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Abstract Of the seven species of Bactrocera fruit flies found in Samoa, only two (B. kirki
(Froggatt) and B. xanthodes (Broun)) are of economic importance. These species attack a
range of fruit, including papaya (Carica papaya), breadfruit (Artocarpus altilis), eggplants
(Solanum melongena) and guava (Psidium guajava). The presence of these two species limits
export market access for Samoan produce. Eggplants and breadfruit infested with the eggs
of B. kirki and B. xanthodes, respectively, were treated using a high-temperature forced-air
(HTFA) protocol to heat the fruits to core temperatures of 40°C, 42°C, 44°C or 46°C. No
B. xanthodes pupae emerged from fruit treated at 42°C or greater. Pupae of B. kirki were
found from fruit treated at temperatures up to 44°C, but failed to survive treatments at 46°C.
The HTFA protocol previously approved for treatment of other Pacific fruit flies (fruit core
temperature to 47.2°C for 20 min) works without modification for treatment of the two
combinations of fruit flies and commodities tested. However, less intense HTFA treatments
are worth investigating, if required to enhance fruit quality.
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INTRODUCTION

Increasing horticultural exports from Pacific
Island nations is a key aspect to growing their
economies. However, the presence of various
tephritid fruit fly species is a critical barrier to
gaining access for Pacific produce to the major
markets of New Zealand and Australia.

The high-temperature forced-air (HTFA)
method of disinfesting fruit was developed by
the US Department of Agriculture in Hawaii
to eliminate fruit fly larvae from papaya to
allow the export of fruit from Hawaii to the US
mainland (Armstrong et al. 1989). HTFA works
by moving hot air over the fruit until the fruit
core temperatures reach a set target temperature.
This provides quarantine security by heating the
fruit above the thermal limits of fruit fly eggs and

larvae, inducing mortality.

The currently approved HTFA quarantine
treatments for exported fruits from the South
Pacific were developed between 1991 and 1999
during the Regional Fruit Fly Project (RFFP)
that involved Fiji, Tonga, Western Samoa, Cook
Islands, Vanuatu, Solomon Islands, and the
Federated States of Micronesia (Ferrer 1997;
McGregor 1997). This programme identified
B. melanotus (Coquillett, 1910) from the Cook
Islands as the most heat-tolerant species within
the participating nations and developed a HTFA
protocol (maintenance of a fruit core temperature
of 47.2°C for 20 min) for disinfestation of papaya
(Waddell et al. 1997a; Waddell et al. 1997b;
IPPC 2016). This protocol was widely accepted,
and many countries (Tonga, Samoa, Fiji, Cook
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Islands) implemented this protocol for exports of
fresh produce using HTFA units installed as part
of the RFFP.

Seven species of fruit fly (Diptera: Tephritidae)
occur in Samoa and two of these (Bactrocera kirki
(Froggatt, 1910) and B. xanthodes (Broun, 1904))
are of particular biosecurity concern as their
presence limits market access of Samoan produce.
Bactrocera kirkiis indigenous to the central Pacific
archipelagos of Samoa, Tonga, Niue, and Wallis
and Futuna. It was accidentally introduced to the
Austral Islands (French Polynesia) in the 1970s
(Purea et al. 1997) and it is considered to be one
of the most serious fruit fly pests in the Pacific
(Drew & Romig 1997). Bactrocera xanthodes is
likewise indigenous to the central Pacific, but
has a broader geographic range that additionally
includes the Cook Islands, French Polynesia, Fiji
and Vanuatu. The larvae of B. xanthodes have
been intercepted during biosecurity assessments
of produce, especially breadfruit, imported into
New Zealand (Li et al. 2019).

The other five species of fruit fly known
in Samoa are: B. distincta (Malloch, 1931);
B. obscura (Malloch, 1931); B. samoae Drew,
1989; B. aenigmatica (Malloch, 1931); and
an undescribed species closely related to B.
paraxanthodes (Drew & Hancock 1995; Drew et
al. 1997; Drew & Romig 1997; Heimoana et al.
1997). These species are found infrequently in
the inedible fruits of rainforest plants that are
not exported e.g. fruits of an unidentified Ficus
sp. (Moraceae) and Aglaia samoensis A. Gray
(Meliceae).

