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The khapra beetle, Trogoderma granarium Everts (Coleoptera: Dermestidae), is a serious pest of stored products
worldwide, and a quarantine insect for many countries. The use of phosphine gas has been proven to be effective
against a wide range of stored-product insect species, but there is still inadequate information in the case of
T. granarium. In the present study, we evaluated the effectiveness of phosphine on different life stages of this
species, including its diapausing larvae. For this purpose, the protocols that were used were: a) exposure for 20
hours at 30 ppm for all life stages including daupausing larvae (standard protocol, proposed by Food and
Agriculture Organization, FAO), b) exposure for 3 days in different concentrations, i.e. 50, 100, 200, 300, 500
and 1000 ppm. Both mobile stages (adults and larvae) were immobilized after 20 h of exposure. The most
susceptible life stages were adults and pupae, as 100% mortality was recorded for both, 7 days after the
termination of the exposure at all concentrations and intervals tested. Larvae, both diapausing and nondiapausing, showed some survival 7 and 14 days after exposure to 30 ppm of phosphine for 20 h. Nondiapausing larvae were more susceptible than diapausing larvae, and shown a delayed response in terms of
completing their biology to reach the adult stage. In contrast, diapausing larvae had no delayed response
compared to the controls. The life stage with the highest level of tolerance to phosphine appeared to be the eggs,
since 100% mortality was recorded only at 1000 ppm after 3 d of exposure. The data of the present study are to
be particularly important for the control of this species, especially in the case of quarantine and pre-shipment
treatments.

1. Introduction
The khapra beetle, Trogoderma granarium Everts (Coleoptera: Der
mestidae), is a serious pest of stored products and a quarantine species
for many countries (EPPO, 2013; Myers and Hagstrum, 2012; Atha
nassiou et al., 2019). It is a destructive pest, and can develop in more
than 100 different commodities, of both plant and animal origin
(Hagstrum and Subramanyam, 2009; Athanassiou et al., 2019; Kaval
lieratos et al., 2019). Trogoderma granarium can attack almost any kind
of material, such as dried blood, dried milk, wool and skins, including
products with humidity as low as 2% (Dillon, 1968; Hagstrum and
Subramanyam, 2009; Kavallieratos et al., 2019). This species can easily
build extremely high population densities and, at elevated temperatures,
can successfully displace other major stored product insect species

