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Abstract: We examined the insecticidal effect of three different dust formulations, which were at-
tapulgite (W), attapulgite mix with oregano essential oil with 52% carvacrol (D1), and attapulgite
mix with oregano essential oil with 75% carvacrol (D2), in four major stored-product beetle species,
Sitophilus oryzae (L.), Tribolium confusum Jacquelin du Val, Rhyzopertha dominica (F.), and Trogoderma
granarium Everts. Sitophilus oryzae was the most susceptible at all three formulations, followed by
T. confusum and R. dominica. In contrast, T. granarium larvae showed the lowest mortality rates even
on the 14th day of observation and at the highest concentration (2000 ppm). Progeny production was
particularly reduced for all species relative to the controls. Nevertheless, complete suppression of the
offspring was observed only in the case of T. confusum and S. oryzae, while R. dominica was less sus-
ceptible to all three dust formulations, giving an average of up to 20 individuals per vial at 2000 ppm.
To our knowledge, this study is the first that has examined the insecticidal activity of oregano com-
pounds in combination with attapulgite for the control of stored-grain insect species. Additional
experimentation is required to indicate the rationale of using these natural resource-based materials
under a non-chemical control strategy at the post-harvest stages of agricultural commodities.

Keywords: essential oils; botanical formulations; attapulgite; stored product insects

1. Introduction

Essential oils are secondary metabolites derived from aromatic plants and are char-
acterized by a strong odor and volatility [1,2]. Many botanicals have been thoroughly
investigated by the scientific community because of their antibacterial, antifungal, and
insecticidal activities [1,2]. So far, more than 3000 essential oils have been found of which
300 are commercially available as they are used in the pharmaceutical, food, sanitary, and
agronomic industries [1,2]. The application of essential oils as insecticides has gained many
supporters as they provide a set of incontestable advantages over the use of conventional
compounds. In addition, in most of the cases they do not pose considerable risks for the
human health and non-target organisms, and are also environmentally compatible, as they
do not leave toxic residues in the soil and the atmosphere [2-10].

The insecticidal value of the essential oils of species of the Lamiaceae family has
been well studied in many application scenarios [2,11-16]. For instance, in the research of
Obeng-Ofori et al. [12] the essential oil of Ocimum kenyense Ayob. ex A.]J. Paton (Lamiales:
Lamiaceae) was effective against the granary weevil, Sitophilus granarius (L.) (Coleoptera:
Curculionidae), the maize weevil, S. zeamais Motschulsky (Coleoptera: Curculionidae),
the red flour beetle, Tribolium castaneum (Herbst) (Coleoptera: Tenebrionidae), and the
larger grain borer, Prostephanus truncatus (Horn) (Coleoptera: Bostrychidae). Similar results
have also been reported in the case of the rice weevil, Sitophilus oryzae (L.) (Coleoptera:
Curculionidae) adults when they were exposed to essential oils of Lavandula officinalis (L.)
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(Lamiales: Lamiaceae) with a LDs value of 0.07 mg/ cm? [17]. Moreover, Ayvaz et al. [18]
noted that the essential oils of savory, Satureja thymbra L. (Lamiales: Lamiaceae) were highly
effective against the Indian meal moth, Plodia interpunctella (Hiibner) (Lepidoptera: Pyrali-
dae) and the Mediterranean flour moth, Ephestia kuehniella Zeller (Lepidoptera: Pyralidae),
with 100% mortality obtained after 24 h at 9 and 25 pL/I air, respectively.