Work on B. kirki and B. xanthodes in Samoa
during the 1990s involved investigations into
the efficacy of heat-treatment to kill the insects
(Fonoti & Tunupopo 1997a, b). Additional
relevant research on B. xanthodes wasconducted
around the same time in Fiji (Tora Vueti et al.
1997), Tonga (Foliaki & Armstrong 1997) and
the Cook Islands (Waddell et al. 1997b). Much
of that previous research explored the possibility
for increasing exports of papaya (Carica papaya
L.) from Samoa but breadfruit (Artocarpus altilis
(Parkinson) Fosberg) became of greater interest
during the early 2000s and also since then.
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Therefore, the aim of this study was to determine
the effect of heat-treatment of B. xanthodes on
breadfruit and B. kirki on eggplant, another
potential export crop which is favoured by B.
kirki. Eggs are the life stage most resistant to heat
treatment, so this study focused on mortality of
eggs and was conducted in 2003 using a pilot-
scale HTFA treatment chamber, which was
operational at that time. Recent work on the
postharvest quality of breadfruit (Artocarpus
altilis) after disinfestation with hot-air or hot-
water treatments (Molimau-Samasoni et al.
2019) has highlighted the need to publish the
results of this earlier study.

MATERIALS AND METHODS

Fruit fly colonies

Four cages of each of B. xanthodes and B. kirki
were established at Nuu Research Station,
‘Upolu, Samoa, from field-collected breadfruit
(Artocarpus altilis var. ‘Puow’) and talie
(Terminalia catappa L.) fruits, respectively.

Fruit fly eggs were collected using the papaya
fruit dome method (Walker et al. 1997) consisting
of a halved and hollowed papaya with the skin
punctured using a 1-mm diameter needle.
Two fruit domes were placed in each cage for
oviposition periods of 2 h for B. kirki or 4 h for B.
xanthodes. Eggs were collected by using water in
a hand sprayer to wash out the domes onto clean
Petri dishes (Walker et al. 1997).

Fruit infestation

A preferred host fruit was used for each of
the two fly species, in order to encourage
fruit fly development. This was also to ensure
high survival of larvae that hatched from eggs
that survived the treatment through to adult
emergence to effectively assess efficacy at different
temperatures. Mature breadfruit (var. ‘Puou’)
were harvested from Saleimoa, ‘Upolu, Samoa,
on 8 December 2003. Mature eggplants (Solanum
melongena L., unnamed local variety) were
bought from the local market at Fugalei, ‘Upolu,
Samoa, on 10 December 2003. Fruits were washed
and artificially inoculated with fruit fly eggs in the
laboratory at Nu‘u Research Station.
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Prior to infestation, fruit were weighed and
labelled. A flap 5-mm deep was cut into the
shoulder of each fruit and an incision made
into the flesh of the fruit. Eggs were placed
into the incision using a plastic Pasteur pipette.
Breadfruits were infested with 200-250 eggs of
B. xanthodes and eggplants were infested with
about 200 eggs of B. kirki. After infestation, flaps
were replaced and sealed with masking tape.
Fruit were infested 4-5 hours before treatment.
Twenty fruit were allocated to each of five
different treatments, being an untreated control,
which was retained at ambient temperature (=
27°C), and four HTFA treatments with different
fruit core target temperature endpoints (40°C,
42°C, 44°C, 46°C).

HTFA treatment

Treatments were conducted during December
2003 using a semi-commercial/research high-
temperature forced-air (HTFA) treatment
chamber and the Experimental Mode of the
QTITreat version 4 software (Quarantine
Treatments International, Queenstown, New
Zealand) located at Atele Horticultural Centre,
‘Upolu, Samoa.

Fruit were delivered into the HTFA chamber in
plastic lugs (crates) with ventilated bases. The 14
temperature probes were inserted into the centre
of randomly selected fruit within each treatment
as they were put into the HTFA chamber, and
probed fruit were randomly arranged in the lugs.
Treatments began with fruit core temperatures
at ambient temperature (= 27°C). Relative
humidity during treatments ranged between 69%
and 92%, with a mean of 80%. Separate HTFA
runs were used to treat each fruit core target
temperature and each fruit species. Eggplants
were treated using a ‘Sine Curve’ profile (Fig. 1,
dark line), while breadfruit were treated using an
‘Exponential’ heating profile (Fig. 1, pale line).
Treatments took between 2 and 3 h to reach the
target fruit core temperatures in eggplants, and
between 3 and 5 h to reach the target fruit core
temperatures in breadfruit (Table 1). Treatments
were completed when the last of the 14 probes
reached the target fruit core temperature and
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Figure 1 Temperature profile of high-temperature
forced-air (HTFA) runs with a fruit core target
temperature of 46°C. Grey lines represent
individual fruit probes. The heavy line shows
the mean temperature for each fruit. Dark grey
= eggplant, light grey = breadfruit. The dotted
horizontal line shows the target temperature of
46°C.

fruits were removed immediately. There was no
holding period for any of the treatments and fruit
were not hydro-cooled after treatment.