(Athanassiou et al., 2016; Kavallieratos et al., 2017a). Infestation by
T. granarium can thus cause serious quantitative losses and qualitative
degradations, as it is a “dirty feeder” (Pasek, 1998; Athanassiou et al.,
2019). Among cereals, the higher developmental rate has been recorded
on wheat and triticale, and the lower on maize and barley (Athanassiou
et al., 2016). Due to phytosanitary regulations that are related with this
species, it is considered a threat to global food security and Lowe et al.
(2000) classify T. granarium among the 100 worst invasive species
worldwide.
One of the key points in T. granarium biology is its diapause, which
occurs at the larval stage, when conditions are suitable, such as over
crowding, low temperatures and food shortage (Bell, 1994; Wilches
et al., 2016; Shivananjappa et al., 2020). Unlike other species of the
genus Trogoderma, diapause in T. granarium allows larvae to break the
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diapause and carry out “foraging excursions” (Nair and Desai, 1973a, b;
Denlinger, 1991; Bell, 1994; Wilches et al., 2016). Nevertheless,
diapause of this species can last for several years, which complicates
successful detection (Athanassiou et al., 2019). Even if it is detected,
T. granarium morphologically with other Trogoderma spp., making its
identification challenging, as it requires experienced personnel and the
use of molecular markers (Olson et al., 2014; Solà et al., 2018).
Regulatory concerns allow only one laboratory rearing of
T. granarium in the USA, at the Center for Plant Health Science and
Technology of the United States Department of Agriculture, Animal and
Plant Health Inspection Service (USDA-APHIS), originated from a field
collection at a local grain market in Faisalabad, Punjab in July 2011,
strictly used for small-scale tests (Ghimire et al., 2016, 2017; Arthur
et al., 2018; Morrison et al., 2020). Similar limitations apply for labo
ratory rearings in the case of other countries where T. granarium is of
quarantine significance (Szito, 2012; Athanassiou et al., 2019). This
constitutes an additional limitation in testing its susceptibility to
different insecticides and other control methods, in order to draw spe
cific guidelines for its control, especially in the case of quarantine and
pre-shipment treatments (QPS) that meet the requirements of phytosa
nitary legislation (Barak, 1989).
The vast majority of the data available for the control of this species
are about contact insecticides, applied either directly on grains or on
surfaces (Ghimire et al., 2016; Athanassiou et al., 2015a, 2015b;
Kavallieratos et al., 2016, 2017b; Arthur et al., 2018). In general, adults
are much more susceptible than larvae to the contact insecticides that
have been tested so far, i.e. organosphosphates (OPs), pyrethroids and
diatomaceous earths (DEs) (Ghimire et al., 2016, 2017; Kavallieratos
et al., 2017b). It has been reported that the OP pirimiphos-methyl and
the DE SilicoSec were very effective for the control of this species, and
caused higher mortality than the pyrrole chlorfenapyr, and the pyre
throid alpha-cypermethrin (Athanassiou et al., 2015a, 2015b; Kaval
lieratos et al., 2016; Ghimire et al., 2017). Other contact insecticides,
such as the bacterial compound spinosad, the pyrethroids deltamethrin,
cypermethrin and beta-cyfluthrin, as well as the insect growth regulator
(IGR) S-methoprene, are able to cause high adult mortality and are
moderately effective against larvae (Athanassiou et al., 2015a, 2015b;
Kavallieratos et al., 2016, 2017b; Ghimire et al., 2017). In contrast, the
IGR pyriproxyfen was not effective for the control of T. granarium larvae
(Kavallieratos et al., 2016).
Regarding postharvest fumigants, it is regarded that methyl bromide
(MB) could successfully control T. granarium, provided that the con
centrations are two times higher than those used for other storedproduct pests for quarantine security (Bond, 1984). Still, the use of
MB is currently limited to QPS uses, since it has been phased out as an
ozone depleter (United Nations Environment Programme [UNEP],
1997). Both older and more recent data indicated that low oxygen or
increased carbon dioxide can successfully control T. granarium (Spratt
et al., 1985; Vassilakos et al., 2019). Other substances that have shown
potential efficacy are acrylonitrile, ethylene chlorobromide, ethylene
dibromide, ethylene oxide and hydrocyanic acid, however, none are
currently approved for commercial applications (Lindgren et al., 1955;
Athanassiou et al., 2019). After the phase out of MB, phosphine gas,
hydrogen phosphide (PH3), is the most commonly used fumigant in
stored product protection worldwide, with noticeable advantages, such
as its ease in its application, good penetration, low price, suitability for
different target scenarios and global acceptance as a “residue-free
treatment” (Nayak and Collins, 2008; Kaur et al., 2015; Nayak et al.,
2020). An older work by Bell and Wilson (1995) clearly demonstrated
that this fumigant was effective against T. granarium, but its efficacy
varied according to the life stage, with eggs being the most tolerant, as is
the case of other stored product insect species (Nayak et al., 2020).
Earlier, Champ and Dyte (1976) recorded T. granarium populations that
were resistant to phosphine, and additional findings further support the
occurrence of resistant populations from different parts of the world
(Borah and Chahal, 1979; Bell et al., 1984; Bell and Wilson, 1995;

Benhalima et al., 2004; Ahmedani et al., 2007).
Despite the fact that there are studies that demonstrate the efficacy of
phosphine for the control of T. granarium, the information available
regarding the efficacy of this fumigant against this species has several
gaps. There are studies that show the occurrence of strongly resistant
populations of T. granarium in Africa (Benhalima et al., 2004), as well as
the presence of populations in Asia (Pakistan) that cannot be controlled
with phosphine in areas that are not typically treated with this gas,
suggesting that this tolerance might be a natural phenomenon and not a
genetically-linked resistance (Ahmedani et al., 2007; Shakoori et al.,
2016). Bell et al. (1984) found a considerable variation in the suscep
tibility to phosphine among different larvae of T. granarium, and
assumed that diapause might have played a role in this observation. In
that study, the authors also indicated that eggs were by far less sus
ceptible than larvae (Bell et al., 1984).
There are different ways to estimate the susceptibility to phosphine
of stored product insects at the laboratory scale. The most common one
is the so called Food and Agriculture Organization (FAO) test, known
broadly as the FAO discriminating dose protocol. Under this protocol,
which was initially proposed by Champ and Dyte (1976), insects, usually
adults, of the target species are exposed for 20 h at 30 ppm of phosphine,
and mortality is evaluated at a certain post-exposure period, usually 7 or
14 days (Champ and Dyte, 1976; Holloway et al., 2016; Nayak et al.,
2017). Survival at that stage may be considered as an evidence of
resistance (Agrafioti et al., 2019). One additional protocol is the so
called “Dose Response” bioassay, where insects are exposed at a wide
range of concentrations, for a fixed interval, usually 3 days (Pimentel
et al., 2007; Nayak et al., 2007; Gautam et al., 2016). In this way, sur
vival to FAO protocol can be further characterized as an indicator of
resistance. Nayak et al. (2007) applied the FAO test and a 3-day dose
response protocol, to determine susceptibility of the rice weevil, Sito
philus oryzae (L.) (Coleoptera: Curculionidae) to phosphine, while Gau
tam et al. (2016) tested a similar protocol for the red flour beetle,
Tribolium castaneum (Herbst) (Coleoptera: Tenebrionidae). Neverthe
less, there are limited data in terms of using these protocols in the case of
T. granarium, not only with respect to the evaluation of resistance, but as
protocols that can be used to quantify the susceptibility of different life
stages of this species to phosphine.
Given the quarantine status of T. granarium, and taking into account
the importance of phosphine in stored product protection, research on
the efficacy of phosphine for the control of the khapra beetle should be
considered a priority (Nayak et al., 2020). In this context, the aim of the
present study was to examine the efficacy of phosphine for the control of
different life stages of the T. granarium, using both FAO and Dose
Response experimental protocols.
2. Materials and methods
2.1. Insects
The population of T. granarium used in the current work has been
maintained at the Laboratory of Entomology and Agricultural Zoology
(LEAZ), Department of Agriculture, Crop Production and Rural Envi
ronment, University of Thessaly since 2013. The rearing conditions were
32 οC, 55% relative humidity (r.h.) and continuous darkness, and the
substrate for the rearing was wheat. Adults, larvae and pupae were
separated from the rearing media using a 2-mm sieve and then collected
with a fine paint brush (Lineo, No.1, Mesko-Pinsel GmbH). To induce
larval diapause, 1000 larvae were placed in a 1-L jar with a small
quantity of wheat, at 25 οC for four days and then transferred to 20 οC for
two weeks. Afterwards, the larvae were placed at 15 οC for three weeks
and used in the bioassays. Then, the larvae were returned at the standard
rearing conditions mentioned above, and the larvae that did not pupate
were considered as diapausing. Eggs were obtained by placing 100
adults of mixed sex and age in 500-ml glass jar with a small quantity of
previously sieved flour to allow them to mate and lay eggs, for two days.
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Then the adults were removed, and the flour was sieved again with a
212-μm sieve (Woven Wire Sieve, Endecotts Ltd) to obtain the eggs,
which were picked up with using a single hair fine paint brush (Lineo,
No.1, Mesko-Pinsel GmbH). Eggs used were 1–2 day-old, while adults
were 5 day-old or less, and larvae were at their last instar.