Origanum vulgare (L.) is an annual, perennial, and herbaceous plant of the Lamiaceae
family. This plant is native to Mediterranean, Euro-Siberian, and Irano-Siberian regions,
but has now naturalized in other tempered regions of the northern hemisphere [19-21]. It
is known for its plethora of therapeutic, medicinal, and antimicrobial properties, which had
been widely investigated [22-24]. There are several papers that demonstrate the antimi-
crobial, antioxidant, antifungal, and acaricidal activities of the essential oils and extracts
obtained from the species of the genus Origanum [25-32]. Indicatively, Calmasur et al. [27]
reported a toxic effect of O. vulgare essential oil on the two-spotted spider mite, Tetranychus
urticae Koch (Acari: Tetranychidae). Bouchra et al. [26] found that essential oil of Origanum
compactum Benth (Lamiales: Lamiaceae) inhibits 100% the growth of Botrytis cinerea Pers Fr
(Helotiales: Sclerotiniaceae) at 100 ppm. Additionally, O. vulgare essential oil has exhibited
antioxidant activity as shown by the consistent values of 2,2-diphenyl-1-picrylhydrazyl
(DPPH) free radical-scavenging inhibition (59.09%) at 1000 ppm oil concentration [32]. In
the same work, the authors indicated the increased antimicrobial properties of O. vulgare
essential oil against Bacillus cereus Frankland (Bacillales: Bacillaceae) [32]. Origanum plant
species have essential oils which are rich in terpenoids, with carvacrol, thymol, y-terpinene,
and p-cymene as major components [24,29,33-35]. In addition to their antimicrobial, an-
tifungal, and acaricidal properties, Origanum essential oils have strong insecticidal value
against a wide range of stored product insects and moths [15,18,29,35-39]. For instance,
the essential oil extracted form Origanum onites (L.) (Lamiales: Lamiaceae) was effec-
tive against larvae of P. interpunctella, when it was used as a fumigant [18], while the
essential oil of O. majorana was the most effective among the seven essential oils of differ-
ent plants tested against larvae of E. kuehniella [37]. Encouraging results have been also
reported in the research of Kordali et al. [29], in which the essential oils of Origanum acuti-
dens (Hand.-Mazz.) (Lamiales: Lamiaceae) showed some insecticidal activity against the
S. granarius and T. castaneum. Moreover, O. vulgare essential oil exhibited strong contact
toxicity against T. castaneum [35], the yellow mealworm, Tenebrio molitor L. (Coleoptera:
Tenebrionidae) [39], and S. oryzae [38]. Although the available literature on the efficacy
of O. vulgare essential oils when applied alone for the control of stored product insects is
abundant [35,38,39], the corresponding literature on the combined use of the particular
essential oil with inert dusts is limited, despite the fact that there are data that underline
the positive effects of the combined effects of plant extracts with inert materials in stored
product protection [10,40-42].

Attapulgite is a rare magnesium aluminosilicate mineral, whose structure contributes
to the absorption of pathogenic bacteria and toxins [43]. Because of its high adsorption
and lack of toxicity, attapulgite finds application in pharmaceuticals, particularly intestinal
preparations, where it is far superior to other clays in the adsorption of diphtheria toxin,
bacteria, and alkaloids [44]. Particularly, there is a lot of research related to the property
of attapulgite as a carrier, having a certain contribution against bacteria [45-50]. The
recommended dose of attapulgite for adults is about 1.2-1.5 g per dose, up to 8.4 g per
day. However, in cases of overdosing the main side effect of attapulgite is constipation,
but it can also cause bloating, flatulence, stomach upset, and nausea. In addition to
its medicinal use, it can serve excellently as a natural and eco-friendly soil conditioner
providing reduction in water needs, improvement in nutrient absorption, soil aeration
and fertility, and increase in strength and growth of plants [51]. Attapulgite’s effect on
stored product insects has only been studied by Mahanthi [52], who found that attapulgite
clay was highly effective against S. oryzae, reducing its progeny production capacity, and
completely controlled the rice moth, Corcyra cephalonica (Stainton) (Lepidoptera: Pyralidae).
Despite the fact that the utilization of inert materials, such as diatomaceous earths (DEs)
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and zeolites, has been extensively studied for the control of stored product insects [53-56],
there is still inadequate information on the utilization of attapulgite. Different silicaceous
materials, such as artificial silicon dioxide and DE, have been utilized with success in
combination with a wide range of plant extracts, for the control of major stored product
insect species [10,40-42]. For instance, Athanassiou et al. [41] found that the combination
of silicon dioxide with essential oils from Juniperus oxycedrus ssp. oxycedrus (Pinales:
Cupressaceae) exhibited considerable insecticidal effects against adults of S. oryzae and
T. confusum. Theoretically, such a combination is likely to provide an extension of the
residual effect of the essential oils, as the inert material will control its release; nevertheless,
this remains to be proved on the basis of key application scenarios.

Considering the limited data regarding the insecticidal effect of attapulgite, applied
either alone, or in combination with essential oils, we carried out laboratory bioassays to
examine the effectiveness of this application. In this context, we evaluated three different
inert dust formulations, one of which was the attapulgite clay formulation alone and the
other two were a mixture of attapulgite with O. vulgare essential oils of different carvacrol
content, for the control of four major stored-product beetle species. Apart from parental
mortality, suppression on progeny production capacity was also tested.