Heat-treated fruits were air-cooled at ambient
temperatures in a fruit fly-proof room to prevent
reinfestation. After cooling, fruit were placed
individually in containers lined with a layer of
sawdust (5 mm deep) in the bottom as a pupation
medium and with mesh lids. Breadfruit were
held in 10-L plastic buckets, while eggplants were
held in 2-L plastic boxes. Samples were held at
ambient temperature (= 27°C).

Assessments

Control and treated fruit were assessed after
10 days (eggplants) or 12 days (breadfruit) by
removal of the pupae from sawdust by sieving.
Any pupae collected were counted before being
placed into smaller containers lined with sawdust
to await adult eclosion, and were assessed 8 days
later.
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Table 1 Pupal and adult emergence after high-temperature forced-air (HTFA) treatment of Bactrocera
kirki eggs in eggplant and Bactrocera xanthodes eggs in breadfruit.

Commodity/ Targel  eatment  Mean Expected Mean Mean Percent
. fruit core ) . minimum of pupae
fruit fly duration  fruit mass number percentage ;

species  temperature (h:min) (@) number of - aliny eclosing to
P (°C) ) 8 pupae pup Y adults

Eggplant/

B kirki 27 - 242 143 145.6 11 75

40 2:02 233 143 50.7 56 80

42 2:18 214 143 33.1 67 59

44 2:34 218 143 20.0 78 51

46 3:07 196 143 0 100 -
Breadfruit/

B. xanthodes 27 - 940 120 165.2 5 87

40 2:55 1084 120 70.2 44 81

42 3:18 1143 120 0 100 -

44 3:54 960 120 0 100 -

46 4:42 969 120 0 100 -

Statistical analyses during HTFA treatment.

The expected minimum number of survivors
was calculated from the lower bound of the 95%
confidence interval of the mean number of pupae
emerging from control fruits. One-way analyses
of variance (ANOVA) were conducted in R 3.4.1
(R Core Team 2015) and unplanned multiple
comparisons were carried out using the Tukey
post hoc significance test (Zar 1999).

RESULTS

As expected, the time to reach the target
temperatures were longer in breadfruit (mean
weight 1.02 kg) compared with eggplants, which
were smaller (mean weight 0.22 kg) (Table 1).
This resulted in the heating rates applied to the
eggs of B. xanthodes in breadfruit being lower
(0.073°C/min) than the heating rates applied to
the eggs of B. kirki in eggplants (0.106°C/min)
(Fig. 1). Therefore, direct comparisons between
B. xanthodes and B. kirki survival rates from
the HTFA treatments cannot be made because
they were treated in different host fruits that
would have different rates of thermal diffusivity
and, therefore, exhibit different heating profiles

Fruit fly survival decreased with increasing
treatment temperatures (Figs. 2 & 3). Emergence
of B. xanthodes pupae occurred in breadfruit
treated to a core temperature of 40°C but not
when fruits had been treated to core temperatures
of 42°C or higher (Fig. 2). Differences between
survival rates at 27°C, 40°C, and 42°C and greater
were highly significant (ANOVA, F,s = 1304,
P<0.0001, Tukey post hoc test). Emergence of B.
kirki occurred in eggplants treated up to 44°C and
below, but not when the fruits had been heated
up to 46°C (Fig. 3). There were no significant
differences between the survival of B. kirki across
the fruit core temperatures of 40°C and 44°C, or
between 44°C and 46°C. In both fruit fly species,
survival to pupal stage in fruit retained at ambient
temperature (= 27°C) was significantly greater
than survival after HTFA treatments (ANOVA,
F, o5 = 47.41, P<0.0001, Tukey post hoc test).

The percentage of pupae eclosing to adults in
the controls and after HTFA treatment to a core
temperature of 40°C, was between 75% and 87%
for both fruit fly species (Table 1). However, B.
kirki pupae from eggplants treated to a core
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Figure 2 Decreasing pupation of Bactrocera
xanthodes after high-temperature forced-air
(HTFA) treatments of breadfruit infested with B.
xanthodes eggs. Box and whisker plots show the
range and quartiles of the data. Central point and
error bars show the mean and 95% confidence
interval. Different letters indicate significantly
different treatments.

temperature of 42°C or 44°C were significantly
less likely to eclose to adults than those from
eggplants exposed to lower temperatures
(ANOVA, F, ;, = 10.09, P = 0.032, Tukey post hoc
test) (Fig. 4).