Table 1
Percentage (% ± SE) of adults and non-diapausing larvae that were found
immobilized after 20 h of exposure to 30 ppm of phosphine, and mortality (% ±
SE) of adults, pupae (expressed as % of adult emergence), non-diapausing larvae,
diapausing larvae, and eggs (expressed as % of egg hatch), 7 or 14 d after the
termination of the exposure.a

2.2. FAO protocol

Interval

All life stages were tested in this protocol, including the diapausing
larvae. We used 1-L jars as the experimental chambers for the tests
containing plastic cylindrical vials (2.5 cm in diameter, 9 cm in height)
with 10 individuals of each life stage (different vials for each life stage).
The gas production was carried out as proposed by Steuerwald et al.
(2006), using gas chromatography [Shimadzu GC-2010 Plus (Shimadzu,
Kyoto, Japan)] to estimate concentrations. A volumetric syringe was
used to inject, through a gas-tight rubber septum, a volume of phosphine
to achieve 30 ppm within each of a series of 1-L gas-tight jars. All jars
were placed in incubators set at 28 οC and 55% r.h. Additional jars with
insects that contained only air were used as controls. Twenty hours later,
the vials were opened and adults and non-diapausing larvae were
recorded as active (showing visible movement) or immobilized (with no
visible movement). All individuals were removed from the vials and
placed in petri dishes with small quantities of wheat, and transferred to
32 οC and 55% r.h. Seven days later, adults and larvae (both diapausing
and non-diapausing ones) were observed for mortality. The life stage on
which the surviving larvae had reached (larvae, pupae or adults) was
also recorded. Eggs were observed for hatching, while pupae were
observed for adult emergence. The same procedure was repeated 7
d later, i.e. 14 d after the termination of the exposure. There were two
replicates with three sub-replicates (six jars in total) for this test, with
new phosphine production each time (n = 6).

Life stage

20 hours
(immobilized %)

7 days
(mortality)

14 days
(mortality)

Adult
Pupae
Non-diapausing larvae
Diapausing larvae
Eggs
F
P

100.0 ± 0.0
–
100.0 ± 0.0
–
–

100.0 ± 0.0c
100.0 ± 0.0c
48.3 ± 4.7a
35.0 ± 2.2a
78.3 ± 7.0b
57.24
< 0.001

100.0 ± 0.0c
100 ± 0.0c
61.6 ± 10.1b
35.0 ± 2.2a
70.0 ± 6.8b
24.59
<0.001

a

Within each row, means followed by the same letter are not significantly
different (HSD test at 0.05, in all cases df = 4, 29). – No counts were taken for
pupae, diapausing larvae and eggs after the 20-h exposure, as in this period all
individuals were immobilized.

