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ABSTRACT Codling moth,Cydia pomonella (L.) (Lepidoptera: Tortricidae), a serious pest of pome
fruit, is a threat to exportation of apples (Malus spp.) because of the possibility of shipping infested
fruit. The need for alternatives to fumigants such as methyl bromide for quarantine security of
exported fruit has encouraged the development of effective fumigants with reduced side effects. The
endophytic fungus Muscodor albusWorapong, Strobel and Hess (Ascomycota: Xylariales) produces
volatile compounds that are biocidal for several pest organisms, including plant pathogens and insect
pests. The objectives of our research were to determine the effects of M. albus volatile organic
compounds (VOCs) on codling moth adults, neonate larvae, larvae in infested apples, and diapausing
cocooned larvae in simulated storage conditions. Fumigation of adult codling moth with VOCs
produced by M. albus for 3 d and incubating in fresh air for 24 h at 25�C resulted in 81% corrected
mortality. Four- and 5-d exposures resulted in higher mortality (84 and 100%, respectively), but control
mortality was also high due to the short life span of the moths. Exposure of neonate larvae to VOCs
for 3 d on apples and incubating for 7 d resulted in 86% corrected mortality. Treated larvae were
predominantly Þrst instars, whereas 85% of control larvae developed to second and third instars.
Exposure of apples that had been infested for 5 d, fumigated withM. albusVOCs for 3 d, and incubated
as described above resulted in 71% corrected larval mortality. Exposure of diapausing cocooned
codling moth larvae to VOCs for 7 or 14 d resulted in 31 and 100% mortality, respectively, with
negligible control mortality. Our data on treatment of several stages of codling moth with M. albus
VOCs indicate that the fungus could provide an alternative to broad spectrum chemical fumigants for
codling moth control in storage and contribute to the systems approach to achieve quarantine security
of exported apples.
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Codling moth, Cydia pomonella L. (Lepidoptera: Tor-
tricidae), is the key insect pest of apple (Malus spp.)
in most regions of the world where apple and other
pome fruits are grown (Barnes 1991). The following
life cycle of codling moth is summarized from Barnes
(1991) and Beers et al. (1993). Diapausing larvae over-
winter in cocoons in cryptic habitats (under loose
bark, leaf liter at the base of trees, in nearby woodpiles
and fruit bins). In the spring, they pupate and emerge
as adults soon afterward. Eggs are deposited on foliage
or fruit, and neonate larvae bore into fruit and remain
there until fully grown Þfth instars exit and search for
cocooning sites. In summer generations, larvae pupate
soon after constructing cocoons and emerge as second
generation adults. A small percentage of Þrst gener-
ation larvae may enter diapause, but diapause usually
begins in subsequent generations in late summer or
early fall. There are one to four generations per year
depending on climatic conditions.

Insecticide resistance in codling moth is one of the
factors responsible for survival of larvae within and
emerging from fruit (Reyes et al. 2007). Exportation of
apples and other fruit from the United States has been
threatened by the presence and possibility of infested
fruit and diapausing larvae in cartons and shipping
containers (NWHC 2008). Fumigation with broad-
spectrum chemicals has been the principal method for
protection of fruit exported to certain countries (Fol-
lett and Neven 2006). Although efÞcacious, some of
these fumigants, such as methyl bromide, have serious
environmental consequences (Yagi et al. 1995,
Thomas 1996, UNEP 2008). The need for alternatives
to these chemicals has encouraged the search for and
development of effective fumigants with reduced side
effects.

