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Physiological
Effects of Physical
Postharvest
Treatments on
Insects

Lisa G. Neven

SummARY. As concerns about the safety
of our food supply increase along with
concerns about the impact of agricul-
tural chemicals on our environment,
the development of nonchemical
quarantine treatments to meet export
requirements become increasingly
necessary. The types of physical
treatments used have been largely
determined by commodity tolerances
and processing practices. The most
common physical treatments use
temperature extremes such as heat
[>40 °C (104.0 °F)] and cold [<10 °C
(50.0 °F)]. Other physical treatments
commonly include the use of con-
trolled or modified atmospheres (low
oxygen, elevated carbon dioxide).
Current technology has led to
investigations in the application of
energy to control infesting insects.
These treatments include ionizing
radiation, microwaves, ultraviolet
radiation, infrared radiation, radio
frequency, electron beam, X-rays, and
electricity. Although the effects of
these physical treatments can impact
commodity quality, the goal of the
treatments is to kill infesting (real or
in certain instances, potential) insects
to meet quarantine requirements. The
effects of physical treatments on insect
mortality and fecundity are discussed.

l ) ostharvest quarantine treat-
ments of fresh fruits and
vegetables are often necessary

to eliminate arthropod pests which

may reside within or upon the com-
modity. The elimination of these pestsis
necessary to maintain and gain access to
many export markets which restrict
movement of host commodities, which
may harbor pests they deem a threat to
their agricultural industry. These quar-
antine restrictions have been overcome,

USDA-ARS, Yakima Agricultural Research Labora-
tory, 5230 Konnowac Pass Road, Wapato, WA 98951,
e-mail neven@yarl.ars.usda.gov.

in the past, by the application of fumi-
gants, suchasethylene dibromide (EDB)
or methyl bromide (MB). Although
highly effective in eliminating
arthropods, these chemicals pose a threat
to human health, asis the case with EDB
(U.S. Environmental Protection
Agency, 1984), or the environment, as
is the case with MB (United Nations
Environmental Programs, 1992). Inad-
dition, consumers have become increas-
ingly aware of the potential effects of
pesticide residues on fresh fruits and
vegetables, and are demanding more
natural (nonchemical) approaches to
food production and processing. In this
vein, horticulturists and entomologist
have pursued the development of
nonchemical or physical treatments for
pest removal.

Physical postharvest treatments are
not new to the area of quarantine secu-
rity. In fact, before the development of
fumigants, physical treatments were the
only way to kill pests in horticultural
commodities. There are also a number
ofcommodities, such asavocados ( Persea
americana) (Armstrong, 1994) and
pears (Pyrus communis) (Drake and
Moftitt, 1992), which do not respond
well to chemical fumigants. For these
and other sensitive commodities, physi-
cal treatments remain the only avenue
available for achieving quarantine secu-
rity. The most common physical treat-
ments include temperature extremes
(high and low), controlled atmospheres
(low oxygen, high carbon dioxide), and
high energy (radio frequency, ionizing
radiation). The different types of treat-
ments and the effects on insects will be
discussed.