2. Materials and methods
2.1. Plant Material, Isolation of the Volatiles and Analysis

Aerial parts of O. vulgare were collected during June-July 2021 from different areas of
Western Macedonia, Greece. All essential oils were obtained by steam-distillation using
a modified Clevenger apparatus for 3 h, according to previously described procedure by
Evergetis et al. [57]. The chemical composition of the essential oils was determined on an
Agilent Technologies 7890A gas chromatographer (GC) coupled to an Agilent 5957C, VL MS
Detector with a Triple-Axis Detector system, mass spectrometer (MS), and Flame Ionization
Detector (FID) as described in Evergetis et al. [57]. Mass spectra were compared with NIST
11 and Willey 275 databases and authentic samples where available. The essential oils were
stored in airtight containers in a refrigerator at 4 °C.

2.2. Preparation of the Formulations

The encapsulation process reported by Athanassiou et al. [41] was applied with some
modifications. In brief, a quantity of ALGEV attapulgite powder (Geohellas, Grevena,
Greece) with a granule diameter of 0-0.05 mm was placed in a closed, stainless, and
rotating tank of 150 L until 60% of its capacity was filled. At the same time, 5 cm diameter
stainless mesh beads containing impregnated fabric with oregano essential oil with 51.5%
carvacrol (D1), equal to 5% of attapulgite weight, were added to the same tank. The tank
was then placed at 50-60 °C and rotated at 15-20 rpm. During the rotation, the essential
oil was extracted and encapsulated in the attapulgite powder in a period of 30-35 min.
The same procedure was followed for the encapsulation of attapulgite powder in oregano
essential oil with a carvacrol content of 74.7% (D2).

2.3. Test Insects

The species tested were the T. confusum, Trogoderma granarium Everts (Coleoptera: Der-
mestidae), S. oryzae, and Rhyzopertha dominica (F.) (Coleoptera: Bostrychidae). All species
were reared at the Laboratory of Entomology and Agricultural Zoology (LEAZ), Depart-
ment of Agriculture, Crop Production and Rural Environment, University of Thessaly, at
25 °C, 65% relative humidity (r. h.), and continuous darkness. Tribolium confusum was
reared on whole wheat flour, while the rest of the species were reared on whole wheat
kernels. For T. confusum, S. oryzae, and R. dominica adult beetles, <1 month old individuals
were used in the tests, while for T. granarium the individuals used were 5th instar larvae.
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2.4. Bioassays

Lots of 500 g of wheat were placed in glass jars of 1000 mL in capacity and treated
with the three-powder formulation: attapulgite (W), attapulgite mix with oregano essential
oil with 51.5% carvacrol (D1), and attapulgite mix with oregano essential oil with 74.7%
carvacrol (D2), in 3 concentration rates: 500, 1000, and 2000 ppm. An additional series of
untreated lots was used as a control. Then, the jars were shaken for 5 min to ensure that
the formulation was equally distributed throughout the wheat mass. The experimental
units for the tests were plastic cylindrical vials (3 cm in diameter, 8 cm high, Rotilabo
Sample tins Snap on lid, Carl Roth, Germany), with the top one quarter of the inside
“neck” covered with Fluon (polytetrafluoroethylene; Northern Products, Woonsocket, USA)
to avoid insects” escape. Each vial contained 20 g of treated or untreated wheat, and
then 20 adults were placed into each vial, using different vials for each insect species
and concentration. All vials were maintained in incubators set at 26 °C, 55% r. h. and
continuous darkness. The mortality of the exposed beetles was recorded after 1, 3, 7, and
14 days. For each species—concentration—dust formulation combination there were three
vials, while the entire procedure was repeated three times, i.e., there were three replicates
with three sub-replicates, with new lots of treated and untreated grains each time (3 jars
X 3 vials each =9 vials for each combination). At the end of this interval, all adults (dead
and alive) for T. confusum, S. oryzae, and R. dominica and all larvae (dead and alive) for
T. granarium were removed from the vials and the vials remained in the same conditions
for an additional period of 65 days. Then, the vials were opened for the last time and the
number of progenies was recorded.

2.5. Statistical Analysis

Initially, the mortality data were analyzed by using a Multivariate Analysis of Variance
(MANOVA-Fit with Wilk’s Lambda) with concentration, dust formulation, and exposure
time as the main effects, by using the JPM 8 software (SAS Institute Inc., Cary, NC, USA).
Then, in order to identify the differences between the three dust formulations, a one-way
Analysis of Variance (ANOVA) was performed. Regarding progeny production, the data
were analyzed by using a two-way ANOVA, with concentration rate and dust formulations
as main effects. In both cases, means were separated by using the Tukey—Kramer Honestly
Significant Difference (HSD) test, at a level of 0.05 [58].

