cold-room
sanitation procedures.

The data generated on the efficacy of both fumigation
regimes for controlling post-harvest insect pests
and fungal pathogens on pome and stone fruit will
prove invaluable for the industry.

NO fumigation has been identified as a technically
feasible and potentially cost-effective alternative.
However, its efficacy and safety under commercial
cold-storage conditions require further investigation.

Outcomes will be instrumental in the develop-
ment of post-harvest sanitation and phytosanitary
protocols that can be integrated into commercial
cold-storage and packhouse operations.

And in the absence of industry guidelines or
standard operating procedures for ozone use in
post-harvest environments, industry role-players
may look to these developed protocols.

ULO and NO

The ULO project provides new knowledge on the
use of alternative fumigants, such as NO, to control
pests whilst maintaining fruit quality. It also high-
lights the complexity of developing treatments for
target pests that pertain to various commodities.
Insights gained regarding NO fumigation will be
used in other related projects at PHYLA.



Ozone

Regarding ozone, new knowledge has been uncovered
on the application of gaseous ozone fumigation as
a post-harvest phytosanitary and sanitation treat-
ment for pome and stone fruit under South African
storage conditions. Ozone provides measurable
benefits in suppressing post-harvest fungal pathogens,
reducing red spider mite egg viability, and lowering
ethylene concentrations during cold storage.

The findings contribute to improved understanding
of the role of ozone within post-harvest systems,
particularly as a residue-free intervention that aligns
with sustainability and reduced chemical input objectives.

Critically, a realistic framework for integrating ozone
fumigation into existing post-harvest management
strategies has also emerged through demonstration
of efficacy against selected pests and fungal pathogens,
and identification of limitations against more tolerant
insect species.

The outcomes also support the potential use of

ozone as a supplementary tool to:

¢ enhance post-harvest sanitation in the industry

¢ reduce environmental spore loads

* mitigate phytosanitary risks that relate to export
consignments.

As for ethylene concentrations, their observed
reduction further substantiates possible secondary
benefits through delayed ripening and extended
storage life. These may contribute to maintaining
fruit quality during long-distance transport.

Once assessed, the ultimate effect of ozone on
insect pests, fungal pathogens, fruit quality, and
ethylene dynamics will serve as a vital guide for
data generation. In turn, this will help drive fact-
based decision-making around the potential
integration of ozone fumigation into commercial
post-harvest regimes.

In research, findings are hardly ever a conclusion.
They tend to unlock a new layer of questions. Owing
to the new findings below, the two research projects
have been extended by one year.

uLo

In pest suppression, phytotoxic risk to the fruit must
be considered. Hence, future research will prioritise
very low NO concentrations (<0.001%), applied
over extended periods.

Response-surface models were used to determine
the most optimal combinations in the pest manage-
ment regime, for maximum overall efficacy. However,
additional replication and expanded datasets are re-
quired to improve their reliability and predictive power.

Fumigation termination must be improved and
venting protocols established to prevent oxygen
contamination and subsequent NO formation.

Another identified area of improvement is the control
of egg and internal life stages. Hence, further
exploration of integrated treatment strategies that
combine NO, cold storage, and controlled atmo-
spheres should be further explored.

Sensory evaluation (taste and aroma) — a key indicator
in consumer preference analysis — will be included
in future studies. This is bound to strengthen market
penetration and retention and help detect potential
fermentation-related quality defects.

Ozone

Since grain chinch bugs showed no mortality under
the initial tested ozone regimes, Leander Engelbrecht
(PhD student) is currently testing a different treat-
ment regime for this pest.

Trials are also being conducted by a research team
to examine the effect of ozone on mealybugs (eggs
and adults), and its potential damaging effect on
egg emergence. Additionally, trials with an ozone
treatment of 500 ppb (continuous treatment) are
currently underway.

Also in the pipeline, are trials to refine treatment
regimes, improve pathogen assay control, and confirm
efficacy against additional insect pests.

And the effects on the resistant Botrytis strain
indicated a strong biological response that warrants
further investigation with increased replication.



A second round of trials will be conducted on lugs,
under increased control and with modifications to
protocol, to assess the effect of different ozone
concentrations.

Regarding cold storage, data sets were incomplete,
which hindered statistical comparisons. Therefore,
apple cultivar trials were set to be repeated during
the 2026 season.

Nitrogen generating system holding tank. It can be
used in cold rooms or a mixing box to lower oxygen
levels for fumigation.

Overall, both projects strengthen the evidence
base required for informed decision-making
regarding adoption of the alternative fumigants in
commercial packhouses and cold-storage facilities.
Continued optimisation and validation will be
instrumental to confirm operational parameters
and economic feasibility, but the results indicate
clear potential value for the South African pome
and stone fruit industry.
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Modified Atmosphere Packaging (MAP) bags that help
to determine the effects of modified atmosphere
packaging on insect mortality and fruit quality
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