High temperature

High temperature treatments in-
clude hot water dips, drenches and
sprays, hot air (static), hot forced air,
and vapor heat. Although microwave
and radio frequency may also be in-
cluded in this category since they work
by conversion of electromagnetic en-
ergy into heat, they will be discussed in
another section. The important factors
affecting the efficacy of heat treatments
are 1) the target temperature of the
treatment, 2) the rate of heating, 3) the
duration of the heat treatment, and 4)
insect milieu, meaning the location of
the insect in the commodity and the
condition of the commodity surround-
ing the insect. The interrelationship of
these factors is extremely important to
rememberwhen consideringa heat treat-
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ment for quarantine purposes. A heat
treatment may be efficacious at a lower
temperature if the heating rate is suffi-
cient to circumvent acclimation and if
the duration is sufficient to overcome
the insect’s ability to compensate for the
heatload (Neven, 1998a,2001a). Tem-
perature is important when it is below a
critical thermal limit to which the insect
is naturally acclimatized or genetically
predisposed to tolerate. For heat treat-
ments below this critical thermal limit,
the rate or duration of the treatment
become inconsequential (Neven and
Rehfield, 1995). The fourth factor, in-
sect milieu, is clearly as important a
factorasthe other three. Location within
the commodity will affect total thermal
experience (temperature, rate, and du-
ration), whereas the condition of the
commodity can influence insect toler-
ance. Interesting examples are found in
work by Shellie and Mangan (2000),
Hallman (1996),and Hansen and Sharp
(2000). Shellie and Mangan (2000)
found that the heating rates and final
target temperatures of citrus (Citrus
spp.) fruit varied with the type of heat
treatment (hot air, vapor heat, and hot
water). Fruit internal atmospheres also
varied in relation to treatment type.
Alteration of atmospheres during a heat
treatment can greatly influence insect
response. Hallman (1996) found that
artificial hot water dips, a method com-
monly used to determine insect thermal
responses and model potential heat treat-
ments, showed varied results when the
water was replaced with solutions of
natural fruit juices or citric acid. Insect
survival was higher when treated in wa-
ter and citric acid as opposed to treat-
ments conducted in natural fruit juices.
Hansen and Sharp (2000) found that
mortality of third instar caribbean fruit
tly (Anastrephasuspensa) from heat treat-
ments in air, water, artificial diet or fruit
pulp blends varies, with treatments in air
and water resulting in the highest and
lowest survival, respectively.

The effects of high temperature
treatments on insects are manifested in
a myriad of physiological and develop-
mental responses (Neven,2001a). High
temperatures can effect metabolism,
respiration, neural function, and endo-
crine systems. Enzyme activity can be
greatly altered by small changes in tem-
perature (Hochachka and Sommero,
1984; Hoftman, 1984), and the activity
of membrane-bound enzymes are sub-
ject to changes in the fluidity of the
phospholipid bilayer, which is always
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dependent on thermal changes
(Hochachkaand Sommero, 1984). Res-
piration effects are manifested by initial
elevation of oxygen consumption as the
temperature increases, up to a critical
thermal limit, followed by a short de-
crease, possibly to conserve stored en-
ergy. If thermal stress continues, mor-
tality occurs (Neven, 1998b, 2001a).
There is a growing body of evidence
that oxygen is critical for insect thermal
stress response (Moss and Jang, 1991;
Neven and Mitcham, 1995;
Sonderstrom et al., 1992; Whitting et
al., 1991;Yocumand Denlinger, 1994,).
Anoxia can interfere with the genera-
tion of ATP, through catabolism of
lipids and carbohydrates, which is criti-
cal for maintaining elevated metabolism
in response to the heat load (Neven,
2001a). Changes in neural and endo-
crine function as a result of elevated
temperatures may be due to the sensitiv-
ity of these systems to membrane fluid-
ity and signal transduction. Other ef-
fects of elevated temperature on the
endocrine system can be manifest as
developmental abnormalities, defects,
delays in development, and sterility
(Denlinger and Yocum, 1998; Neven,
2001a).

There are two general theories on
the models of thermal damage. One by
Roti Roti (1982) suggests that the ef-
fect of heat on macromolecules (pro-
teins, DNA, carbohydrates, etc.) is the
critical element of thermal damage. The
other theory by Bowler (1987) points
to damage of the cell membrane as the
critical event. Perhaps the reality of the
effect is a matter of degrees. The more
complex an organism, the more systems
there are which are interrelated to sup-
port life. If one looks at this problem in
an evolutionary light, then macromol-
ecules should be the most thermal toler-
ant followed in decreasing tolerance by
cells, tissues, and lastly the whole organ-
ism (Neven, 2001a).

