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ARTICLE INFO ABSTRACT

Handling Editor: Dr Raul Guedes The tenebrionids Tenebrio molitor L. and Alphitobius diaperinus (Panzer) are significant stored-product insects
worldwide. The present study investigates the insecticidal activity and underlies metabolic disruptions induced
by Commiphora myrrha (T.Nees) Engl. essential oil (EO) against both species. Adults and larvae were exposed to
EO-treated wheat at 500 and 1000 ppm, with mortality monitored over seven days. Commiphora myrrha EO
demonstrated significant dose- and time-dependent toxicity, achieving up to 91.1 % mortality of A. diaperinus
larvae and 86.7 % mortality of A. diaperinus adults and T. molitor larvae at 1000 ppm, outperforming the
commercial insecticide pirimiphos-methyl, except from the T. molitor adults. Chemical characterization via GC-
MS and HPLC-DAD identified furanosesquiterpenes—especially furanoeudesma-1,3-diene, curzerene, and
lindestrene—as dominant constituents. EO exposure led to pronounced metabolic perturbations, particularly in
larvae, affecting pathways related to sugar metabolism, neurotransmission, oxidative stress, and energy ho-
meostasis. Debiased sparse partial correlation (DSPC) network analyses revealed fragmented and modular
metabolic reorganization under EO treatment, contrasting with the more integrated disruptions induced by
pirimiphos-methyl. These patterns suggest distinct biochemical responses to botanical versus synthetic in-
secticides. Overall, C. myrrha EO emerged as a potent candidate biopesticide with species- and stage-specific
efficacy, supported by clear metabolomic signatures. These findings advance the understanding of plant-based
pest control and highlight metabolomics as a powerful tool for unraveling insecticide mechanisms.
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1. Introduction

Commiphora Jacq. species play an essential role in their native
landscapes, as they provide habitat and food resources for various or-
ganisms, including pollinators, herbivores, and local livestock pop-
ulations (Soromessa, 2013; Gostel et al., 2016). Moreover, they are
linked to income-generating activities of the human population of these
areas (Mekonnen et al., 2013). Commiphora myrrha (T.Nees) Engl.
(Burseraceae) is a keystone plant species with broad ecological, eco-
nomic, and cultural importance. This small to medium-sized thorny
shrub thrives in harsh environments characterized by minimal rainfall
and poor soil fertility (Suleiman, 2015). It is a drought-resistant plant,
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originating from arid regions of northeastern Africa, like the Horn of
Africa, as well as the Arabian Peninsula (Shen et al., 2012). It has been
valued for the excretion of a unique oleo-gum resin, called myrrh, which
has been used traditionally in medicine, religious ceremonies, and as a
valuable trade commodity (Hassan et al., 2019). In recent years,
C. myrrha has attracted the attention of researchers due to its distinctive
chemical composition, including three distinctive fractions, namely
essential oil (EO) (oleo), polysaccharides (gum), and triterpenoids
(resin). The EO of C. myrrha is a complex mixture of volatile compounds,
among which the fraction of furanosesquiterpenes is predominant, ac-
counting for more than 80 % of the total EO composition (Spinozzi et al.,
2025). The main constituents of this group are furanoeudesma-1,
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3-diene, curzerene, isofuranodiene, and lindestrene (Gadir and Ahmed,
2014). Notably, curzerene seems to be an artifact product coming from
the thermal degradation, known as Cope rearrangement, of iso-
furanodiene, occurring during distillation of the oleo-gum resin
(Spinozzi et al., 2025). These compounds have antimicrobial, mosqui-
tocidal, cytotoxic, analgesic, anti-inflammatory, and antioxidant effects
(Tipton et al., 2003; Su et al., 2011; Gadir and Ahmed, 2014; Spinozzi
et al., 2025), making myrrh a valuable resource in the pharmaceutical,
food, and cosmetic industries (Latha et al., 2021). Notably, the potential
application of myrrh in pest management has been recently proposed
(Alanazi et al., 2024).

In detail, recent research has found that extracts and EO from
C. myrrha possess strong insecticidal properties. For instance, myrrh EO
and its main furanosesquiterpenes showed efficacy against larvae of
several mosquito species including those belonging to the genera
Anopheles and Aedes (Spinozzi et al., 2025). Similarly, Alanazi et al.
(2024) reported that the resin of C. myrrha induced high larval and pupal
mortality to Aedes aegypti (L.) (Diptera: Culicidae). Additionally, the
gum resin powder and methanol extract of C. myrrha have shown
effectiveness against stored-product pests such as Trogoderma granarium
Everts (Coleoptera: Dermestidae), through fumigant and repellent as-
says (Al-Fuhaid, 2017).

The tenebrionids Tenebrio molitor L. and Alphitobius diaperinus (Pan-
zer) negatively impact 51 and 89 types of stored products, respectively
(Hagstrum et al., 2013). Both species secrete benzoquinones by the
abdominal glands, causing an unpleasant odor to the infested products
(Rees, 2004). Alphitobius diaperinus is a noxious species of poultry in-
dustry, transmitting dangerous pathogenic microorganisms, like bacte-
ria and viruses (Eidson et al., 1966; Goodwin and Waltman, 1996;
Bertola and Mutinelli, 2021). In poultry houses, it causes different types
of damages, including the consumption of the chickens’ spilled feed
(Sammarco et al., 2023).

A widespread effective, potent, and systematic analytical technique
for analyzing metabolite changes is metabolomics (Feng et al., 2022;
Utpott et al., 2022). This technique has been used to assess the metab-
olomic profile of the larvae of T. molitor when cultured on different
rearing mediums (Ferri et al., 2024). Except for the effects of the com-
modities, metabolomics can be used to detect the influence of other
parameters, like the environmental conditions. Engell Dahl and Renault
(2022) tested the effect of the exposure to dry conditions in the activity,
water content, metabolic profiles, longevity, and fecundity of
A. diaperinus.

Both A. diaperinus and T. molitor proved to be resistant to synthetic
insecticides (Mukerjea, 1953; Renault and Colinet, 2021; Gouesbet
et al., 2025). In this regard, the use of botanical-based insecticides is less
likely to lead to resistance (Singh et al., 2022) and the effects of EOs on
these two pest species need an in-depth investigation. Thus, this research
aims to explore the insecticidal activity of myrrh EO against A. diaperinus
and T. molitor adults and larvae. In addition, a metabolomic assessment
on treated insects has been carried out. The chemical composition of
myrrh EO was determined through GC-MS and HPLC-DAD analyses. The
insect species selected for the mortality bioassays are understudied
regarding their response to myrrh EO, while also for their metabolomic
analysis under insecticidal pressure. Since the response of the insect
species to myrrh EO has never been investigated before, this study could
also add significant information on its mode of action.