the termination of the exposure period, a percentage that further
decreased to approximately 38% seven days later (Table 1). Similarly,
65% of the diapausing larvae were still alive at the 7 d post-exposure
period, a percentage that remained stable seven days later. Complete
pupal mortality was noted for either 7 or 14 d. Furthermore, 78% of the
eggs were dead after 7 d, a percentage that was only slightly increased
seven days later (Table 1).
Regarding the surviving non-diapausing larvae at both post-exposure
periods, we recorded a considerable percentage that had been affected
by phosphine in terms of delay in their development, as compared with
the control larvae (Table 2). In contrast, the diapausing larvae that
reached the pupal or adult stage at the post-exposure periods were
similar to those of the control larvae. Nevertheless, for both larval cat
egories, the increase of the post-exposure period from 7 to 14 d, resulted
in a higher percentage of adult emergence.

2.3. Dose response protocol
The gas production and experimental design was the same as
described above, but in this case the insects were exposed for 3 days at
different concentrations, i.e. 50, 100, 200, 500 and 1000 ppm of phos
phine. Immediate and delayed observation times, as well as the number
of replicates/sub-replicates were as in the case of the FAO protocol (n =
6). Control mortality was not included in the analysis, since it was
extremely low. Indicatively, control adult and larval mortality was less
than 10%, pupal mortality was less than 15%, while egg hatch and
diapausing larval mortality were less than 12%.

3.2. Dose response protocol
With the Dose response protocol, there were no significant differ
ences in mortality levels among different life stages (Table 3). Adults and
non-diapausing larvae were completely (100%) immobilized after 3
days, even at the lowest concentration (Table 3). Moreover, for adults,
non-diapausing larvae, diapausing larvae and pupae, there was com
plete (100%) mortality at the post-exposure periods, regardless of the
concentration. In contrast, at the 7-d post-exposure period, for concen
trations up to 500 ppm, we recorded egg mortality that ranged between
87 and 97% of the total, which was practically unchanged seven days
later (Table 3). Finally, all eggs were dead at 1000 ppm. These egg
mortality rates correspond to LC95 and LC99 values of 185.7 and 874.3
ppm, respectively, for the 14-d post-exposure interval (Table 4).

2.4. Statistical analysis
For all cases we used the SPSS software (IBM Corp., 2016). For the
FAO trials all data, separately for each interval were subjected to anal
ysis of variance (ANOVA), with percentage of mortality per vial as the
response variable and life stage as the main effect. In addition, we used a
t-test to compare the development of the exposed larvae that had sur
vived with that of the controls. For the dose response protocol, counts
were subjected to one-way ANOVA, separately for each interval and life
stage. In addition, the data were analyzed by using Probit Analysis to
estimate the lethal dose, i.e. LD50, LD95 and LD99.

4. Discussion
The results of the present work highlight the importance of life stage
in the insecticidal effect of phosphine for the control of T. granarium.
These data highlight the increased susceptibility the adults, pupae and
larvae to phosphine; for these life stages, mortality was complete (100%)
even at the lowest concentration of 50 ppm. In contrast, eggs were far
more tolerant and survival, although low, was recorded even when
phosphine reached 500 ppm for 3 days. From a phytosanitary point of
view, the findings of this study suggest that in commodities that are
found infested by T. granarium and fumigated it is likely that some eggs
will survive, leading to infestation levels that may be visible weeks or
months after the termination of the fumigation. The inclusion of
different life stages, especially eggs, in experiments that are related with

3. Results
3.1. FAO protocol
Significant differences were noted in mortality levels among
different life stages for both post-exposure intervals (Table 1). Both
adults and non-diapausing larvae were 100% immobilized after the
termination of the 20 h exposure interval (Table 1). Moreover, there was
100% adult mortality at both 7 and 14 d after the exposure. In contrast,
approximately 52% of the non-diapausing larvae were still alive 7 d after
3
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Table 2
Percentage (% ± SE) of larvae, pupae and adults, originated from the larvae that had been recorded as survivors right after the termination of the 20-h exposure to 30
ppm of phosphine, at the 7 and 14-d post-exposure periods, and the respective figures in the control larvae (in all cases, within each line, larvae + pupae + adults =
100%). In all cases N = 60.
Non-diapausing larvae

Diapausing larvae
7 days

Larvae

Pupae

Adults

Larvae

Pupae

Adults

Exposed larvae
Control
t
P

35.8 ± 14.4a
1.6 ± 1.6
2.35
0.041

58.9 ± 13.8
73.7 ± 1.8
− 1.06
0.313

5.1 ± 3.2a
24.5 ± 3.1
− 4.23
0.002

0.0 ± 0.0
0.0 ± 0.0
–
–

100.0 ± 0.0
100.0 ± 0.0
–
–

0.0 ± 0.0
0.0 ± 0.0
–
–

Exposed larvae
Control
t
P

48.8 ± 11.4a
0.0 ± 0.0
4.26
0.002

24.2 ± 11.8
0.0 ± 0.0
2.03
0.069

26.9 ± 9.2a
100.0 ± 0.0
− 7.90
<0.001

0.0 ± 0.0
0.0 ± 0.0
–
–

0.0 ± 0.0
0.0 ± 0.0
–
–

100.0 ± 0.0
100.0 ± 0.0
–
–

14 days

a
Means with asterisks, obtained on exposed larvae (treated with phosphine), are significantly different from the respective means, obtained on non-exposed larvae
(control), within each post-exposure period and column for non-diapausing and diapausing larvae, according to Students’ t-test at P < 0.05, in all cases df = 10.