The fungusMuscodor albusWorapong, Strobel and
Hess (Ascomycota: Xylariales) is an endophyte of
cinnamon, Cinnamomum zeylanicum Breyne (Laura-
ceae), with biofumigant activity (Strobel et al. 2001,
Worapong et al. 2001). The biocidal properties of the1 Corresponding author, e-mail: lerry.lacey@ars.usda.gov.



fungus are due to the production of a mixture of
volatile organic compounds (VOCs) (alcohols, esters,
ketones, acids, and lipids) (Strobel et al. 2001). These
VOCs are lethal for a variety of plant pathogens, rot-
causing organisms, plant parasitic nematodes, and in-
sects (Strobel et al. 2001, Mercier and Jiménez 2004,
Mercier and Smilanick 2005, Strobel 2006, Lacey et al.
2008, Riga et al. 2008). An artiÞcial mixture of VOCs
that mimics those naturally produced by M. albus is
comparable to that produced by the fungus for control
of plant and human pathogenic fungi and bacteria
(Strobel et al. 2001, Strobel 2006, Grimme et al. 2007).
However, the individual VOCs have variable activity
against different organisms (Strobel et al. 2001, Ramin
et al. 2005). The speciÞc compounds that are respon-
sible for insecticidal activity are not yet known. There-
fore, our tests were conducted with the naturally pro-
duced VOCs of M. albus.

Control of codling moth adults and larvae with VOCs
in cartons and shipping containers would reduce the
threat of accidental exportation of codling moth. The
objectives of this study were to determine the effects of
M.albusVOCsoncodlingmothadults,neonate larvaeon
apples, early instars within apples, and diapausing co-
cooned larvae in simulated storage conditions.

Materials and Methods

Source of Adult and Larval Codling Moth. Codling
moth adults, eggs, and diapause-destined cocooned lar-
vae were obtained from a colony maintained at the
Yakima Agricultural Research Laboratory by using the
rearing system and artiÞcial medium described by Toba
and Howell (1991) and Hansen and Anderson (2006).
Origin and Activation of M. albus. Samples of a

desiccated M. albus mycelium on rye (Secale spp.)
grain were obtained from AgraQuest (Davis, CA) and
stored at 4�C until used. Before testing, aliquots of 30 g
of the formulation were placed in 0.47-liter plastic
cups and activated by adding 30 ml of sterile deionized
water. The cups were then sealed with a lid and placed
in an incubator at 25�C for 24 h before use. Cups with
30 g of autoclaved rye grain and 30 ml of sterile deion-
ized water were prepared in the same manner and
used for control chambers.
Bioassay Procedure. After incubation of M. albus

and control cups as described above, exposures of
codling moth were made in 28.3-liter hermetically
sealed Þberglass chambers. For each assay, a container
with hydrated M. albus was uncovered and immedi-
ately placed in treatment chambers. Control chambers
received hydrated rye grain. Each chamber was
equipped with a continuously running circulation fan.
The chambers are housed in a walk-in incubator main-
tained at 25 � 0.5�C. More detailed description of the
chambers is provided by Lacey et al. (2008).

During each of the tests, temperature and percent-
age relative humidity (%RH) were monitored with a
Hobo H8 Pro Series data logger (Onset Computer
Corp., Pocasset, MA). Mean temperatures in the ex-
posure chambers ranged between 25.4 and 25.8�C for
all tests. Mean %RH for all tests rose to 97.5Ð103.2%

soon after closing the chambers. The light, tempera-
ture, and %RH in the walk-in incubator used for hold-
ing adult moths and infested apples after exposure to
M. albus was 16:8 (L:D) h, 25 � 0.5�C, and 45.8%RH,
respectively. After each exposure period, oxygen (O2)
and carbon dioxide (CO2) were measured with an
O2/CO2 meter (PaciÞc CA System Techni-Systems,
Chelan WA). A 180-cm clear reinforced PVC tube was
connected to the exhaust outlet of the chambers and
to the intake of the meter. The contents of the cham-
ber were drawn through the meter for 5 min until
readings had stabilized. Mean ambient air was 20.6%
O2 and 0.3% CO2.
Adult Mortality. Moths used for experiments had