2. Materials and methods
2.1. Essential oil (EO) chemical characterization

The chemical composition of myrrh EO (purchased from El Taller De
Aiquimia, S.L. Can Duran, Girona, Spain) was determined by following
the same methodologies reported by Spinozzi et al. (2025). Specifically,
the semi-quantification of the EO constituents was achieved through gas
chromatography-mass spectrometry (GC-MS) analysis. The employed
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instrument was an Agilent 8890 gas chromatograph coupled to a 5977B
single quadrupole mass spectrometer (Santa Clara, California, USA) and
an autosampler PAL RTC120 (CTC Analytics AG, Zwingen, Switzerland).
Molecules were ionized through an electron ionization source (EI) and
carried along the column with helium flowing at 1 mL/min. The tem-
perature of the injector was set at 280°C, while those of the transfer line,
the ionization source and the mass analyzer at 280, 230, and 150°C,
respectively. The column used for the separation of molecules was a
HP-5MS capillary column (30 m x 250 pm x 0.25 pm). The oven tem-
perature was programmed as follows: it was maintained at 60°C for 5
min, and then raised up to 220°C at 4°C/min. Subsequently, it was
increased to 280°C at 11°C/min and held for 15 min, and finally
increased to 300°C at 15°C/min and held for 0.5 min. The total run time
resulted of 67 min. Data acquisition was performed in SCAN mode using
a m/z range of 29-400. The EO was diluted in n-hexane at a 1:100 ratio
and the solution (1 pL) was injected in split mode (1:200). Chromato-
grams were elaborated through the MSD ChemStation software (Agilent,
Version G1701DA D.01.00) and the data analyzed using the NIST Mass
Spectral Search Program for the NIST/EPA/NIH EI and NIST Tandem
Mass Spectral Library v. 2.3. To identify the components of the EO, the
mass spectra (MS) and the linear retention indices (RIs) found for each
peak were compared with those reported in the literature (Adams, 2007;
Mondello, 2015; NIST23, 2023). The RIs were determined injecting a
mix of n-alkanes (C7-C49, Merck, Milan, Italy) and turning their retention
time with the Van den Dool and Krat (1963) formula. The EO was
analyzed twice, and the relative percentage of each compound was
expressed as average areas (%) =+ standard deviation (SD).

The quantification of isofuranodiene, curzerene, and
furanoeudesma-1,3-diene was carried out through an Agilent Technol-
ogies high performance-liquid chromatograph (HPLC) HP-1100 series
(Palo Alto, CA, USA), composed of an autosampler, a binary solvent
pump, and a diode array detector (DAD). The molecules were separated
through a Kinetex© PFP 100A column (100 x 4.6 mm internal diameter,
2.6 pm) purchased from Phenomenex (Torrance, CA). The analytical
conditions, the construction of the calibration curves, and the method
validation followed those previously reported by Spinozzi et al. (2025).

2.2. Insect species

Insect colonies are kept in complete dark conditions at the Agricul-
tural University of Athens (Laboratory of Agricultural Zoology and
Entomology). Alphitobius diaperinus was reared on the mix of wheat bran
and yeast (3:1 ratio), with apple cuttings to increase moisture
(Kavallieratos et al., 2024a), while T. molitor on oat bran and potato
slices for additional moisture (Boukouvala et al., 2021). The standard
temperature for all colonies was set at 30°C with 65 % relative humidity
(RH) (Kavallieratos et al., 2024b). There was no sex determination for
the selected individuals. The selected adults of T. molitor and
A. diaperinus were under 14 days old and less than one week old,
respectively (Kavallieratos et al., 2024a). The larvae of the tenebrionids
were collected based on body length for the trials. Specifically, T. molitor
and A. diaperinus larvae were measured to be 1-1.4 and 0.7 cm in length
respectively (Kavallieratos et al., 2024a).

2.3. Grain

For the mortality assays, clean and pesticide-free Triticum durum
Desf., var. Claudio (hard wheat) was used as substrate. Before testing,
wheat moisture content was determined at 13.2 % using the C-Pro grain
moisture meter (AgroLog, Sgndersp, Denmark) to ensure consistency
(Kavallieratos et al., 2024a).

2.4. Mortdlity bioassays

Following an initial evaluation of 500 and 1000 ppm concentrations
(500 and 1000 pL EO/kg wheat) from preliminary trials, the bioassays
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were conducted. To prepare the EO solutions, 150 and 250 pL of EO
were first dissolved in pure ethanol at a 1:1 ratio (v/v) for concentra-
tions of 500 and 1000 ppm, respectively. Tween 80 was then added to
the mixtures in a 0.3 % (v/v) aqueous solution to raise the total volume
to 750 pL (Kavallieratos et al., 2024a). Using the GHPM-Mobius airbrush
(Gaahleri, New Jersey, USA), 0.25 kg of wheat were sprayed on separate
trays to apply EO solutions; each tray represented a treatment replicate.
Additional lots were treated with different solutions consisting of water,
pure ethanol in water and Tween 80 (carrier control), and pure ethanol
serving as negative controls or Actellic EC (positive control), which
included 50 % of pirimiphos-methyl (active ingredient) at 5 ppm = 5
pL/kg wheat concentration (as suggested on the pesticide label). Sepa-
rate airbrushes were used to apply each of these solutions. A 10-min
manual agitation was carefully carried out after the treated wheat
amounts were moved into 1-liter glass jars. The procedure was carried
out to ensure that the controls and EO solutions were evenly distributed
on all kernels. Next, three 10-g sub-samples (3 sub-replicates) were
taken from each treated 1 L-wheat vial (EO or control) with the help of a
new spoon for each treatment. The electron balance Precisa XB3200D
(Alpha Analytical Instruments, Greece) was utilized for the weighting of
these wheat sub-samples precisely on distinct filter paper for each
weighing. Then, those sub-samples were placed into smaller glass vials
(125 mm height x 75 mm diameter) and their caps had openings to
allow air to circulate. To maintain the insects inside, a polytetrafluoro-
ethylene dispersion in water (60 % by weight) (Sigma-Aldrich Chemie
GmbH, Germany) was applied to the internal walls close to the vial caps.
Ten individuals per sub-replicate of each species, adults or larvae, were
introduced into the designated vials per replicate of controls, and EO
(500 and 1000 ppm treatments). Then, the vials were placed in in-
cubators set at the aforementioned abiotic conditions (subsection Insect
species). To prevent cannibalism among individuals of A. diaperinus,
each sub-replication included ten vials containing a single arthropod
(Kavallieratos et al., 2024b). The Olympus SZX9 stereomicroscope
(Bacacos S.A., Greece) was used to measure mortality following expo-
sure intervals of 8-24 h and 2-7 days. For each treatment, dead in-
dividuals were examined carefully using separate, fine brushes to make
sure that any movement from the arthropods was noted. Two more
replications of the entire procedure were carried out, using fresh sets of
glass vials, arthropods, and wheat per replication (Kavallieratos et al.,
2024a).

2.5. Metabolomic analysis bioassays

Individuals of each species/life stage, ~0.3 g totally, were introduced
into the designated vials per replicate of control (water-negative con-
trol), 5 ppm pirimiphos-methyl (positive control), and 1000 ppm of EO.
Then, the vials were placed into incubators set at the aforementioned
abiotic conditions (subsection Insect species). After 24 h post exposure,
the individuals (per species/life stage per treatment per replicate) were
collected from the treated wheat, placed into corresponding labeled 23
ml-plastic tubes and were immersed in liquid nitrogen. Subsequently,
the tubes were placed in the freezer at a temperature of —80 °C till the
metabolomic extraction and analyses. Four more replicates were carried
out, using fresh sets of glass vials, arthropods, and wheat per replication.