3. Results
3.1. Chemical Components of Origanum vulgare Essential Oils

A total of 22 components were identified in O. vulgare essential oils, accounting for
99.1% and 99.2% of the total composition for D1 and D2, respectively (Table 1). Two isomeric
monoterpene phenols, carvacrol (51.5 and 74.7% for D1 and D2, respectively) and thymol
(3.29 and 3.78% for D1 and D2, respectively), along with one monoterpene hydrocarbon,
p-cymene (19.9 and 8.42% for D1 and D2, respectively), were the main components of
the essential oil formulations (Table 1). The other components were thujene, x-pinene,
camphene, sabinene, 3-pinene, 3-myrcene, x-terpinene, d-limonene, y-terpinene, linalool,
borneol, 4-terpineol, x-terpineol, carvacrol methyl ether, 3-caryophyllene, b-farnesene,
a-caryophyllene, 3-bisabolene, and caryophyllene oxide (Table 1).

Table 1. Constituents identified from two different Origanum vulgare essential oil formulations (D1
and D2) by gas chromatography (GC).

Relative Composition Ratio (%)

Component
D1 D2
Thujene <0.05 <0.05
«-Pinene 1.20 0.32
Camphene 0.39 0.10

Sabinene 1.24 0.72
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Table 1. Cont.

Relative Composition Ratio (%)

Component
D1 D2
3-Pinene 0.35 0.14
-Myrcene 2.74 0.86
a-Terpinene 1.50 0.48
p-Cymene 19.9 8.42
d-limonene 0.97 0.35
y-Terpinene 8.0 2.36
linalool 0.28 0.22
borneol 0.84 0.90
4-Terpineol 1.31 1.70
o-Terpineol 0.58 0.71
Carvacrol methyl ether 0.65 0.52
Thymol 3.29 3.78
Carvacrol 51.5 74.7
[-Caryophyllene 2.45 1.38
b-farnesene <0.05 <0.05
x-Caryophyllene 0.29 0.37
-bisabolene 1.20 0.88
caryophyllene oxide 0.36 0.24
Total 99.1 99.2

3.2. Adult Mortality

The concentration was found to be significant for all insect species examined (Table 2).
Furthermore, the exposure time of adults to the different formulations, as well as its
interaction with the concentration, were found to be significant for T. confusum, S. oryzae,
and R. dominica (Table 2). Nevertheless, only in the case of S. oryzae did the interaction
of exposure time with concentration and formulation significantly affect adult mortality
(Table 2). On day 1 of exposure to the three dust formulations, mortality was low at all
concentrations tested for all insect species (Table 3). Significant differences were noted only
in the case of D2 as compared to the other two formulations examined for R. dominica at
1000 ppm, but in all treatments, mortality was low (Table 3). Over time, an increase in
mortality was observed for all species (Table 4). Higher mortality rates on day 3 of exposure
were noted at 2000 ppm for S. oryzae, but there were no significant differences (Table 4).
At the 7-d exposure interval, D1 was found to be highly effective for T. confusum and
R. dominica at 500 and 1000 ppm, respectively (Table 5). Finally, at the 14-d exposure interval,
efficacy of D2 was significantly lower than that of the other two formulations, i.e., D1 and
W for T. confusum and W for S. oryzae (Table 6). In contrast, all three dust formulations were
not effective for the control of T. granarium, regardless of the combinations tested (Table 6).

Table 2. Repeated measures MANOVA parameters for mortality of the tested species exposed to
three different dust formulations (D1, D2, and W) and four concentration rates (500, 1000, 2000 ppm,
and control) [total degrees of freedom (df) = 96]. * Wilks’ Lamda approximate F value.

df Tribolium confusum Trogoderma granarium Sitophilus oryzae Rhyzopertha dominica
F P F P F P F P
All between 11 49.50 <0.01 1.63 0.09 234,58 <0.01 32.09 <0.01
Intercept 1 948.23 <0.01 5.80 0.01 9188.23 <0.01 550.98 <0.01
Formulation 2 2.55 0.08 1.00 0.36 0.80 0.44 3.31 0.04
Dose 3 175.80 <0.01 4.01 <0.01 857.52 <0.01 114.06 <0.01
Formulation * Dose 6 1.99 0.07 0.66 0.68 1.05 0.39 0.70 0.65
All within interactions 33 14.38 * <0.01 1.62* 0.02 28.09 * <0.01 7.15% <0.01
Time 3 371.10 <0.01 2.02 0.11 2785.47 <0.01 193.06 <0.01
Time * Formulation 6 1.52* 0.17 2.01* 0.06 0.73 * 0.62 1.50* 0.17
Time * Dose 9 54.57 * <0.01 1.49 * 0.15 111.43* <0.01 24.35* <0.01
. .
Time * Formulation 18 152+ 0.08 151+ 0.08 2.08* <0.01 1.15% 0.29