Low temperature

Low temperature treatments usu-
ally imply extended periods of exposure
to temperatures at or justabove freezing
[0 °C (32.0 °F)]. However, for some
tropical and sub-tropical commodities,
cold storage is performed at tempera-
tures somewhere between 10 to 12 °C
(50.0t0 53.6 °F) for tropical and 4 to 7
°C (39.2 to 44.6 °F) for sub-tropical
fruits (Paulland McDonald, 1994). For
many durable commodities, like grains,
cold storage may be as low as —23 °C (-

9.4 °F) (Mason and Strait, 1998). The
effects of low temperature on insects
manifest themselvesinreduced metabo-
lism and respiration leading to a general
lossofadenosine 5'-triphosphate (ATP)
production. Also, insect development
and neural functions are greatly inhib-
ited during prolonged cold exposure.
Cell ionic balance and membrane po-
tential can be greatly affected due to loss
of membrane integrity during prolonged
exposure to low temperatures. This can
lead to reversible chill torpor and chill
coma (results of neuromuscular dys-
function), irreversible chill shock, oxi-
dative stress (due to the effects of low
temperature on superoxide dismutase),
cellularand membrane dysfunction, and
also reduced fertility (Denlinger and
Lee, 1998). As the duration of the cold
exposure is extended, these factors lead
to the demise of the insect.

Controlled atmospheres

Controlled atmosphere (CA) usu-
ally implies an alteration in the levels of
oxygen (O,) and carbon dioxide (CO,)
from those present in normal air [21%
0,and 0.03% CO, at standard tempera-
ture and pressure (STP)]. Most CA
treatments employ either low O, or
elevated CO,, oracombination ofboth.
The temperature at which CA is used
varies greatly. There are treatments per-
formed at room temperatures [ 18 to 23
°C(64.4t073.4°F)],low temperatures
(near 0 °C), or at elevated temperatures
[38 to 50 °C (1004 to 122.0 °F)]
(Neven, 2001b). The duration of the
treatments varies in relation to the tem-
perature at which it is performed. Gen-
erally, the higher the temperature, the
shorter the duration of the treatment.

The general principle underlying
the effects of CA on insects is that of
asphyxiation or carbonic acid build-up.
However, low levels of O, at low tem-
peratures do not have as dramatic effect

Zone of Opportunity

Insect
Intolerances

Commaodity
Tolerances

Fig. 1. Goal for the development of
physical postharvest quarantine treat-
ments for horticultural commodities.
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on insect mortality as does high CO,
(Neven, 2001b). At low temperatures,
the metabolic demand for O, in the
insectis greatly reduced as well as neural
function which controls respiration
(Slama and Neven, 2001). However,
elevated levels of CO, can cause an
acid /base imbalance and lead to disrup-
tion of electron transport and other
metabolic pathways.

Friedlander (1983) described the
effects of elevated levels of CO, on
insect metabolism. They showed that
CO, at >10% stopped the production of
nicotinamide adenine dinucleotide phos-
phate (NADPH) whichisimportant for
detoxification in the cell. The cell en-
ergy charge was reduced, slowing pro-
cesses requiring ATP. They also found
that high levels of CO, inhibited the
regeneration of choline to acetylcho-
line. In addition, the production of
glutathione (an important component
of MB detoxification) was reduced
(Friedlander, 1983).

Perhaps the most interesting body
of work comes from using scanning
calorimetry to measure metabolic heat
rate (MHR) from pupae of omnivorous
leaftrollers (Platyona stultana) (Zhou et
al., 2000, 2001). Zhou et al. (2000)
found that the heat rate decreased with
decreasing O, levels. They determined
that the critical O, levels (P ) increased
with increasing temperature. They also
found that the heat rate decreased rap-
idly with increasing CO, levels up to
20%, but changed little up to 79% CO,,.
Furthermore, they found additive ef-
fects between <5% CO, and 24% O,.
They concluded that high susceptibility
to CO, at high temperatures was related
to the high metabolic heat ratesand that
the response to low levels of O, was
related to metabolic arrest and anaero-
bic metabolism.

In subsequent studies, Zhou et al.
(2001) found a decrease in the meta-
bolic heat rate with increasing CO, and
decreasing O, levels. Pupae were able to
recover if the metabolic heat rate was
reduced to only 30%, but that death of
the pupac occurred when the MHR was
reduced to 50%. They found equivalent
mortality between 5% CO, and 6% O, ,
and 10% CO, and 2% O,. They con-
cluded that the effects of low O, and
elevated CO, were manifested primarily
on increased membrane permeability.