emerged within 24 h before testing. For each repli-
cated test, �20 moths (50:50 mixture of males and
females) were placed in each of thirty 0.47-liter cups.
A 6.4-cm diameter hole cut in the lid and covered with
polyester mesh (Econet-T) provided ventilation. Five
containers with moths were placed in each of three
chambers used for controls and three for M. albus
treatments. Each cup was provisioned with 15% honey
water in 2 ml of Micro-Eppendorf tubes with the lids
removed and a 3.8-cm piece of cotton inserted into the
tube.The tubeswere taped to the sideofeachcup. Just
before the chambers were sealed, a cup with 30 g of
hydrated rye grain was placed in each of the three
controls. A cup containing 30 g of hydrated M. albus
mycelium on rye grain was placed in the remaining
three chambers. Moths were left in the chambers for
3, 4, or 5d.After thedesiredexposureperiod,mortality
was assessed at 0, 24, and 48 h postexposure. Moths
were kept in a walk-in incubator at 25�C during the
postexposure intervals. Substantial growth ofM. albus
on the rye grain was observed after the exposure
periods. Five replicated tests were conducted for each
exposure period on Þve separate dates.
Neonate Larval Mortality, Apple Damage, and In-
star Distribution. Neonate codling moth larvae were
exposed toM.albusVOCsonapples in0.47plastic cups
in thechambersdescribedabove.Tenneonatecodling
moth �4 h old were placed on an unwaxed Fuji apple
(�7.4 cm in diameter and 187.6 g per apple) in each
of 10 ventilated cups. Five cups were placed in each
chamber along with a sixth container with either 30 g
of hydrated rye grain or 30 g ofM. albusmycelium on
rye grain that had been prepared as described above.
The chambers were then hermetically sealed for 72 h.
After exposure, the cups were removed from the
chambers and incubated for 7 d at 25.8 � 1.4�C after
which the apples were dissected to determine the
number of entries, living and dead larvae, and age
distribution of larvae. Entries were categorized as
deep or shallow. Larvae in shallow entries were found
just below the surface of the apples with production
of a minimum amount of frass. Deep entries produced
considerably more frass with larvae penetrating
deeper into the fruit. Five replicate tests were con-
ducted on separate dates. During dissections there
were usually fewer larvae than there were entries into
the apples. Missing larvae were not counted as dead in
either controls or treated apples. We used the total
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number of larvae found, dead or alive, upon which to
make our mortality calculations.
Mortality of Larvae within Apples, Apple Damage,
and InstarDistribution.Methods used to assess howM.
albus affected larvae within infested apples were iden-
tical to the neonate tests, except that after placing neo-
nate larvaeonapples in thecups theywere incubatedfor
5 d at 25.8 � 1.4�C before a 3-d exposure toM. albus.We
estimated that the 5-d-old larvae were predominantly
Þrst instars at the time exposures started. Assessment of
mortality,appledamage,andinstardistributionwasdone
as described above. Five replicate tests were conducted
on separate dates.
Mortality of Diapausing Larvae. Cardboard strips

(double-faced, B ßute, Weyerhauser, Tacoma, WA)
were placed on larval rearing trays before emergence
of diapause-destined Þfth-instar larvae. After larvae
exited the medium and constructed cocoons within
the strips, they were stored at 2�C until used. Sections
of strips (8 by 2 cm) containing �20Ð25 cocooned
larvae were then cut from the larger strips. One strip
was placed in each of Þve cups for each treatment and
control chamber for each exposure period for each
replicate test. A cup of hydratedM. albus on rye grain
or hydrated rye grain only were added to each treat-
ment or control chamber, respectively. Due to their
lower respiration relative to young larvae and adults,
diapausing larvae were exposed toM. albus VOCs for
either 7 or 14 d. Mortality was assessed immediately
after the larvae were removed from the chambers. The
strips were moistened to facilitate separation of larvae
from cocoons by pulling the sides of the cardboard
apart. Larvae that did not respond to probing were
considered dead. Five replicate tests were conducted
on separate dates.
Statistical Analysis. All data analyses were done in