* Dose
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Table 3. Mean mortality (% = SE) of Tribolium confusum, Sitophilus oryzae, Rhyzopertha dominica adults
and Trogoderma granarium larvae after exposure to three different dust formulations (D1, D2, and W)
applied at four concentration rates (500, 1000, 2000 ppm, and control) for 1 day (in all cases d.f. = 2.26).

Insect Species Dusts 500 1000 2000 Control

D1 0.0 £0.0 0.0 £0.0 2224121 0.0 £0.0

D2 0.0+0.0 0.0+ 0.0 1.11+£0.73 0.0+0.0

T. confusum W 0.0+0.0 0.55 £ 0.55 1.11+0.73 0.0 £0.0
F - 1.00 0.48 -
P - 0.38 0.62 -

D1 0.0 £0.0 0.0 £0.0 0.0+£0.0 0.0+0.0

D2 0.0 £0.0 0.0 £0.0 0.0+ 0.0 0.0 £0.0

T. granarium w 0.0 £0.0 0.0+ 0.0 0.0+ 0.0 0.0 £0.0
F - - - -
P - - - -

D1 0.0+0.0 0.55 £+ 0.55 1.66 +0.83 0.0+0.0

D2 1.66 + 0.83 0.0£0.0 1.66 +1.17 0.0+0.0

S. oryzae w 0.55 £0.55 0.0£0.0 1.66 +1.17 00=x0.0
F 2.15 1.00 0.00 -
P 0.13 0.38 1.00 -

D1 2.22 £0.87 3.33 £ 1.44b 18.88 £ 4.69 0.0 £0.0

D2 0.55 4+ 0.55 5.00 + 0.83a 1222 £2.77 0.0+0.0

R. dominica W 0.55 £+ 0.55 0.00 + 0.00b 13.88 +3.41 0.0 +£0.0
F 2.00 7.00 0.87 -
P 0.15 0.04 0.43 -

Within each column and species, means followed by the same letter are not significantly different (Tukey-Kramer
HSD test at 0.05; where no letters exist, no significant differences were noted).

Table 4. Mean mortality (% =+ SE) of Tribolium confusum, Sitophilus oryzae, Rhyzopertha dominica adults
and Trogoderma granarium larvae after exposure to three different dust formulations (D1, D2, and W)
applied at four concentration rates (500, 1000, 2000 ppm, and control) for Day 3 (in all cases df = 2.26).

Insect Species Dusts 500 1000 2000 Control
D1 2.77 +1.46 277+121  4166+£1034 1.11+1.11
D2 2224121 2.77 £ 1.68 32.22 +5.39 0.00 £ 0.00
T. confusum w 0.55 £+ 0.55 5,55+ 211 56.66 & 4.48 0.55 £ 0.55
F 1.02 0.87 2.81 0.60
p 0.37 0.42 0.08 0.55
D1 0.0 £0.0 0.0 £0.0 1.11+0.73 0.0 £0.0
D2 0.0+0.0 0.0+ 0.0 0.0+0.0 0.0+0.0
T. granarium W 0.0+0.0 0.0£00 0.0+0.0 0.0+0.0
F - - 2.28 -
P - - 0.12 -
D1 6444 £792  9888+0.73  99.44 +0.55 0.55 +0.55
D2 53.88+£545 9888 £0.73 100.00 £0.00  0.55 £ 0.55
S. oryzae w 7333 +£478  98.83+£0.83  97.77 +£222 0.55 £ 0.55
F 2.46 0.17 0.76 0.00
p 0.10 0.84 0.47 1.00
D1 1111+182  3555+6.14  57.77 £5.71 0.0+0.0
D2 8.33 £2.35 21.11 £ 3.88 56.11 +4.84 0.0+£0.0
R. dominica w 1111+ 462  2611+£297 5222 +6.29 0.0£0.0
F 0.25 2.61 0.25 -
P 0.77 0.09 0.77 -
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Table 5. Mean mortality (% = SE) of Tribolium confusum, Sitophilus oryzae, Rhyzopertha dominica adults
and Trogoderma granarium larvae after exposure to three different dust formulations (D1, D2, and W)
applied at four concentration rates (500, 1000, 2000 ppm, and control) for Day 7 (in all cases df = 2.26).