2.6. Metabolite extraction and analysis

Metabolome extraction, derivatization and analysis were carried out
following the method proposed by Spinozzi et al. (2025) with some
modifications. Briefly, 100 mg of larvae and adults were pulverized in
liquid nitrogen and spiked with ribitol (0.2 mg/mL) to serve as an in-
ternal standard. The resulting derivatized samples were analyzed using a
gas chromatograph (8890 GC System, Agilent, Santa Clara, California,
USA) coupled to a single quadrupole mass spectrometer (5977C
GC/MSD, Agilent, Santa Clara, California, USA) via a CTC PAL auto-
sampler (CTC Analytics AG, Industriestrasse 20, CH-4222 Zwingen,
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Switzerland). The GC setup featured a 5MS column (30 m x 0.25 mm x
0.25 pm) and a 10 m precolumn. Instrumental parameters—including
temperature settings, analytical conditions, and the MS-DIAL processing
for baseline filtering, alignment, deconvolution, peak extraction, and
annotation—were set according to the guidelines provided by Misra
(2019). Quality control and monitoring of instrument performance and
RI variations were maintained by routinely injecting blank solvents,
quality controls (QC), and even-numbered n-alkane standards (C;0—Cso)-
Peak annotations were determined based on RIs and spectral similarity
using an in-house EI spectral library, with assignments classified as level
2 and/or level 3 as per the criteria outlined by Sumner et al. (2007).

2.7. Data analysis

No adjustments were necessary for the negative control mortality,
which remained below 5 % for all tested individuals. Prior to analysis,
the dataset was log (x + 1) converted to standardize variance (Zar, 2014;
Scheff and Arthur, 2018). Data for each species or life stage was
examined separately via the model of repeated measures (Sall et al.,
2001). Analyses included related interactions of the main effects. The
main effects, response variable, and repeated factors were the treat-
ment/concentrations, mortality, and exposure, respectively. For all an-
alyses, JMP 16.2 (SAS Institute Inc, 2021) was utilized. At 0.05 level, the
Tukey test (HSD) was used to separate the means (Sokal and Rohlf,
1995). The two-tailed t-test at n - 2 df and 0.05 probability (Snedecor
and Cochran, 1989) was used to compare the two concentrations of each
treatment per tested species or life stage.

A completely randomized design with five replicates was used for the
metabolomic studies. Initially, the intensities obtained from MS-DIAL
were normalized using the internal standard ribitol, then Logl0 trans-
formed, and finally Pareto scaled via metaboanalyst 6.0. Following
normalization, unsupervised Principal Component Analysis (PCA) and
supervised Partial Least-Squares Discriminant Analysis (PLS-DA) were
conducted to identify and visualize metabolic variations among the
experimental groups. In the resulting score plots, the Hotelling’s T2
region—illustrated as an ellipse—marks the 95 % confidence interval of
the model’s variance. Variables with a Variable Importance in Projec-
tion (VIP) score exceeding 1 were considered significant for dis-
tinguishing between groups. To minimize overfitting, a permutation test
(n = 20) was employed, validating the model if the empirical p-values
for Q% and R?Y were <0.05 and if these values approached “1”.
Furthermore, pairwise partial correlations among metabolites were
computed using Debiased Sparse Partial Correlation (DSPC) with a de-
gree cutoff of 2, thereby assessing the direct relationships between two
metabolites while controlling for others (Basu et al., 2017). Subsequent
data were analyzed through univariate one-way ANOVA (P < 0.05),
with P-values adjusted using the False Discovery Rate (FDR <0.05),
highlighting significant features altered by the treatments. Finally, a
pathway analyses was executed to identify the pathways highly
impacted by the treatments.

3. Results
3.1. Essential oil (EO) chemical composition

The chemical composition of myrrh EO was determined by GC-MS
analysis, which led to the identification of the 97.8 & 0.0 % of the vol-
atile compounds. The most abundant class was that of fur-
anosesquiterpenes (86.1 %), followed by sesquiterpene hydrocarbons
(9.2 %) and oxygenated sesquiterpenes (0.9 %). Furanoeudesma-1,3-
diene resulted to be the most abundant compound accounting for the
40.2 + 0.0 % of the total composition. Among furanosesquiterpenes,
curzerene (26.1 + 0.1 %) and lindestrene (12.9 4+ 0.0 %) were also
found in high percentages, while (R)(5E,9E)-8-methoxy-3,6,10-tri-
methyl-4,7,8,11-tetrahydrocyclodeca[b]furan (4.6 + 0.0 %), iso-
furanodiene (1.8 + 0.1 %), atractylon (0.4 + 0.0 %), and
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furanoeudesma-1,4-diene (0.3 + 0.0 %) were detected in minor per-
centages. The main representative of the sesquiterpene hydrocarbons
was f-elemene (3.4 + 0.0 %), followed by germacrene B (1.8 £ 0.0 %).
Concerning oxygenated sesquiterpenes, elemol acetate (1.4 + 0.0 %)
was the predominant one (Table 1).

The HPLC-DAD analysis was performed to avoid the thermal
degradation of furanosesquiterpees. The results (Table 2) confirmed the
predominance of furanoeudesma-1,3-diene (67.3 + 0.6 g/100 g EO) and
the higher content in curzerene (18.4 + 0.2 g/100 g EO) if compared to
isofuranodiene (6.2 + 0.0 g/100 g EO).

3.2. Main effects and interactions on A. diaperinus and T. molitor
mortality

The analysis of the results indicates that exposure was significant
across all species. Concerning effects between exposures, concentration
was significant in all cases, except for T. molitor adults. Additionally,
formulation was significant across all tested individuals, apart from the
larval stage of A. diaperinus. The respective interaction of these main
effects proved to be significant for both stages of A. diaperinus. Within
exposure, all interactions were significant for adults and larvae of
A. diaperinus and larvae of T. molitor. Concerning T. molitor adults, the
only significant interaction was exposure x formulation (Table 3).
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Table 2

Results of the HPLC-DAD analysis of Commiphora myrrha essential oil (EO).
Compound ¢/100g EO* + SD” RSD %°
furanoeudesma-1,3-diene 67.3 +£ 0.6 0.9
isofuranodiene 6.2 + 0.0 0.4
curzerene 18.4 £ 0.2 0.9

# The value is the mean of two independent analysis.
b SD, standard deviation.
¢ RSD %, relative SD %.

3.3. Efficacy of C. myrrha EO against T. molitor adults and larvae

Concerning T. molitor adults, there was almost zero mortality
recorded in any treatment during the first 16 h. By day 3, mortality
surpassed 13.3 % (500 ppm of EO) and remained moderate until the end
of the bioassay, reaching 38.9 %. At 1000 ppm of EO, there was a
gradual elevation of mortality, although it also remained moderate at
the end of the bioassays (66.7 %). Pirimiphos-methyl provided almost
identical mortality rates to the 1000-ppm EO treatment, across the
exposure period, reaching 67.8 % (Table 4).