SAS(SASInstitute2002).Thedataoften failed tomeet
assumptions of normality and homogeneity of vari-
ances required by analysis of variance (ANOVA);
thus, we used either nonparametric tests or analyses
that modeled the underlying distribution of the data.
Effects ofM. albus on mortality of neonate or 5-d-old
codling moth larvae, depth of entry holes, and CO2

production were examined using Wilcoxon tests in
PROC NPAR1WAY. The effects of treatment (control
versusM. albus), exposure duration (3, 4, or 5 d), and
time after exposure (0, 24, or 48 h) on percentage
mortality of adult codling moth were assessed using a
three-way ANOVA. In some treatment combinations,
mortality was either 0 or 100% in all replicates (i.e.,
there was no variance), which led to departures from
the assumptions of ANOVA that could not be cor-
rected using data transformation. Therefore, we mod-
eled the data as a binomial response (number dead/
number monitored) by using PROC GLIMMIX. A
small constant (0.5) was added to or subtracted from
replications having 0 or 100% mortality, respectively,
because the analysis failed to converge without this
correction.Thear(1)covariance structurewasused to
account for correlations among the repeat observa-
tions (0, 24, and 48 h postexposure). The ilink option
was used to back-transform least squares means and

standard errors to the original proportion data; these
backtransformed means rather than means from the
transformed data are presented. In the event of a
signiÞcant interaction in the ANOVA between the
treatment factor and either of the other two factors
(days of exposure, hours postexposure), tests on treat-
ment simple effects were done using the SLICE com-
mand. These same methods were used to analyze the
effects of treatment and day of exposure on mortality
of diapausing codling moth larvae, again due to the
occurrence of 0 or 100% mortality in all replicates of
some treatment � day combinations.

Results

Mortality ofAdultCodlingMoths.Mortality rates in
moths increased with days of exposure in both control
andM. albus treatments (days of exposure: F2, 24 � 9.3;
P � 0.001 and treatment � days of exposure interac-
tion was nonsigniÞcant, F2, 24 � 0.5; P� 0.62) (Fig. 1.
Averaged over days of exposure and hours postexpo-

Fig. 1. Effects of fumigation with the fungus M. albus on
mortality of adult codling moth and levels of CO2 and O2. Expo-
sure durations were 3, 4, or 5 d. Assessments of mortality were
made immediately after exposure and at 24 and 48 h thereafter.
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sure, mortality was higher in the M. albus treatment
than the control treatment (92.6 versus 26.4%) (F1, 24 �
80.6; P� 0.0001). The interaction between treatment
and h postexposure was also signiÞcant (F2, 47 � 8.7;
P� 0.0006) (Fig. 1); thus, treatment effects should be
examined separately at each level of the hour factor.
In all three comparisons, mortality rates in theM.albus
treatment were higher than in the control treatment:
0 h postexposure, 6.5% mortality in control treatment
versus 37.2% inM.albus treatment (data averaged over
days of exposure; F1, 47 � 52.4; P � 0.0001); 24 h
postexposure (25.8 versus 95.9%; F1, 47 � 67.8; P �
0.0001), and 48 h postexposure (65.5 versus 99.3%;
F1, 47 � 30.8; P � 0.0001). Despite the low rates of
mortality in moths from the 3-d exposure to M. albus
and 0-h assessment, the moths were noticeably less
active than those in the control treatment.

For CO2 levels (Fig. 1, top), the treatment � days
of exposure interaction was signiÞcant (F2, 24 � 16.2;
P � 0.0001). Simple effects comparisons showed that
CO2 levels were higher in theM. albus treatment than
the control treatment for each of the three levels of
days of exposure (F1, 24 � 300.0 and P� 0.0001 for all
three comparisons). CO2 levels increased signiÞcantly
with increasing days of exposure in theM. albus treat-
ment (F2, 24 � 38.5; P� 0.0001) due to the additional
growth of the fungus, but not in the control treatment
(F2, 24 � 0.6; P � 0.55). Conversely, O2 levels were
signiÞcantly lower in the M. albus treatment than in
controls (Fig. 1, top), at each level of exposure dura-
tion (F1, 24 � 600 and P � 0.0001 for all three tests).
Levels of O2 decreased with increasing days of expo-
sure in the M. albus treatment (F2, 24 � 107.7, P �

0.0001) but not in the control treatment (F2, 24 � 1.8;
P � 0.19).
Neonate Larval Mortality, Apple Damage, and
Instar Distribution. In all categories that were mea-
sured (percentage mortality, number of shallow
versus deep entries, and CO2 levels) treated larvae
differed signiÞcantly from controls (Table 1). Lar-
vae found in the treated apples were predominantly
Þrst instars (91.7%); hence, the signiÞcantly higher
number of shallow entries and very few deep en-
tries. The majority of control larvae (84.6%) had
developed to second and third instars accounting
for the higher percentage of deep entries. CO2 lev-
els were signiÞcantly higher and O2 levels were
signiÞcantly lower in the treated chambers than the
control chambers.
Mortality of Larvae within Apples, Apple Dam-
age, and Instar Distribution.Results similar to those
in the tests with neonate larvae were obtained with
5-d-old larvae within apples. All treated larvae dif-
fered signiÞcantly from controls in every category
that was measured (Table 2). However, mortality
was lower for the 5-d-old larvae than that observed
for neonates. The age structure of treated 5-d-old
larvae differed from controls, with 93.4% in Þrst
and second instars and only 5.3% progressing to the
third instar. Control larvae were considerably older
than treated larvae, with �90% ranging from second to
ÞfthinstarsandasigniÞcantlygreaterpercentageofdeep
entries. As in the other 3-d exposures, CO2 levels were
signiÞcantly higher, and O2 levels were signiÞcantly
lower in the treated chambers than the control cham-
bers.

Table 1. Effect of a 3-d exposure of neonate codling moth larvae placed on apples to volatiles produced by M. albusa

Treatmentb
% mortality

� SE

% entries
% CO2 % O2

% instar
distributionShallow Deep

M. albus 87.2 � 5.0a 92.7 � 4.2a 6.7 � 4.4a 16.2 � 0.4a 4.7 � 0.2a L1 91.7
L2 8.3

Control 9.0 � 3.7b 16.2 � 3.6b 83.8 � 3.6b 8.0 � 1.1b 12.6 � 0.8b L1 13.5
L2 54.1
L3 30.5
L4 1.9

a Assessments of mortality, depth of entries, and instar distribution were made after 7 d of incubation at 25�C after exposure toM. albus.CO2

and O2 concentrations were measured immediately following the 3-d exposures.
bMeans in the same column followed by a different letter are signiÞcantly different (Wilcoxon P values � 0.012).

Table 2. Effect of a 3-d exposure of 5-d-old larvae within apples to volatiles produced by M. albus (see footnotes in Table 1)

Treatment
% mortality

� SE

% entries
% CO2 % O2

% instar
distributionShallow Deep

M. albus 71.2 � 5.0a 58.7 � 5.0a 39.5 � 3.6a 14.4 � 0.7a 6.1 � 0.9a L1 50.8
L2 42.6
L3 5.3
L4 0
L5 1.3

Control 8.0 � 3.0b 8.4 � 3.5b 91.6 � 3.5b 5.0 � 0.8b 14.6 � 0.7b L1 8.6
L2 35.9
L3 25.5
L4 10.7
L5 19.3
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Mortality of Diapausing Larvae. For diapausing
codling moth, the treatment � exposure duration in-
teraction was highly signiÞcant (F1, 16 � 11.2; P �
0.004), due to the jump in mortality associated with
increasing duration of exposure in the M. albus treat-
ment but not in the control treatment (Fig. 2). The
two treatments were compared at the two exposures
separately. Mortality rates were higher than that of
controls in theM. albus treatment for both exposures
(P � 0.005 for both contrasts). Carbon dioxide levels
increased with increasing exposure duration (F1, 14 �
6.7; P � 0.02) (Fig. 2, top). Levels of CO2 were sig-
niÞcantly higher in the M. albus treatment than the
control treatment (F1, 14 � 201.6;P� 0.0001). The CO2

concentration in the 7- and 14-d exposures was con-
siderably higher than the 3-d exposures due to the
increased growth of M. albus. The corresponding O2

levels were signiÞcantly lower in the M. albus treat-
ment than in the controls (F1, 14 � 142.1; P� 0.0001).
Although control mortality was minimal, the cardboard
strips in which larvae were held supported substantial
growthof fungus(Penicillium sp.)after14d in thecham-
bers. No fungal growth was seen in treated chambers.