Insect Species Dusts 500 1000 2000 Control
D1 1111 £ 3.51a 2777 £3.23 83.33 £6.23  18.88 £12.04
D2 444 +175ab  25.00 £7.31 79.44 £ 6.14 777 £7.77
T. confusum \ 222 +0.87b 36.11 +4.06 96.11 +£1.82 0.55 + 0.55
F 3.96 1.24 2.85 1.24
P 0.03 0.30 0.07 0.30
D1 0.0£0.0 0.0£0.0 111+ 0.73 0.0+£0.0
D2 0.0+ 0.0 0.0+ 0.0 0.0£0.0 0.0£0.0
T. granarium W 0.0+ 0.0 0.55 + 0.55 1.66 +1.17 0.0=x0.0
F - 1.00 1.12 -
P - 0.38 0.34 -
D1 96.66 = 1.17  100.00 & 0.00  100.00 £ 0.00 4.44 +2.93
D2 90.00 £3.72  100.00 £ 0.00  100.00 +£ 0.00 6.66 + 6.06
S. oryzae W 9277 £3.64  100.00 £ 0.00 98.33+ 1.66 13.33 + 6.82
F 1.17 - 1.00 0.69
P 0.32 - 0.38 0.50
D1 2333 +£311 50.00 £8.20a 7222 £6.40 3.33 £2.35
D2 1833 £3.99 2944 +45% 6444 +6.14 277 £2.22
R. dominica w 16661500 o E 5550631 222422
2.32ab
F 0.71 3.73 0.44 0.06
p 0.50 0.03 0.64 0.94

Within each column and species, means followed by the same letter are not significantly different (Tukey-Kramer
HSD test at 0.05; where no letters exist, no significant differences were noted).

Table 6. Mean mortality (% =+ SE) of Tribolium confusum, Sitophilus oryzae, Rhyzopertha dominica adults
and Trogoderma granarium larvae after exposure to three different dust formulations (D1, D2, and W)
applied at four concentration rates (500, 1000, 2000 ppm, and control) for Day 14 (in all cases df = 2.26).

Insect Species Dusts 500 1000 2000 Control
D1 51.66 £ 5.89 80.00£5.71  100.00 £ 0.00a  25.55 4 13.85
D2 46.66 £5.65  69.44 £+ 6.26 98.33 £ 0.83b 10.00 £ 8.20
T. confusum W 46.66 £ 6.45 8833 £4.08  100.00 £ 0.00a 6.66 & 6.06
F 0.23 3.03 4.00 1.03
P 0.79 0.06 0.03 0.37
D1 0.0 £0.0 0.0 £0.0 1.11+0.73 0.0 £0.0
D2 0.0 £0.0 0.0 £0.0 0.55 £ 0.55 0.0 £0.0
T. granarium \W 0.0+0.0 0.55 +0.55 1.66 = 1.17 0.0+0.0
F - 1.00 0.41 -
p - 0.38 0.66 -
D1 917'271721;:: 100.00 £ 0.00  100.00 & 0.00 8.88 £ 5.82
D2 93.88 £2.16b  100.00 + 0.00  100.00 £ 0.00 13.88 + 8.06
5. oryzac 100.00 +
4 0 bOa 100.00 £ 0.00 99.444 0.55 13.33 £ 6.82
F 4.65 - 1.00 0.15
P 0.02 - 0.38 0.85
D1 28.33 £ 3.81 51.11 £ 7.89 76.66 + 5.83 4.44 £ 3.05
D2 28.33 +4.48 3277 £5.21 67.77 £ 6.24 2.77 £2.22
R. dominica A\ 2222 £527 3555+ 2.69 67.22 £5.95 2.77 £2.22
F 0.59 3.02 0.77 0.14
P 0.55 0.06 0.47 0.86

Within each column and species, means followed by the same letter are not significantly different (Tukey-Kramer
HSD test at 0.05, where no letters exist, no significant differences were noted).
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3.3. Progeny Production

Regarding progeny production counts, concentration had a significant effect for all
species, with the exception of T. granarium, while formulation was significant only in
the case of R. dominica (Table 7). Zero offspring production was observed in the case of
T. castaneum and T. granarium for all concentrations and dust formulations tested (Table 8).
Progeny production was also low for S. oryzae, where the highest number of adults per
vial did not exceed 0.77 (Table 8). For R. dominica, the increase in concentration decreased
progeny production (Table 8). Nevertheless, even at the highest concentration, progeny
production for this species was high and exceeded 9, 15, and 20 individuals per vial for D1,
D2, and W, respectively (Table 8).