Larvae of the same species exhibited a delayed initial lethal response
to the EO treatments, due to the almost zero documented mortality rates
of the first hours and first day. The lower concentration provided a slow

Table 1
Chemical composition of Commiphora myrrha essential oil (EO).
No® Compound RI" RI Lit* % + SD?
1 S-elemene 1336 1335 0.5+ 0.0
2 a-copaene 1373 1374 tr®
3 p-bourbonene 1382 1387 0.2 +£0.0
4 p-elemene 1390 1389 3.4+£0.0
5 cyperene 1396 1398 tr
6 (E)-caryophyllene 1416 1417 0.3 +0.0
7 p-copaene 1426 1430 tr
8 y-elemene 1432 1434 0.5+ 0.0
9 a-humulene 1451 1452 0.1 +0.0
10 y-muurolene 1474 1478 0.1 +0.0
11 germacrene D 1479 1484 0.5£0.0
12 p-selinene 1483 1489 0.5+ 0.0
13 a-selinene 1492 1498 0.5 £ 0.0
14 curzerene 1495 1499 26.1 £0.1
15 S-amorphene 1505 1511 tr
16 y-cadinene 1512 1513 0.1 +0.0
17 & -cadinene 1522 1522 0.2 £0.0
18 zonarene 1533 1528 tr
19 selina-3,7-(11)-diene 1539 1545 0.1 +0.0
20 a-calacorene 1541 1544 0.0 £0.0
21 germacrene B 1554 1559 1.8 £ 0.0
22 furanoeudesma-1,4-diene 1576 1587 0.3+0.0
23 curzerenone 1603 1605 0.1 £0.0
24 furanoeudesma-1,3-diene 1624 1625 40.2 + 0.0
25 lindestrene 1631 1632 12.9 + 0.0
26 epi-a-cadinol 1639 1638 0.5+ 0.0
27 atractylone 1654 1657 0.4 £0.0
28 elemol acetate 1676 1680 1.4+ 0.0
29 isofuranodiene 1689 1690 1.8+0.1
30 germacrone 1693 1693 0.4+0.0
31 (R)(5E,9E)-8-methoxy-3,6,10-trimethyl-4,7,8,11-tetrahydrocyclodeca[b]furan 1719 1719 4.6 £ 0.0
32 p-eudesmol acetate 1785 1792 0.1 +£0.0
33 a-eudesmol acetate 1787 1794 0.1 +0.0
Total identified 97.8 £ 0.0
Sesquiterpene hydrocarbons 9.2
Furanosesquiterpenes 86.1
Oxygenated sesquiterpenes 0.9
Esters 1.5

# Compounds are reported according to their elution order from a HP-5MS capillary column.
b Linear retention index experimentally calculated with the Van den Dool and Kratz formula considering the retention time of a homologue mixture of n-alkanes

(C7—Ca0)-
¢ Linear retention index reported in the literature.
4 Average % referring to two independent analysis + standard deviation.
¢ Traces.
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Table 3
MANOVA parameters showing the main effects and their interactions leading to the observed mortalities of Tenebrio molitor and Alphitobius diaperinus adults and larvae,
between and within exposures (error df = 32 for all species).

Between exposures Within exposures

Intercept  Concentration  Formulation Concentration x Exposure Exposure x Exposure x Exposure x
formulation concentration formulation concentration x
formulation

df 1 1 1 1 9 9 9 9
T. molitor adults F  1665.7 2.9 4.6 2.3 1386.8 1.8 2.5 2.0

P <0.01 0.10 0.04 0.14 <0.01 0.13 0.03 0.09
T. molitor larvae F  868.3 6.5 35.3 0.2 1272.3 2.3 15.1 2.3

P <0.01 0.02 <0.01 0.63 <0.01 0.05 <0.01 0.05
A. diaperinus adults F  3127.9 11.3 403.0 7.4 7673.5 7.3 375.3 9.8

P <0.01 0.01 <0.01 0.01 <0.01 <0.01 <0.01 <0.01
A. diaperinus larvae F  1236.8 14.8 1.4 7.0 191.0 6.1 5.5 2.8

P <0.01 0.01 0.25 0.01 <0.01 0.01 0.01 0.02

Table 4

Mean (%) mortality + standard errors (SE) of Tenebrio molitor adults after 4-16 h, and 1-7 days in wheat treated with Commiphora myrrha essential oil (EO) and with
pirimiphos-methyl (positive control). For each concentration, within each row, asterisks indicate significant differences (df = 16; two-tailed t-test at P = 0.05). For each
concentration, within each column, means followed by the same uppercase letter are not significantly different (df = 9, 89; Tukey HSD test at P = 0.05). No significant
differences were recorded where no asterisks exist. No statistical analysis was performed where dashes exist.

C. myrrha EO Pirimiphos-methyl C. myrrha EO Pirimiphos-methyl
Dose 500 ppm Label dose (5 ppm) 1000 ppm Label dose (5 ppm)
Exposure t P t P
4h 0.0+ 0.0E 0.0+ 0.0E - - 0.0 +0.0D 0.0+ 0.0E - -
8h 0.0+ 0.0E 0.0+ 0.0E - - 0.0 +0.0D 0.0+ 0.0E 1.0 0.35
16 h 0.0+ 0.0E 1.1+£11E 1 0.33 0.0+ 0.0D 1.1+11E 1.0 0.33
1d 3.3+17D 8.9 + 2.0 D* 2.1 0.05 11.1+42C 89+1.1D 0.8 0.42
2d 100+ 1.7C 13.3 +£2.4CD 0.5 0.62 20.0 + 5.3 BC 11.1 +£ 2.0 CD -0.7 0.46
3d 13.3 £ 1.7 BC 22.2 + 3.2 BC* 2.4 0.03 26.7 + 3.7 AB 22.2 + 4.0 BC -0.9 0.36
4d 22.2 + 2.8 AB 31.1 + 2.6 AB* 2.4 0.03 31.1 + 4.5 AB 33.3 +2.9AB 0.7 0.48
5d 24.4 + 2.4 AB 41.1 + 4.2 AB* 3.5 0.01 37.8 £ 4.7 AB 42.2 + 2.8 AB 1.1 0.31
6d 322+ 28A 52.2 + 3.2 A* 4.7 0.01 47.8 £ 5.7 A 544 +£38A 1.2 0.26
7d 389+39A 65.6 + 3.8 A* 4.9 0.01 66.7 + 6.7 A 67.8 £2.2A 0.5 0.63
F 82.2 76.6 54.9 100.5
P <0.01 <0.01 <0.01 <0.01

Table 5

Mean (%) mortality + standard errors (SE) of Tenebrio molitor larvae after 4-16 h, and 1-7 days in wheat treated with Commiphora myrrha essential oil (EO) and with
pirimiphos-methyl (positive control). For each concentration, within each row, asterisks indicate significant differences (df = 16; two-tailed t-test at P = 0.05). For each
concentration, within each column, means followed by the same uppercase letter are not significantly different (df = 9, 89; Tukey HSD test at P = 0.05). No significant
differences were recorded where no asterisks exist. No statistical analysis was performed where dashes exist.

C. myrrha EO Pirimiphos-methyl C. myrrha EO Pirimiphos-methyl
Dose 500 ppm Label dose (5 ppm) 1000 ppm Label dose (5 ppm)
Exposure t 14 t 14
4h 0.0+ 0.0D 0.0+ 0.0E - - 0.0+ 0.0E 0.0+0.0C - -
8h 0.0+ 0.0D 0.0+ 0.0E - - 0.0+ 0.0E 0.0+0.0C - -
16 h 0.0+ 0.0D 0.0+ 0.0E - - 0.0+ 0.0E 0.0+0.0C - -
1d 0.0+ 0.0D 2.2+ 1.5DE 1.5 0.15 22+ 15E 11+11C —-0.6 0.55
2d 6.7+ 24C 3.3+ 1.7DE -1.0 0.33 12.2 + 2.2 D* 33+17C -3.1 0.01
3d 12.2 + 2.2 B* 4.4 + 1.8 CDE -2.4 0.03 21.1 + 2.6 CD* 78+15B -3.2 0.01
4d 32.2 + 2.2 A* 6.7 + 1.7 BCD —4.6 0.01 41.1 + 3.1 BC* 13.3 + 2.4 AB -7.7 <0.01
5d 40.0 + 2.4 A* 14.4 + 3.8 ABC -33 0.01 52.2 + 3.6 AB* 16.7 + 3.3 AB —6.6 <0.01
6d 43.3 + 5.3 A* 18.9 + 3.5 AB -2.8 0.01 61.1 + 5.9 AB* 23.3+47A -4.7 0.01
7d 53.3 + 2.9 A* 31.1+31A -5.1 <0.01 86.7 + 3.3 A* 322+ 3.2A -11.7 <0.01
F 97.6 15.5 140.6 43.7
P <0.01 <0.01 <0.01 <0.01

and steady increase up to 53.3 % on the last day. Additionally, the
highest concentration proved to be more toxic to the larvae of T. molitor,
with substantial rates being documented from the third day onward. By
day 7, mortality peaked at 86.7 %. Positive control mortality rates did
not exceed 33.0 % even at the end of the trials (Table 5).