Table 3
Mean proportion (% ± SE) of adults, non-diapausing larvae, diapausing larvae, pupae and eggs that were found immobilized right after 3 days of exposure to 50, 100,
200, 500 and 1000 ppm of phosphine and at 7 and 14-day post-exposure periods (immobilization of pupae, diapausing larvae and eggs was tested only at the two postexposure periods).a
Observation interval
Life stage

Concentration (ppm)

3 days

Adults

50
100
200
500
1000
50
100
200
500
1000
50
100
200
500
1000
50
100
200
500
100
50
100
200
500
1000

100.0 ±
100.0 ±
100.0 ±
100.0 ±
100.0 ±
–
–
–
–
–
100.0 ±
100.0 ±
100.0 ±
100.0 ±
100.0 ±
–
–
–
–
–
–
–
–
–
–
–
–

Pupae

Non-diapausing larvae

Diapausing larvae

Eggs

F
P

0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0

7 days

14 days

100.0 ± 0.0
100.0 ± 0.0
100.0 ± 0.0
100.0 ± 0.0
100.0 ± 0.0
100.0 ± 0.0
100.0 ± 0.0
100.0 ± 0.0
100.0 ± 0.0
100.0 ± 0.0
100.0 ± 0.0
100.0 ± 0.0
100.0 ± 0.0
100.0 ± 0.0
100.0 ± 0.0
100.0 ± 0.0
100.0 ± 0.0
100.0 ± 0.0
100.0 ± 0.0
100.0 ± 0.0
86.6 ± 8.8
95.0 ± 5.0
96.6 ± 2.1
96.6 ± 3.3
100.0 ± 0.0
1.05
0.399

100.0 ± 0.0
100.0 ± 0.0
100.0 ± 0.0
100.0 ± 0.0
100.0 ± 0.0
100.0 ± 0.0
100.0 ± 0.0
100.0 ± 0.0
100.0 ± 0.0
100.0 ± 0.0
100.0 ± 0.0
100.0 ± 0.0
100.0 ± 0.0
100.0 ± 0.0
100.0 ± 0.0
100.0 ± 0.0
100.0 ± 0.0
100.0 ± 0.0
100.0 ± 0.0
100.0 ± 0.0
86.6 ± 8.8
90.0 ± 5.1**
96.6 ± 2.1
96.6 ± 3.3
100.0 ± 0.0
1.25
0.316

a

ANOVA was performed only in the case of eggs, since in all other cases, mortality was 100%; no significant differences were noted among concentrations; in all
cases df = 4, 29. – No counts were taken for pupae, diapausing larvae and eggs after 3 days of exposure, as in this period all individuals were immobilized. **Egg hatch
was increased at the 14 d exposure interval.

Table 4
Probit analysis for Lethal Concentration, LC50, LC95 and LC99 (confidence interval) of eggs after exposure to phosphine at 50, 100, 200, 500 and 1000 ppm for 3 d, for
the 7 and 14 d of post-exposure periods.
Post-exposure
7 days
14 days
a

n
15
15

Slope ± SE
2.9 ± 0.3
3.2 ± 0.3

LC50

LC95

a

3.0
4.4 (0.0–22.5)

Confidence intervals could not be estimated accurately.

4

x2 values (P)