Table 7. ANOVA parameters for progeny production counts for each species exposed to three
different dust formulations (D1, D2, and W) and four concentration rates (500, 1000, 2000 ppm,
and control).

of Tribolium confusum Trogoderma granarium Sitophilus oryzae Rhyzopertha dominica
F P F P F P F P
Model 11 1.88 0.05 - - 21.40 <0.01 498 <0.01
Intercept 1 6.25 0.01 - - 79.25 <0.01 194.64 <0.01
Formulation 2 0.25 0.77 - - 0.80 0.92 3.09 0.04
Concentration 3 6.25 <0.01 - - 78.22 <0.01 14.16 <0.01
3 *
Formulation 6 0.25 0.95 - - 0.09 0.99 1.02 041
Concentration
* No progeny production was recorded.
Table 8. Mean progeny production (number of adults per vial & SE) of Tribolium confusum, Sitophilus
oryzae, Rhyzopertha dominica, and Trogoderma granarium, 65 days after the removal of the parental
individuals at three different dust formulations (D1, D2, and W) and four concentration rates (500,
1000, 2000 ppm, and control).
Insect Species Dusts 500 1000 2000 Control
D1 0.0+0.0 0.0+0.0 0.0+£0.0 0.44 +0.33
D2 0.0+0.0 0.0+0.0 0.0+0.0 0.44 +0.33
T. confusum W 0.0+ 0.0 0.0+0.0 0.0+0.0 0.77 £ 0.46
F - - - 0.25
P - - - 0.78
D1 - - - -
D2 - - - -
T. granarium W - - - -
F - - - -
P - - - -
D1 0.00 + 0.00A 0.00 & 0.00A 0.0 £0.0A 152.44 + 33.50B
D2 0.22 +0.14A 0.11 £ 0.11A 0.0 + 0.0A 141.88 £ 25.57B
S. oryzae w 0.77 £ 0.66A 0.22 +0.14A 0.0 £ 0.0A 135.66 £ 24.05B
F 1.04 1.09 - 0.09
P 0.36 0.35 - 0.91
D1 3233 £5.72 28.66 + 5.24 9.22 £4.35 4544 +17.64
D2 23.66 + 7.22A 40.22 + 6.58A 14.77 £ 3.29A 83.44 + 17.00B
R. dominica W 53.88 + 9.08AB 35.11 + 3.57AB 20.11 £ 2.37A 67.22 + 14.83B
F 2.61 1.20 2.50 1.32
P 0.09 0.31 0.10 0.28

Within each row, means followed by the same letter are not significantly different (Tukey—Kramer HSD test at
0.05; in all cases df = 3.35, where no letters exist, no significant differences were noted). ANOVA parameters for
T. confusum were: D1: F =1.73, P = 0.181, D2: F =1.73, P = 0.181, W: F = 2.80, P = 0.056, for S. oryzae were:
D1: F=20.70, P < 0.01, D2: F = 30.60, P < 0.01, W: F = 31.63, P < 0.01, for R. dominica were: D1: F =2.30, P = 0.095,
D2: F=8.52, P <0.01, W: F=5.34, P < 0.01.
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4. Discussion

To our knowledge, this is the first work that has examined the insecticidal activity of
O. vulgare essential oils in combination with attapulgite for the control of the four species
tested here. For some of the species and concentrations examined, we found that the
combination of the two compounds was effective. In principle, it is generally regarded
that the combined application of botanicals with inert materials prevents the essential oils
from rapid breakdown, and such a formulation can be used with success for long-term
protection strategies. For instance, Athanassiou et al. [41] found that the combined use
of J. oxycedrus ssp. oxycedrus with silica was very effective for the control of S. oryzae, at
concentrations that are generally lower than those that have been used when inert materials
are applied alone [59,60]. Apart from breakdown disruption, the insecticidal effect of the
inert material can also provide a sufficient insecticidal effect, even after the dissipation of
the essential oil. In our tests, we postulate that both substances were effective for some of
the species tested, but additional work is needed to illustrate the individual contribution of
each substance.