High energy

As stated in the section on high
temperature, high energy treatments of
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microwave and radio frequency may be
generally regarded as thermal treatments.
However, interesting results from Tang
et al. (2000) and Wang et al. (2001)
indicate that this may not be the only
effect of these treatments on insects.
The difference in thermal conductivity
ordielectric constant between the insect
and the commodity which it infests may
result in a differential heating of the
insect, and may cause other disruptions
in insect metabolism and /or structures
related to the transfer of energy at spe-
cific frequencies (Ikadela et al., 1999,
2000; Tang et al., 2000; Wang et al.,
2001).

Irradiationis perhaps the most stud-
ied of the high energy physical treat-
ments for disinfestation purposes. Ra-
diation encompasses source irradiators
(cobaltisotope *°Co and cesium isotope
137Cs), electron beam (£10 mV), and x-
rays (£5 mV) up to doses of 1,000 Gy.
The effects of these treatments have
been documented for a wide range of
insect pests, especially those of quaran-
tine concern. Most of the effects of
irradiation appear on the genetic level,
generally causing sterility, delay of de-
velopment, and morphological defor-
mities (Ignatowicz and Wroblicka-
Sysiak, 1996; Nation et al., 1995a;
Szcepanikand Ignatowicz, 1995). How-
ever, differences in behavior, protein
banding patterns, and gene and protein
expression have also been noted
(Ignatowicz 1996a,1996b; Ignatowicz
and Zaedee, 1996).

Perhaps the most disturbing result
of'the use ofionizing radiation for quar-
antine treatments is that at the doses
used, direct mortality of the target pest
insect is not always achieved. Direct
mortality is normally the bellwether of
quarantine efficacy. Therefore, appro-
priate research must document the bio-
logical neutralization of the target pest.
Confidence limits must be established
and target points must be clearly deter-
mined for the acceptance of such treat-
ments. Confidence limits, such as Probit
9 (32 survivorsout of 1,000,000 treated
with 95% confidence limits), may or
may notbeachievable. Often, new guide-
lines for risk assessment must be de-
tailed. Target points, such asadultsteril-
ity, zero adult eclosion, or zero pupa-
tion must be clearly identified by the
regulatory agencies. One, but perhaps
not all, of these target points may be
achievable for most pest arthropods.
The determining factor is resistance to
the treatment.

It has been proposed that a mo-
lecular or biochemical marker could be
used to determine whether an insect has
indeed been treated with the appropri-
ate dose of radiation to render it biologi-
cally inactive. Initial research by Nation
etal. (1995b), indicated that caribbean
fruit flies, irradiated at the first instar
could be evaluated at the third instar
using a simple melanization test to de-
termine if the appropriate treatment
was applied. However, the timing be-
tween irradiation and evaluation of the
insect is too long for most perishable
commodities. Plus, what is the prob-
ability of finding a third instar which was
treated as a firstinstar in a sample load of
fruit? Other research by Neven and
Morford (1998) and Ignatowicz and
Zaedee (1996) indicated that this mela-
nization test was not useful for evaluat-
ing irradiated codling moth (Cydia
pomonelln) or confused flour beetle
("Tribolinwm confusum).

Summary

The effects of physical treatments
on insects is as varied as the treatments
themselves. For many treatments, the
reported affected systems are variable
which is most likely dependent upon on
how scientists chose to look at the ef-
fects. The key to developing physical
quarantine treatments is to pinpoint the
physiological weakness of the insect or
to capitalize on the differences in the
physiological responses of the horticul-
tural commodity and the infesting in-
sect (Fig. 1). For example, many plants
and fresh horticultural productsrespond
to environmental stress in a stock man-
ner, such that exposure to one stress, say
aheat shock, can predispose the plant to
withstand a subsequent stress, say a cold
treatment (Neven et al., 1992, 1993).
Insects, on the other hand, do not
typically exhibit this cross-protection
phenomenon (Neven, 1994, 2001a).
This difference in physiological response
can be exploited to develop a quaran-
tine treatment.
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