LC99
a

150.8
185.7a

a

762.1
874.3a

60.7 (<0.001)
52.0 (<0.001)
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phosphine efficacy is the only way to provide meaningful results and
recommendations (Nayak et al., 2020).
The reduced susceptibility of eggs of stored product beetles to fu
migants is a common phenomenon, which has been thoroughly estab
lished in numerous studies (Rajendran, 2000; Nayak et al., 2003, 2020;
Athanassiou et al., 2012, 2015a; Gautam et al., 2016; Venkidusamy
et al., 2018). For example, eggs of stored-product psocids (Psocoptera)
required several times higher concentration of either sulfuryl fluoride
(Athanassiou et al., 2012) or methyl bromide (Athanassiou et al., 2015a,
2015b) for 100% mortality, as compared with psocid nymphs or adults.
However, for several species exposed to methyl bromide the pupal stage
was the most tolerant one (Krohne and Lindgren, 1958; Heseltine and
Thompson, 1974; Bell et al., 1988). In Gautam et al. (2016), the authors
used eggs to establish discriminating doses to characterize
phosphine-resistant populations of T. castaneum and the Indian meal
moth Plodia interpunctella (Hübner) (Lepidoptera: Pyralidae) as, for both
species, egg was the most difficult to kill life stage. Our data demonstrate
that egg survival was less than 20% at 50 ppm of phosphine, while this
percentage was further reduced to less than 10% at 100 ppm. Never
theless, beyond 100 ppm, the increase of egg mortality was not linear,
which resulted in an estimate of approx. 750 ppm for 3 days to obtain
100% mortality. From a practical point of view, maintaining the con
centrations at these levels for 3 continuous days may not be feasible in
all types of conditions and facilities (Agrafioti et al., 2018). In addition,
for some of the concentrations tested, we saw a partial inhibitory effect
in egg hatching, since the percentage of egg hatch was increased with
the increase of the observation period from 7 to 14 d. This phenomenon
has been reported by Nayak et al. (2003) for the psocid Liposcelis bos
trychophila Badonnel (Psocoptera: Liposcelididae), that recorded a
phosphine-related delay in egg development, which was expressed more
vigorously in the case of resistant individuals. The delay in egg hatch
after exposure is an important variable that has to be seriously taken into
account as it, apparently, will lead to increased survival, which may not
be observed in studies that are based on fixed short observation periods
of larval emergence.
In a recent study, Athanassiou et al. (2020) conducted similar ex
periments to examine the susceptibility of different life stages of the
large cabinet beetle, Trogoderma inclusum LeConte (Coleoptera: Der
mestidae) and the hide beetle, Dermestes maculatus (DeGeer) (Coleop
tera: Dermestidae). In that study, the authors found that a small
percentage of adults and larvae of these two species could survive at 50
ppm for 5 d, but, for that exposure period, eggs required between 300
and 400 ppm for 100% mortality. These results show that, although the
data are not directly comparable with our results, T. granarium adults
and larvae were more susceptible than those of T. inclusum and
D. maculatus. In contrast, eggs of T. granarium are maybe more tolerant
than those of the other two species.
The 20-h FAO test has been utilized as the “standard” protocol to
indicate resistance, despite the fact that the evaluation procedure can be
sufficiently shortened at elevated concentrations (Agrafioti et al., 2019).
However, the data that are available for T. granarium towards the use of
the FAO discriminating dose protocol are limited, and one of our goals in
the present tests was to work with 30 ppm as the “starting” concentra
tion (Agrafioti et al., 2019). For adults and pupae, the 20-h exposure
caused 100% mortality, even after the termination of the exposure,
which did not change at the post-exposure observation periods.
Conversely, for larvae, survival was considerable, and ranged between
52 and 65% of the total number of individuals exposed. However, we
have used only one T. granarium population here, so generalizations
regarding the use of 30 ppm as a diagnostic for resistance should be
avoided, unless this concentration is tested for various populations with
different levels of resistance to phosphine.
The non-diapausing larvae were generally more susceptible than
diapausing ones when exposed to the FAO test. This stands in accor
dance with previous reports for the efficacy of phosphine on diapausing
larvae of T. granarium (Bell et al., 1984). Nevertheless, both larval