Discussion

Exposure to M. albus volatiles for as few as 3 d
followed by 24Ð48-h posttreatment incubation pro-
duced mortality in codling moth adults and neonate
larvae that was comparable to that reported by Lacey
and Neven (2006) and Lacey et al. (2008) for potato
tuberworm, Phthorimaea operculella (Zeller) (Lepi-
doptera: Gelechiidae). Fumigation withM. albus dur-
ing the initial few days of storage at relatively warm
temperatures (24�C) followed by good ventilation

may be adequate to control adults and neonate larvae,
but longer periods of exposure would be required for
infested apples and diapausing larvae.

Although 4- and 5-d exposures of adult codling moth
were highly efÞcacious, the short life span and stress
associated with handling and conÞnement also re-
sulted in high mortality in controls. At the time post-
exposure incubation had concluded for the 3-, 4-, and
5-d exposures, the adults were 5, 6, and 7 d old, re-
spectively. Even under optimal conditions, codling
moth adults do not have an especially long life span.
Untreated moths that were held in ventilated plastic
cups provisioned with honey water in a walk-in incu-
bator without prior conÞnement in the exposure
chambers lived slightly longer than control moths in
our study (L.A.L. et al. unpublished data). Howell
(1981) reported longer life spans than those presented
here when adults were kept under optimal conditions
and provided with sucrose solution.

Fumigation of neonate larvae that were placed on
apples and 5-d-old larvae within apples resulted in
signiÞcantly higher mortality compared with control
larvae. Considering the number of larvae per apple
and incubation for 10Ð15 d, respectively, cannibalism
could be responsible for the discrepancy between the
numberofentries intoapples and thenumberof larvae
found, especially in the controls with a high propor-
tion of older instars. Hence, the missing larvae were
eliminated from both treatments and controls for cal-
culation of mortality. Ferro and Harwood (1973) con-
cluded that the carrying capacity for 4-cm-diameter
apples is �3 larvae per apple.

The primary cause of codling moth mortality, es-
pecially with the 3-d exposures of adults and neonate
larvae with minimal buildup of CO2, is clearly due to
M. albus. However, the contributing effect of CO2

cannot be ruled out for longer exposures. In contrast,
the highest levels of CO2 in our studies are still far
below those used by other researchers for longer ex-
posures to kill codling moth (Soderstrom et al. 1990,
Cossentine et al. 2004). The speciÞc VOCs or mixtures
of volatiles responsible for insecticidal activity have not
yet been identiÞed, but the use of one or more of the
most active moieties for insects would enable con-
trol of codling moth without the generation of CO2.

In addition to the biocidal activity of the natural
mixture of VOCs produced byM. albus, studies on the
effect of individual M. albus VOCs and mixtures of
volatiles on plant pathogens also have been con-
ducted. Strobel et al. (2001) reported that the most
effective class of inhibitory compounds was the esters,
of which 1-butanol, 3-methyl-, acetate was the most
active biologically. Ramin et al. (2005) observed the
highest fungicidal and bactericidal activity was due to
isobutyric acid and 2-methyl-1-butanol. Ezra et al.
(2004) used proton transfer reaction-mass spectrom-
etry to qualitatively and quantitatively measure a wide
range of volatile emissions from M. albus, thus pro-
viding identiÞcation of more speciÞc components to
test against pest organisms including codling moth.

The results of fumigating diapausing codling moth
larvae withM. albus VOCs were especially encourag-

Fig. 2. Effects of fumigation with the fungusM. albus on
mortality of diapausing codling moth larvae and levels of CO2