DISCUSSION

No B. xanthodes pupae were found from
breadfruit heated to > 42°C with no holding
period and no B. kirki pupae developed from
eggplants heated to 46°C with no holding period.
Therefore, the heat treatment protocol previously
approved for treatment of other Pacific fruit
flies (i.e. fruit core temperature to 47.2°C for 20
min) is acceptable for use without modification
for treatment of either of these species of fruit
fly on the fruit species tested. However, as
these treatment conditions have been found to
negatively impact breadfruit quality (Molimau-
Samasoni et al. 2019), our results suggest that
less intense HTFA treatments could be developed
which do not compromise quarantine efficacy.
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Figure 3 Decreasing pupation of Bactrocera
kirki after high-temperature forced-air (HTFA)
treatment of eggplants infested with B. kirki
eggs. Box and whisker plots show the range and
quartiles of the data. Central point and error bars
show the mean and 95% confidence interval.
Different letters indicate significantly different
treatments.

However, further experiments will need to be
undertaken to treat the numbers of insects
required to gain regulatory approval.

Fonoti and Tunupopo (1997a, 1997b)
demonstrated a greater heat tolerance for B. kirki
eggs than for B. xanthodes eggs. Although our
results are, at face value, consistent with their
findings, the differing experimental conditions
used in the current study confounds comparisons
between B. kirki and B. xanthodes.

Empirical studies of fruit fly thermal tolerances
have shown substantial variation both within
and between species (Heard et al. 1992; Foliaki
& Armstrong 1997; Sales et al. 1997; Tora Vueti
et al. 1997; Waddell et al. 1997a; Armstrong et al.
2009; Hallman et al. 2011). Higher-than-optimal
temperatures negatively affect a wide range of
insect physiological systems, including metabolic
pathways, respiration and cell membranes
(Neven 2000). However, these mechanisms
are too poorly understood to predict mortality
during HTFA treatments. In particular, it
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Figure 4 Proportion of Bactrocera kirki pupae
that eclose to adults following high-temperature
forced-air (HTFA) treatment of eggplants
infested with B. kirki eggs. Box and whisker plots
show the range and quartiles of the data. Central
point and error bars show the mean and 95%
confidence interval. Different letters indicate
significantly different treatments.

remains unclear whether temperature and time
have thresholds above which heat injuries occur
rapidly; or if heat injuries accumulate across a
broader range of temperatures.

The lower percentage of B. kirki pupae which
eclosed to adults after treatment to fruit core
temperatures of 42°C and 44°C suggests that
the physiological pathways affected by heating
to these temperatures during egg development
are critical for adult eclosion but allow larval
development. Although delayed mortality after
heat treatments have been previously reported in
fruit flies (Xie et al. 2008), the significance of this
latency has not been explored.

Phylogenetic relationships may also be
important in understanding the heat tolerance
of tephritid fruit flies. Bactrocera xanthodes is
placed in a separate subgenus (Notodacus) from
B. kirki, which, along with B. melanotus, is in
the nominate subgenus Bactrocera. Phylogenies
of the genus have been published (Virgilio et
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al. 2015; San Jose et al. 2018), and should be
considered in future comparative research on
fruit fly heat tolerance.

Unfortunately, for various reasons, most of
the HTFA units established in the South Pacific
during the RFFP are nolonger in operation. HTFA
facilities in Fiji and New Caledonia, are the only
units in the Pacific Islands that remain certified
and in current use. With renewed interest in
exporting fresh produce from the Pacific, it will
be important that lessons be learned from the
successful Fijian and New Caledonian models of
operating commercial HTFA units, to overcome
the obstacles that led to previous closures. The
historic data summarised in this paper are also
of importance to inform future research into
the optimal treatment profiles to support this
renaissance of HTFA fruit treatments in the
South Pacific.

CONCLUSIONS

The heat-treatment protocol previously approved
for treatment of other Pacific fruit flies (i.e. heating
the fruit core to a temperature of 47.2°C with a
holding period of 20 min at that temperature)
is acceptable for use without modification for
treatment of the two combinations of fruit flies
and commodities tested. Indeed, these results
suggest that this treatment exceeds the heat
tolerance of B. xanthodes and B. kirki, leading
to the possibility of developing less intense
treatments, if required to enhance fruit quality.
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