The results of our research underline that the three different dust formulations
are effective in controlling the three of the four stored product insect species (S. oryzae,
T. confusum and R. dominica), when admixed with wheat and can therefore serve as al-
ternative environmentally safe grain protectants. The concentration rates tested here are
comparable with the ones that have been suggested for DEs, which are usually registered
for direct application on grains at concentrations that range between 500 and 1000 ppm.
From the species examined, S. oryzae was the most susceptible at all three formulations,
followed by T. confusum and R. dominica. In contrast, T. granarium larvae showed the
lowest mortality rates even on the last day of observation and at the highest concentration
(2000 ppm). This finding is in agreement with previous studies, which reported the tol-
erance of T. granarium larvae to conventional insecticides [61-64], DEs [65] and essential
oils [66-68]. Kavallieratos et al. [68] examined the essential oils of 12 different plant species,
of which another Lamiaceae plant, Thymus vulgaris L., caused the second lowest mortality
rate in the larvae of T. granarium (27.8%), at 1000 ppm. Kousar et al. [65] found that the 4th
instar larvae of four populations of T. granarium that were collected from different regions
of Pakistan were highly tolerant to DEs with LCsy values ranging from 2065 to 3606 ppm.
Indeed, the above research is in agreement with ours regarding the formulations tested.
Nevertheless, the experimental conditions tested here, and especially the temperature
regime, might have caused larval induction to diapause [69-72]. Therefore, diapause may
have increased their tolerance to the agents tested, as diapausing larvae of this species have
been found considerably more tolerant than the non-diapausing ones to a wide range of
active ingredients, such as fumigants and contact insecticides [64,73,74].

In contrast with T. granarium larvae, adults of S. oryzae and T. confusum were found to
be susceptible to the three formulations tested. According to Campolo et al. [75] essential
oils derived from plants belonging to the Lamiaceae family can be considered as highly
effective for the control of S. oryzae. Moreover, O. vulgare, Salvia fruticose Miller S. offici-
nalis (L.), S. pomifera ssp pomifera, Thymbra capitata (L.), and Thymus persicus (Roniger ex
Reach E.) exhibited high toxicity on S. oryzae, with LCs values ranging between 1.5 and
9 uL/L [38,76,77]. Goswami et al. [78] reported 100% mortality of S. oryzae when exposed
for 7 days to 2000 and 1000 ppm of hydrophobic and lipophilic SiO; and hydrophilic Al,O3,
respectively. Given that attapulgite is a layered magnesium aluminum, it appears that
aluminosilicate components are particularly effective as grain protectants against S. oryzae
in both rice and wheat [78,79].

The complete suppression of progeny production in the case of T. confusum could be
partially attributed to the increased parental mortality of this species. Moreover, given
that T. confusum is a secondary colonizer, this suppression could be enhanced by the
inability of this species to infest sound grain kernels. Conversely, our results indicate that
the formulations tested here were not effective for R. dominica adults. The same holds
for the newly hatched larvae of this species that exhibited high survival rates, since this
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species oviposits at the external part of the grain kernel, and larvae initially act as external
feeders, before entering the grain. Earlier studies demonstrate the tolerance of R. dominica to
DEs [53] and plant powders [80], that are used with admixture with the grains. In contrast,
suppression of progeny production of S. oryzae was high, which could be attributed to
the increased mortality of the parental adults of this species in a relatively short period of
time, which might have drastically reduced the interval that was required for oviposition
inside the kernels. Furthermore, this progeny suppression may indicate that the immatures
individuals of this species are more susceptible than those of R. dominica to the plant-based
agents that penetrated the grain kernel. This is particularly important, as it has been shown
that certain inert materials are not very effective for the control of S. oryzae [81,82].

In summary, it is demonstrated that the formulations tested here, although extremely
different in their composition of compounds or compound rates, are quite potent as insecti-
cidal agents with effects comparable to those obtained using chemical insecticides for the
control of stored product pests. Moreover, the combined application of inert materials and
plant-derived substances in stored product protection merits additional investigation, on
the basis of the development of eco-friendly and green grain protectants, which can be used
in a non-chemical control strategy at the post-harvest stages of agricultural commodities in
warehouses and food processing facilities. Additionally, we found that attapulgite, applied
either alone or in combination with botanicals, has considerable insecticidal properties,
which are comparable with those of other inert materials. In this regard, the data reported
here underline the efficacy of attapulgite as a standalone formulation in stored-product
protection, and merits additional investigation. In addition, we observed notable deviations
in the susceptibility levels among the different species, which might have partially been
caused by the conditions of our bioassays and their interaction with certain biological traits.
Finally, for the application of these dust formulations in realistic scenarios in stored-product
protection, further research is needed to achieve reduction in the relatively high application
dose, perhaps in combination with low mammalian toxicity insecticides, botanicals, or food-
grade additives, as successfully preceded by other inert materials, such as diatomaceous
earth and zeolite [83].
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