and O2. Exposure durations were seven and 14 d. Assessments
of mortality were made immediately after exposure.
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ing due to their lower respiration relative to adults and
active larvae. Diapausing larvae in fruit bins can be a
problematic source of codling moth in storage and for
introduction of codling moth into orchards (Higbee et
al. 2001). One of the most effective methods for con-
trolling codling moth larvae in cartons is fumigation
with methyl bromide (Hansen et al. 2002), but in
addition to the environmental and safety issues men-
tioned above, phytotoxicity also can be a concern
(Drake et al. 1988). As alternatives to fumigation with
methyl bromide and other broad-spectrum chemicals,
less deleterious methods also have been investigated
for treatment of fruit bins. Fumigation with CO2 has
been used to kill codling moth larvae, but very high
concentrations and longer exposures are required to
produce high levels of mortality. Soderstrom et al.
(1990) observed 95% mortality in diapausing codling
moth larvae after exposure to 60% CO2 for 13Ð24 d, and
Cossentine et al. (2004) reported �80% mortality
when codling moth larvae were exposed to 40Ð60%
CO2 for �8 d. Neven and RehÞeld (1995), Higbee et
al. (2001) and Hansen et al. (2006) reported the ef-
fects of heat on diapausing codling moth survival.
Lacey and Chauvin (1999), Cossentine et al. (2002),
and Lacey et al. (2005) provided information on the
efÞcacy of entomopathogenic nematodes for codling
moth control in bins. M. albus would offer an addi-
tional alternative approach for control of diapausing
codling moth larvae in fruit cartons and bins.

IfM. albus is to be used as for codling moth control
in stored or packed fruit, additional research to assess
the effects of prolonged exposure at colder tempera-
tures on efÞcacy of the fumigant is required. Lacey et
al. (2008) observed decreased effectiveness of M. al-
bus against potato tuberworm at 10 and 15�C. Research
on the effect of temperature and dosage on the efÞ-
cacy of M. albus for control of gray mold (Botrytis
cinerea) on table grapes at 5 and 20�C was reported by
Mlikota Gabler et al. (2006). The biofumigant was
more active at the higher temperature, but higher
dosages of the fungus and longer periods of exposure
at 5�C still provided control. Schnabel and Mercier
(2006) demonstrated protection of peaches in ship-
ping cartons from brown rot caused byMonilinia fruc-
ticola in cold storage (1Ð2�C) by using anM. albus pad
delivery system in bagged shipping cartons. They re-
ported the importance of containment of M. albus
VOCs for effective control under cold conditions. In
addition to lower temperatures, the effect of fumiga-
tion in fruit cartons with M. albus for longer periods
also warrants further research with codling moth.

Fumigation of apples for successful control of plant
pathogenic fungi was reported by Ramin et al. (2007)
and Schotsmans et al. (2008). Ramin et al. (2007)
observed that a 24-h exposure to 0.5 g of M. albus
culture per liter at 20�C controlled B. cinerea, Penicil-
liumexpansum,andSclerotinia sclerotiorumand had no
effect on fruit quality. However, the concentration of
CO2 generated byM. albuswas not reported by Ramin
et al. (2007) or Schotsmans et al. (2008). Other authors
have observed deleterious effects of exposure to CO2

depending on apple variety and storage conditions

(Argenta et al. 2002, Fawbush et al. 2008). However,
treatment of fruit with diphenylamine, an antioxidant
used routinely to prevent superÞcial scald disorder,
markedly reduced or eliminated fruit damage due to
CO2 (Fawbush et al. 2008). The effect of prolonged
exposure to high concentrations of CO2 and M. albus
VOCs on apple quality in sealed cartons in shipping
temperatures (2Ð7�C) has yet to be determined and
warrants further investigation.

The systems approach to achieve quarantine secu-
rity of exported apples and other fruit capitalizes on
cumulative pest mortality from multiple control com-
ponents (Jang and MofÞtt 1994, Follett and Neven
2006). Fumigation with M. albus could provide an
additional component in this strategy to prevent live
codling moth from being exported. In addition to cod-
ling moth control,M. albus VOCs could contribute to
the control of any plant pathogenic organisms of apple
that happen to be present (Ramin et al. 2007, Schots-
mans et al. 2008).

The primary objective for investigating M. albus as a
biofumigant in our study was to determine its potential
for preventing the shipment of infested fruit in sealed
cartons. Compared with methyl bromide and other
broad-spectrum fumigants, M. albus is relatively safe to
use. Nevertheless, determination of nontarget and envi-
ronmental effects of the biofumigant warrants investi-
gation.
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