3.4. Efficacy of C. myrrha EO against A. diaperinus adults and larvae

Concerning the adults of A. diaperinus, no mortality was recorded
during the first 8 h of exposure. On the 16 h, both EO concentrations
achieved low initial mortality rates that had a similar gradual increase of
approximately 10 % per day, reaching 47.8 and 86.7 % at 500 and 1000
ppm, respectively, on day 7. Pirimiphos-methyl caused minimal mor-
tality during the three-day period, and it peaked at 23.3 % on the last
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Table 6
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Mean (%) mortality + standard errors (SE) of Alphitobius diaperinus adults after 4-16 h, and 1-7 days in wheat treated with Commiphora myrrha essential oil (EO) and
with pirimiphos-methyl (positive control). For each concentration, within each row, asterisks indicate significant differences (df = 16; two-tailed t-test at P = 0.05). For
each concentration, within each column, means followed by the same uppercase letter are not significantly different (df = 9, 89; Tukey HSD test at P = 0.05). No
significant differences were recorded where no asterisks exist. No statistical analysis was performed where dashes exist.

C. myrrha EO Pirimiphos-methyl C. myrrha EO Pirimiphos-methyl
Dose 500 ppm Label dose (5 ppm) 1000 ppm Label dose (5 ppm)
Exposure t P t P
4h 0.0+ 0.0E 0.0+ 0.0B - - 0.0+ 0.0E 0.0+0.0C - -
8h 0.0 £0.0E 0.0+0.0B - - 0.0+ 0.0E 0.0+£0.0C - -
16 h 7.8 + 1.5 D% 0.0+ 0.0B -5.3 0.01 11.1 + 3.5 D* 0.0+0.0C -3.2 0.01
1d 11.1+1.1C* 0.0+ 0.0B -34.4 <0.01 24.4 +£1.8C* 0.0+0.0C —47.0 <0.01
2d 15.6 + 1.8 C* 0.0+0.0B —-24.3 <0.01 33.3 + 2.4 BC* 0.0+ 0.0C —46.8 <0.01
3d 20.0 + 1.7 BC* 33+24B -5.8 0.01 41.1 + 1.1 ABC* 44+18B -6.3 0.01
4d 30.0 + 1.7 AB* 13.3+24A -6.0 <0.01 51.1 + 1.1 ABC* 144+ 18A -11.0 <0.01
5d 33.3 + 2.4 AB* 20.0 £29A -3.3 0.01 57.8 + 2.2 AB* 189+ 26 A -8.0 <0.01
6d 40.0 £ 1.7 A* 222 +£22A —5.2 0.01 68.9 + 2.6 AB* 21.1 £ 26 A -8.6 <0.01
7d 47.8 + 3.6 A* 23.3+24A -5.2 0.01 86.7 + 2.9 A* 23.3+24A -11.2 <0.01
F 122.7 97.8 96.5 89.7
14 <0.01 <0.01 <0.01 <0.01

Table 7

Mean (%) mortality + standard errors (SE) of Alphitobius diaperinus larvae after 4-16 h, and 1-7 days in wheat treated with Commiphora myrrha essential oil (EO) and
with pirimiphos-methyl (positive control). For each concentration, within each row, asterisks indicate significant differences (df = 16; two-tailed t-test at P = 0.05). For
each concentration, within each column, means followed by the same uppercase letter are not significantly different (df = 9, 89; Tukey HSD test at P = 0.05). No

significant differences were recorded where no asterisks exist.

C. myrrha EO Pirimiphos-methyl C. myrrha EO Pirimiphos-methyl
Dose 500 ppm Label dose (5 ppm) 1000 ppm Label dose (5 ppm)
Exposure t P t P
4h 0.0+00C 11+11F 1.0 0.35 0.0+0.0G 1.1+11D 1.0 0.33
8h 0.0+ 0.0C 3.3+ 1.7 EF 2.0 0.08 0.0+0.0G 3.3+1.7CD 2.0 0.08
16 h 0.0+0.0C 4.4 + 1.8 DEF* 2.5 0.04 89+1.1F 6.7 + 2.4 BCD -1.4 0.19
1d 22+15C 6.7 £ 1.7 CDE 2.0 0.06 18.9 + 1.1 E* 10.0 + 3.3 BC —-2.5 0.03
2d 89+20B 12.2 + 3.2 BCD 0.3 0.74 28.9 + 2.6 DE 17.8 + 3.6 AB -1.9 0.09
3d 144+ 1.8B 17.8 + 2.2 ABC 1.1 0.29 37.8 £ 2.2 CD* 244 £3.4A -3.0 0.01
4d 31.1 +£1.1 A% 21.1 £ 3.1 AB -3.1 0.01 52.2 + 2.8 BC* 289+ 26A —4.6 0.01
5d 38.9 + 2.0 A* 28.9 + 3.1 AB —-2.8 0.02 63.3 + 2.4 AB* 30.0£29A -5.8 0.01
6d 46.7 + 2.9 A* 344+ 29A -2.8 0.01 75.6 + 2.9 AB* 344+ 3.6 A —5.4 0.01
7d 60.0 + 1.7 A* 36.7 £ 2.4 A -7.4 <0.01 91.1 + 2.0 A* 37.8+£28A -10.2 <0.01
F 107.0 18.8 282.6 17.6
P <0.01 <0.01 <0.01 <0.01

day of the trials (Table 6).

For the A. diaperinus larvae, mortality remained negligible across all
treatments during the first 16-h exposure period. At 500 ppm of the EO,
mortality rates increased significantly, although they remained moder-
ate, reaching 60.0 % by the end of trials. At 1000 ppm EO concentration,
initial mortality was documented earlier by 16 h (8.9 %), and it showed
a gradual elevation up to 91.1 % on the seventh day of exposure.
Pirimiphos-methyl induced minimal rates on the first h of exposure, and
after a steady increase it peaked just above 36.0 % (Table 7).

3.5. Effects of C. myrrha EO on A. diaperinus and T. molitor larval
metabolome

The PCA analysis reveals that the first two components explain about
75 % of the total variance, with PC1 accounting for roughly 53.3 % and
PC2 for about 21.4 % (Fig. 1a). This analysis clearly distinguishes the
two species: A. diaperinus clusters on the negative side of PC1, while
T. molitor clusters on the positive side, indicating inherent differences
between them. Within each species, the treatments further separate
along PC2 (Fig. 1a). For instance, in A. diaperinus, the control larvae
form a distinct group. At the same time, those treated with the EO and
pirimiphos-methyl occupy separate positions along this axis. A similar
pattern is observed in T. molitor, where each treatment, control, EO, and
pirimiphos-methyl, leads to unique clustering. These findings suggest
that both the species identity and the type of treatment significantly
influence the measured variables, resulting in clearly defined groupings

on the PCA plot (Fig. 1a).