categories had a similar susceptibility level when exposed to phosphine
for 3 d, suggesting that longer exposures are lethal regardless of the
occurrence of diapause. Although inducing of T. granarium larvae to
diapause under laboratory conditions is a demanding procedure
(Burges, 1962; Nair and Desai, 1973a; Wilches Correal, 2016), the
technique that was followed in our work yielded a considerable per
centage of diapausing larvae. In light of our findings, we saw that the
non-diapausing larvae, shown a delayed response in terms of completing
biology to reach the adult stage. In contrast, diapausing larvae that had
survived the exposure to phosphine shown no delay in their further
development, and reached the adult stage as fast as the untreated
diapausing larvae, when placed at conditions that terminated diapause.
This means a “sleeping” larval population that had survived phosphine
(30 ppm for 20 h), is able to immediately respond to diapause termi
nation and vigorous population growth, when conditions are suitable,
which should be considered further in phosphine-based control strate
gies. However, longer exposures to phosphine may alleviate this
phenomenon.
Our study focuses on the evaluation of phosphine for the control of
T. granarium, considering the importance of this quarantine species, and
also towards the design of a fumigation plan. The results show that some
eggs are most likely to survive at elevated concentrations, but not the
other life stages, including the diapausing larvae. In commercial or
quarantine/pre-shipment (QPS) treatments, this may be falsely regarded
as a successful fumigation, but in practice may result in future in
festations, considering the partial inhibitory effects in egg hatch that are
reported here. In vessel/in transit fumigations, this delayed larval
emergence from surviving eggs may be catastrophic, as surviving in
dividuals that were not visible at the point of departure, may appear at
the destination point, increasing the risk for further spread. Still, we are
unaware of the percentage of the larvae emerging from treated eggs that
were eventually unaffected and could complete their life cycle
successfully.
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Solà, M., Riudavets, J., Agustí, N., 2018. Detection and identification of five common
internal grain insect pests by multiplex PCR. Food Contr. 84, 246–254.
Spratt, E., Dignan, G., Banks, H.J., 1985. The effects of high concentrations of carbon
dioxide in air on Trogoderma granarium Everts (Coleoptera: Dermestidae). J. Stored
Prod. Res. 21, 41–46.
Steuerwalrd, R., Dierks-Lange, H., Schmitt, S., 2006. Rapid bioassay for determing the
phosphine tolerance. In: Proceedings of the 9th International Working Conference on
Stored Product Protection, vol. 4, pp. 306–311.
Szito, A., 2012. ISPM 27 Diagnostic Protocols DP 3: Trogoderma granarium Everts.
International Standards for Phytosanitary Measures in March 2012.
(UNEP) United Nations Environment Programme, 1997. Report of the ninth meeting of
the parties to the Montreal Protocol on substances that deplete the ozone layer.
UNEP/OzL.Pro.9/12, Montreal, September.
Vassilakos, T.N., Ruidevets, J., Castane, C., Itturalde-Garcia, R.D., Athanassiou, C.G.,
2019. Efficacy of modified atmospheres on Trogoderma granarium and Sitophilus
zeamais. J. Econ. Entomol. 112, 2450–2457.
Venkidusamy, M., Jagadeesan, R., Nayak, M.K., Subbarayalu, M., Subramanian, C.,
Collins, P.J., 2018. Relative tolerance and expression of resistance to phosphine in
life stages of the rusty grain beetle, Cryptolestes ferrugineus. J. Pest Sci. 91, 277–286.
Wilches Correal, D.M., 2016. Effects of Extreme Temperatures on the Survival of the
Quarantine Stored- Product Pest, Trogoderma granarium (Khapra Beetle) and on its
Associated Bacteria. Master’s Thesis. Univ, Lethbridge, Lethbridge, Can.
Wilches, D.M., Laird, R.A., Floate, K.D., Fields, P.G., 2016. A review of diapause and
tolerance to extreme temperatures in dermestids (Coleoptera). J. Stored Prod. Res.
68, 50–62.

Athanassiou, C.G., Kavallieratos, N.G., Boukouvala, M.C., Mavroforos, M.E.,
Kontodimas, D.C., 2015. Efficacy of alpha-cypermethrin and thiamathoxam against
Trogoderma granarium Everts (Coleoptera: Dermestidae) and Tenebrio molitor L.
(Coleoptera: Tenebrionidae) on concrete. J. Stored Prod. Res. 62, 101–107.
Athanassiou, C.G., Phillips, T.W., Aikins, M.J., Hasan, M.M., Throne, J.E., 2012.
Effectiveness of sulfuryl fluoride for control of different life stages of stored-product
psocids (Psocoptera). J. Econ. Entomol. 105, 282–287.
Athanassiou, C.G., Hasan, M.M., Phillips, T.W., Aikins, M.J., Throne, J.E., 2015a.
Efficacy of methyl bromide for control of different life stages of stored product
psocids. J. Econ. Entomol. 108, 1422–1428.
Athanassiou, C.G., Kavallieratos, N.C., Boukouvala, M.C., 2016. Population growth of the
khapra beetle, Trogoderma granarium Everts (Coleoptera: Dermestidae) on different
commodities. J. Stored Prod. Res. 69, 72–77.
Athanassiou, C.G., Phillips, T.W., Wakil, W., 2019. Biology and control of the khapra
beetle, Trogoderma granarium, a major quarantine threat to global food security.
Annu. Rev. Entomol. 64, 131–148.
Athanassiou, C.G., Phillips, T.W., Arthur, F.H., Aikins, M.J., Agrafioti, P., Hartzer, K.L.,
2020. Efficacy of phosphine fumigation for different life stages of Trogoderma
inclusum and Dermestes maculatus (Coleoptera: Dermestidae). J. Stored Prod. Res. 82,
40–47.
Barak, A.V., 1989. Development of a new trap to detect and monitor khapra beetle
(Coleoptera: Dermestidae). J. Econ. Entomol. 82, 1470–1477.
Bell, C.H., 1994. A review of diapause in stored-product insects. J. Stored Prod. Res. 30,
99–120.
Bell, C.H., Wilson, S.M., 1995. Phosphine tolerance and resistance in Trogoderma
granarium Everts (Coleoptera: Dermestidae). J. Stored Prod. Res. 31, 199–205.
Bell, C.H., Wilson, S.M., Banks, H.J., 1984. Studies of the toxicity of phosphine to
tolerant stages of Trogoderma granarium Everts (Coleoptera: Dermestidae). J. Stored
Prod. Res. 20, 111–117.
Bell, C.H., Hole, B.D., Clifton, A.L., 1988. The toxicity of mixtures of methyl bromide and
methyl chloroform to stored product insects. J. Stored Prod. Res. 24, 115–122.
Benhalima, H., Chaudhry, M.Q., Mills, K.A., Price, N.R., 2004. Phosphine resistance in
stored-product insects collected from various grain storage facilities in Morocco.
J. Stored Prod. Res. 40, 241–249.
Bond, E.J., 1984. A Manual of Fumigation for Insect Control. Food Agric. Org. U.N,
Rome, Italy.
Borah, B., Chahal, C.G., 1979. Development of resistance in Trogoderma granarium Everts
to phosphine in the Punjab. Plant Protect. Bull. 27, 77–80.
Burges, H.D., 1962. Studies on the dermestid beetle Trogoderma granarium Everts. V.
-Reactions of diapause larvae to temperature. Bull. Entomol. Res. 53, 193–213.
Champ, B.R., Dyte, C.E., 1976. Report of the FAO Global Survey of Pesticide
Susceptibility of Stored Grain Pests FAO Plant Product Protection, Ser. 5. Food
Agriculture. Organization U.N, Rome, Italy.
Denlinger, D.L., 1991. Relationship between cold hardiness and diapause. In: Lee, R.,
Denlinger, D.L. (Eds.), Insects at Low Temperature. Chapman and Hall Publishers,
New York, United States.
Dillon, K., 1968. Report on Visit to USA and Canada by Mr. K. Dillon, Plant Quarantine
Entomologist. pp.83, To investigate all aspects of khapra beetle Trogoderma
granarium, Aug - Sept. 1968. AQIS Plant Quarantine Branch, Canberra, Australia.
(EPPO) European and Mediterranean Plant Protection Organization, 2013. PM 7/13 (2)
Trogoderma granarium. EPPO Bull. 43, 431–448.
Gautam, S.G., Opit, G.P., Hosoda, E., 2016. Phosphine resistance in adult and immature
life stages of Tribolium castaneum (Coleoptera: Tenebrionidae) and Plodia
interpunctella (Lepidoptera: Pyralidae) populations in California. J. Econ. Entomol.
109, 2525–2533.
Ghimire, M.N., Arthur, F.H., Myers, S.W., Phillips, T.W., 2016. Residual efficacy of
deltamethrin and β-cyfuthrin against Trogoderma variabile and Trogoderma inclusum
(Coleoptera: Dermestidae). J. Stored Prod. Res. 66, 6–11.
Ghimire, M.N., Myers, S.W., Arthur, F.H., Phillips, T.W., 2017. Susceptibility of
Trogoderma granarium Everts and Trogoderma inclusum LeConte (Coleoptera :
Dermestidae) to residual contact insecticides. J. Stored Prod. Res. 72, 75–82.
Hagstrum, D.W., Subramanyam, Bh, 2009. Stored-product Insect Resource. AACC
International, St. Paul, MN.
Heseltine & Thompson, 1974. Fumigation with methyl bromide und gas-proof sheets.
MAFF, HMSO, Edinburgh, pg 41.
Holloway, J.C., Falk, M.G., Emery, R.N., Collins, P.J., Nayak, M.K., 2016. Resistance to
phosphine in Sitophilus oryzae in Australia: a national analysis of trends and
frequencies over time and geographical spread. J. Stored Prod. Res. 69, 129–137.
Kaur, R., Subbarayalu, M., Jagadeesan, R., Daglish, G.J., Nayak, M.K., Naik, H.R.,
Ramasamy, S., Subramanian, C., Ebert, P.R., Schlipalius, D.I., 2015. Phosphine
resistance in India is characterised by a dihydrolipoamide dehydrogenase variant
that is otherwise unobserved in eukaryotes. Heredity 115, 188–194.
Kavallieratos, N.G., Athanassiou, C.G., Barda, M.S., Boukouvala, M.C., 2016. Efficacy of
five insecticides for the control of Trogoderma granarium Everts (Coleoptera:
Dermestidae) larvae on concrete. J. Stored Prod. Res. 66, 18–24.
Kavallieratos, N.G., Athanassiou, C.G., Guedes, R.N.C., Drempela, J.D., Boukouvala, M.
C., 2017a. Invader competition with local competitors: displacement or co-existence
among the invasive khapra beetle, Trogoderma granarium Everts (Coleoptera:
Dermestidae), and two other major stored-grain beetles? Front. Plant Sci. 8, 1837.
Kavallieratos, N.G., Athanassiou, C.G., Diamantis, G.C., Gioukari, H.G., Boukouvala, M.
C., 2017b. Evaluation of six insecticides against adults and larvae of Trogoderma
granarium Everts (Coleoptera: Dermestidae) on wheat, barley, maize and rough rice.
J. Stored Prod. Res. 71, 81–92.

6