In the loadings plot, several sugars (sucrose, arabinose, xylose,
xylitol, and trehalose) are positioned far from the origin and thus exert a
strong influence on the first two principal components, with sucrose
being shifted toward the positive side of PC1. In contrast, arabinose and
xylose appear more negative (Fig. 1b). Amines and neurotransmitter-
related compounds (i.e., dopamine, norepinephrine, GABA, and pu-
trescine) cluster in the upper-right quadrant, suggesting that they also
drive separation along PC2 (Fig. 1b). By contrast, most amino acids,
organic acids, and other small molecules are concentrated near the
origin, indicating that their contributions to the overall variance are
more moderate. This pattern of loadings underscores the central role of
sugar metabolism and amine-related metabolites in shaping the differ-
ences between species and treatments observed in the scores plot
(Fig. 1b).

The cluster analysis, built using Euclidean distances and the Ward
algorithm, broadly confirms the groupings suggested by the PCA
(Fig. 1c). The first major split separates A. diaperinus from T. molitor,
mirroring the distinction along PC1 in the scores plot. Within each
species, the samples then form subclusters according to the three
treatments, control, EO, and pirimiphos-methyl, which is consistent
with the treatment-based separation observed along PC2 in the PCA.

The comprehensive analysis using PCA has provided an unbiased
view of the overall data structure, revealing clear interspecies differ-
ences and treatment effects. Moving forward with a PLS-DA analysis on a
single species allowed us to specifically target and enhance the
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Fig. 1. Multivariate Principal Component Analysis (PCA) of the metabolic profiles of the larval stage (L) of Alphitobius diaperinus (Ad) and Tenebrio molitor (Tm)
treated with Commiphora myrrha essential oil (EO), the insecticide pirimiphos-methyl (P) and control (CT). (a) PCA scores plot displaying the separation of metabolic
profiles across the six experimental groups (Tm-L-CT, Tm-L-EO, Tm-L-P and Ad-L-CT, Ad-L-EO, Ad-L-P). (b) The PCA loadings plot illustrates the contribution of
individual metabolites to the separation observed in the scores plot. Metabolites further from the origin have a stronger impact on group differentiation. (c) Hi-
erarchical clustering dendrogram, built using the Euclidean distance and Ward as clusterizing algorithm, showing the relationships between individual samples based
on metabolic similarity. For improved readability, a high-resolution version of this figure is available in Table S1. N = 5.

separation between treatment groups. This supervised approach is ex-
pected to uncover finer, species-specific metabolic changes, thereby
complementing and deepening the insights gained from the wider
analysis.

The PLS-DA analysis for each species clearly differentiates the
treatment groups (Fig. 2a—c) by emphasizing key metabolites with VIP
scores above 1.4. In A. diaperinus, the VIP plot and its associated heat-
map reveal that metabolites such as sugars and sugar alcohols (e.g.,
trehalose, arabinose, xylose, mannose, xylitol, threitol) were signifi-
cantly down-produced compared to control in both EO and pirimiphos-

methyl treatments. Conversely, energy-related sugars, phenolic com-
pounds, amino acid derivatives, lipid intermediates, and nitrogenous
bases (including sucrose, dihydroxyphenylacetic acid, aminoadipic acid,
decanoyl-ACP, putrescine, and xanthine), were markedly accumulated
in the insecticide treatment (Fig. 2b). In T. molitor, EO treatment led to
an increase in glycolytic and pentose phosphate intermediates (e.g.,
trehalose, xylose, glucose-6-phosphate, fructose-6-phosphate), and a
reduction in amino acids and carboxylic acids (e.g., hydroxyproline,
nicotinic acid, lactic acid) (Fig. 2d). These consistent patterns suggest
that although EO and pirimiphos-methyl may act via different
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Fig. 2. Multivariate Partial Least Square Discriminant Analysis (PLS-DA) of the larval stage (L) of Alphitobius diaperinus (Ad) and Tenebrio molitor (Tm) treated with
Commiphora myrrha essential oil (EO), the insecticide pirimiphos-methyl (P) and control (CT). (a) Alphitobius diaperinus PLS-DA scores plot displaying the separation
of metabolic profiles across the six experimental groups (Ad-L-CT, Ad-L-EO, Ad-L-P). (b) PLS-DA VIP scores built on A. diaperinus data illustrate individual me-
tabolites’ contribution to the separation observed in the scores plot. (c) Tenebrio molitor PLS-DA scores plot displaying the separation of metabolic profiles across the
six experimental groups (Tm-L-CT, Tm-L-EO, Tm-L-P). (c) PLS-DA VIP scores built on T. molitor data illustrate individual metabolites’ contribution to the separation
observed in the scores plot. For improved readability, a high-resolution version of this figure is available in Table S1. N = 5.

mechanisms, they elicit comparable metabolic shifts in each species.
Model robustness was validated via permutation tests and cross-
validation, supporting the biological relevance of the results (see
Table S1).

Following multivariate analysis, univariate ANOVA was used to
identify all metabolites significantly affected by treatments in both
species. The top 60 altered metabolites were visualized using heatmaps,
with hierarchical clustering on the left side organizing them by profile
similarity (Fig. 3a and b).

In A. diaperinus, amino acids, organic acids, and sugar-related me-
tabolites (e.g., asparagine, tryptophan, alanine, fructose, lactic acid,

aconitic acid, isocitric acid) were generally reduced under EO treatment,
while pirimiphos-methyl caused their accumulation. A second cluster of
polyols and sugar phosphates (e.g., inositol, galactinol, glucose-6-
phosphate, fructose-6-phosphate) showed a shared downregulation
under both treatments. Additionally, a treatment-specific cluster
included polyamines, fatty acid intermediates, and purine metabolites
(e.g., putrescine, decanoyl-ACP, aminoadipic acid, xanthine, hypoxan-
thine, urocanate), all elevated exclusively in the pirimiphos-methyl
group (Fig. 3a).

In T. molitor, the EO treatment caused an increase in neuroactive
compounds and glycerol-related metabolites (e.g., xanthine, glycerol,
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Fig. 3. Top 60 metabolites resulting from the one-way ANOVA are reported as a clusterised heatmap in a) the larval stage (L) of Alphitobius diaperinus (Ad) and b)
Tenebrio molitor (Tm) treated with Commiphora myrrha essential oil (EO), the insecticide pirimiphos-methyl (P) and control (CT). The top hierarchical clusterization
was built using the Euclidean distance and Ward as clusterizing algorithm. For improved readability, a high-resolution version of this figure is available in Sup-
plementary Table S1. N = 5. The full list of significantly altered metabolites resulting from the ANOVA is reported in Table S1.

tryptamine, glyceric acid), while several oxidized sugar derivatives (e.g.,
gluconic acid, xylonic acid, N-acetylglucosamine) were elevated in EO
and suppressed in insecticide-treated larvae (Fig. 3b). A separate cluster,
rich in amino acid catabolites and tryptophan-derived compounds (e.g.,
diaminopimelic acid, xanthurenate), decreased in both treatments. A
final set of methylated sugars and polyols increased under insecticide
exposure, while core sugars (e.g., threitol, glucose, glucose-6-phosphate,
arabinose) rose under both treatments (Fig. 3b).

The four DSPC networks in Fig. 4 reveal a consistent pattern:
pirimiphos-methyl treatment leads to tighter, denser metabolite corre-
lations, while C. myrrha EO results in more fragmented networks
(Fig. 4a—d). In both A. diaperinus and T. molitor, EO-treated larvae show
two or three isolated clusters linked by mostly negative edges
(Fig. 4a—-c), whereas pirimiphos-methyl forms one large module in
A. diaperinus and two densely connected clusters in T. molitor
(Fig. 4b-d).

In A. diaperinus under EO, the network centers on carbohydrate and
sugar alcohol metabolism, with glucose and sucrose being the most
connected metabolites (degree = 12) and displaying the highest
betweenness values (124.31 and 120.72). Meso-erythritol (degree =
10), psicose (degree = 9, betweenness = 57.92), xylitol (68.41), and
fructose (35.53) also play key roles. Additionally, kynurenine (degree =
10) and dopa (degree = 9) suggest modulation of tryptophan and
tyrosine pathways (Fig. 4a-Table S2).

Under pirimiphos-methyl, A. diaperinus exhibits a broader network.
Xylose (degree = 16) and cysteine (degree = 15, highest betweenness =

28.46) dominate, with significant contributions from aminoadipic acid,
methylhexose, and putrescine (each degree = 15), implicating lysine,
sugar, and polyamine metabolism. Xanthine (degree = 14, betweenness
= 53.85) reflects purine pathway involvement. Sucrose, methyl-
galactose, and arabinose (all degree = 14), as well as decanoyl-ACP
(degree = 10, betweenness = 62.01), underscore effects on sugar and
fatty acid metabolism (Fig. 4b-Table S3).

In T. molitor treated with EO, the network shifts toward neuro-
transmitter and energy metabolism. Beta-alanine and norepinephrine
are the most connected nodes (degree = 14), with beta-alanine also
showing high betweenness (58.65). Isocitric acid stands out with the
highest centrality overall (degree = 11, betweenness = 112.44), while
dopamine and uric acid (both degree = 11, betweenness = 16.65)
indicate roles in redox balance (Fig. 4c-Table S4).

Under pirimiphos-methyl, T. molitor shows a distinct configuration.
Hydroxynicotinic acid and methylgalactose are the most connected
metabolites (degree = 15), with the former also having the highest
betweenness (50.06), indicating oxidative stress involvement. Xan-
thurernate (degree = 14, betweenness = 28.91) reflects tryptophan
catabolism. O-phosphoethanolamine (degree = 13, betweenness =
21.19) and putrescine (degree = 13, betweenness = 19.20) highlight
changes in phospholipid metabolism and polyamine pathways
(Fig. 4d-Table S5).
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reader is referred to the Web version of this article.)

3.6. Effects of C. myrrha EO on A. diaperinus and T. molitor adult
metabolome

The PCA score plot highlights that the first two principal components
together explain a substantial portion of the total variance (about 62 %,
with PC1 at 45.7 % and PC2 at 16.45 %). Along the horizontal axis
(PC1), the two insect species occupy distinctly different regions:
A. diaperinus appears predominantly on the negative side, while
T. molitor is on the positive side. This separation along PC1 suggests that
inherent species-level differences strongly influence the measured pa-
rameters (Fig. 5a).

Within each species, the three treatment groups, control , EO, and
pirimiphos-methyl, also form distinct clusters, indicating that both the
myrrh EO and the commercial insecticide elicit characteristic responses.
For A. diaperinus, the EO-treated group (Ad-A-EO) clusters toward the
top-left portion of the plot (negative PC1, positive PC2), whereas the
control (Ad-A-CT) and the pirimiphos-treated group (Ad-A-P) lie in
other quadrants. This pattern highlights a pronounced shift from the
control condition when the insects are exposed to either the EO or the
insecticide, with the EO cluster showing particularly strong separation

along PC2 (Fig. 5a).

A similar pattern of distinct clustering appears in T. molitor, although
its data points are shifted to the positive side of PC1. The T. molitor
control group (Tm-A-CT) occupies the lower-right portion of the plot
(positive PC1, negative PC2), the pirimiphos-treated group (Tm-A-P)
remains nearby in the same general quadrant, and the EO-treated group
(Tm-A-EO) appears higher along PC2 in the upper-right region. Thus, for
both species, the C. myrrha EO at the EDs( concentration creates a
response profile that sets it apart from the conventional insecticide
treatment. Overall, the PCA underscores that each treatment, be it the
natural EO or the synthetic insecticide, leads to distinct biological or
biochemical changes, and that these differences are clearly visible when
the data are reduced to the first two principal components (Fig. 5a).

In the loadings plot, the metabolites located farthest from the origin
along PC1 and PC2 are the main drivers of the separation observed in the
score plot. On the negative side of PC1, a cluster of aromatic and
phenolic compounds, including hydroquinone derivatives, simple phe-
nols, and catecholamines, exerts a pronounced influence (Fig. 5b). In
contrast, the positive side of PC1 is more closely associated with car-
bohydrates and amino acids, suggesting a metabolic shift toward

10
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Fig. 5. Multivariate Principal Component Analysis (PCA) of the metabolic profiles of the adult stage (A) of Alphitobius diaperinus (Ad) and Tenebrio molitor (Tm)
treated with Commiphora myrrha essential oil (EO), the insecticide pirimiphos-methyl (P) and control (CT). (a) PCA scores plot displaying the separation of metabolic
profiles across the six experimental groups (Tm-A-CT, Tm-A-EO, Tm-A-P and Ad-A-CT, Ad-A-EO, Ad-A-P). (b) The PCA loadings plot illustrates the contribution of
individual metabolites to the separation observed in the scores plot. Metabolites further from the origin have a stronger impact on group differentiation. (c) Hi-
erarchical clustering dendrogram, built using the Euclidean distance and Ward as clusterizing algorithm, showing the relationships between individual samples based
on metabolic similarity. For improved readability, a high-resolution version of this figure is available in Table S1. N = 5.

energy-related pathways (Fig. 5b).

Along PC2, higher loadings are driven by sulfur- and nitrogen-
containing compounds such as cysteine, cystine, and tryptophan. In
comparison, lower loadings are associated with amines and nitrogenous
metabolites involved in neurotransmission and immune response,
including histamine, taurine, and kynurenine (Fig. 5b).

This distribution indicates that variation in phenolic and aromatic
metabolism underlies much of the separation along PC1, whereas amino
acid profiles, nitrogen metabolism, and organic acid levels are more
influential along PC2. The positioning of sugar-related metabolites on
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the positive side of PC1 further supports the contribution of carbohy-
drate metabolism to species and treatment differentiation.

The hierarchical cluster analysis using Euclidean distances and
Ward’s algorithm reveals two main branches that clearly separate
A. diaperinus from T. molitor, mirroring the species-level distinctions
seen in the PCA score plot (Fig. 5¢). Within each species branch, the
samples form well-defined subclusters according to the three treatments,
control, EO, and pirimiphos-methyl, indicating that the metabolic pro-
files of insects under each condition are sufficiently distinct to group
together (Fig. 5¢). Overall, this clustering pattern corroborates the PCA
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Fig. 6. Multivariate Partial Least Square Discriminant Analysis (PLS-DA) of the adult stage (A) of Alphitobius diaperinus (Ad) and Tenebrio molitor (Tm) treated with
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observed in the scores plot. For improved readability, a high-resolution version of this figure is available in Table S1. N = 5.

findings by confirming that both species identity and the nature of the
treatment drive the main differences in their metabolic responses
(Fig. 5).

As previously done, data for adults were also further analyzed
through PLS-DA, carried out on the single species, to uncover finer,
species-specific metabolic changes and complement PCA data. The PLS-
DA score plots built on both species further confirmed the separation
observed among all treatments, suggesting that the EO and the com-
mercial insecticide differ in their effect on A. diaperinus and T. molitor
metabolism (Fig. 6a—c)

In the PLS-DA models for both insect species, the VIP scores identi-
fied key discriminatory metabolites that differentiate treatment groups.
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In A. diaperinus, the highest VIP values were associated with a combi-
nation of sugars, methylated carbohydrates, nitrogen-containing com-
pounds, and aromatic or phenolic metabolites, including representatives
from polyol metabolism and catecholamine pathways (Fig. 6b).

A similar metabolic signature was observed in T. molitor, where
group separation was likewise driven by carbohydrates, methylated
sugars, nitrogenous intermediates, and phenolic compounds involved in
redox and neurotransmitter pathways (Fig. 6d).

In both adult species, the top 60 metabolites identified through
ANOVA were visualized as heatmaps (Fig. 7a and b), revealing treat-
ment- and species-specific patterns. These included metabolites showing
consistent trends across species as well as others displaying contrasting
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responses, further emphasizing the distinct metabolic reprogramming
induced by each treatment (Fig. 7a and b).

Debiased sparse partial correlation network analysis in A. diaperinus
and T. molitor adults, following treatment with either C. myrrha EO or
the commercial insecticide pirimiphos-methyl, revealed distinct species-
and treatment-specific metabolic reprogramming patterns (Fig. 8a—d;
Table S6-S9).

In A. diaperinus adults, EO treatment generated a moderately dense
and modular network, with clustering primarily around carbohydrate-
related metabolites (Fig. 8a). Xylitol emerged as the central hub (de-
gree = 16; betweenness = 87.33), with psicose (degree = 13) and
arabinose (degree = 11) also highly connected, indicating significant
alterations in sugar metabolism. Additionally, stress-related metabo-
lites, such as hydroxyproline and histamine, showed elevated connec-
tivity, suggesting involvement in oxidative stress responses (Table S6).

In contrast, pirimiphos-methyl treatment produced a highly inter-
connected and complex network (Fig. 8b). Methylgalactose was the
most connected metabolite (degree = 21; betweenness = 55.38), fol-
lowed by histamine (degree = 19; betweenness = 41.06), highlighting
their central roles. The network also featured key nodes from amino acid
and sugar metabolism, reflecting broad biochemical disruption
(Table S7).

In T. molitor, EO treatment resulted in a less dense and more com-
partmentalized network (Fig. 8c). Several metabolites, including
citrulline, methionine sulfoxide, dihydroxymandelic acid, and methyl-
galactose (each degree = 13), were among the most connected. Beta-
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alanine also emerged as a central node, pointing to the modulation of
amino acid metabolism and stress adaptation (Table S8).

Under pirimiphos-methyl exposure, the network in T. molitor was
fragmented, with methylgalactose and lactic acid (each degree = 13)
among the most connected (Fig. 8d). Notably, O-phosphoethanolamine
displayed the highest betweenness centrality (129.93), indicating a
major role in phospholipid metabolism and membrane regulation. Other
important contributors included fructose and aminoadipic acid, rein-
forcing the impact on energy and nitrogen metabolism (Table S9).

4. Discussion

The chemical composition of myrrh EO analyzed in this study was
quite similar to those reported in literature. For instance, Dekebo et al.
(2002), Marongiu et al. (2005), and Spinozzi et al. (2025) reported
furanoeudesma-1,3-diene and lindestrene among major constituents,
accounting for 34-41.40 and 12-14 % of the total EO composition,
respectively. However, major differences were found in terms of iso-
furanodiene content between this study and those of Marongiu et al.
(2005) and Morteza-Semnani and Saeedi (2003), who did not detect this
compound. It is worthy to consider that GC-MS analysis is not the most
appropriate technique for its quantification. In fact, this molecule usu-
ally undergoes Cope rearrangement when subjected to high tempera-
tures being subsequently converted into curzerene (Baldovini et al.,
2001; Maggi et al., 2012; Spinozzi et al., 2025). Thus, to overcome this
problem and to produce reliable results, the furanoeudesma-1,3-diene,
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isofuranodiene, and curzerene content in myrrh EO was determined
through HPLC-DAD analysis. Since the latter confirmed the data of the
semi-quantitative analysis carried out with the GC-MS, it is highly likely
that the Cope rearrangement of isofuranodiene occurred during the
hydrodistillation of the EO from the myrrh oleo-gum resin, being this
process performed at high temperatures (Spinozzi et al., 2025).

It is noteworthy that the EO assays, especially at the highest con-
centration, proved to be highly effective against T. molitor larvae. The
latter appeared to be susceptible to monoterpene compounds, like
eugenol, generally found in cinnamon and clove EO according to Mar-
tinez et al. (2018). Nevertheless, prior research has shown that adults of
T. molitor demonstrated susceptibility to various plant secondary me-
tabolites like 2-undecanone, trans-anethole, acetic acid, (E)-2-decenal,
and (E,E)-2,4-decadienal, and furfural in comparison to their larval
counterparts (Ntalli et al., 2021). In studies that evaluated the efficacy of
various EOs against T. molitor adults and larvae, results showed that
larvae were notably more tolerant if compared to the adults
(Kavallieratos et al., 2024a, 2024b, 2025). The promising results of the
insecticidal effectiveness of myrrh EO is also highlighted by the fact that
even synthetic insecticides are inefficient against T. molitor larvae
(Athanassiou et al., 2015; Kavallieratos et al., 2019, 2021; Pedersen
et al., 2020). This varying response to natural substances with insecti-
cidal properties may be due to the different cuticular composition
among the developmental stages (Mewis and Ulrichs, 2001), as well as
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the variation in the insecticidal uptake from the cuticle of each stage
(Pedersen et al., 2020). Moreover, the mechanism of action of the
compounds could also be responsible for the difference detected be-
tween the two developmental stages. Although that of myrrh EO is still
unclear, it has been reported that the lipophilicity and volatility of
furanosesquiterpenes, specifically of isofuranodiene, enhance their ab-
sorption in the insect body and their fumigant effects, thus increasing
the toxicity (Benelli et al., 2017; Perumalsamy et al., 2009). Therefore,
this study showed that each EO, when applied as grain protectant, owns
a specific mechanism of action on life stages of T. molitor depending on
its peculiar phytochemical composition. It is hypothesized that different
EOs could be used for the targeted green management of T. molitor,
according to the prevailing life stage (Ntalli et al., 2021).

Results indicated that both adults and larvae of A. diaperinus were
susceptible to myrrh EO, suffering high mortalities (> 86 % and > 91 %,
respectively) when exposed to a concentration of 1000 ppm. These
findings make this product a promising ally for the control of this spe-
cies. In contrast, EOs from other plant species were not effective against
A. diaperinus when applied on grains (Velusamy et al., 2020; Kavallier-
atos et al., 2024a, 2024b, 2025). For instance, EOs from Eucalyptus
globulus Labill. and Cymbopogon citratus (DC.) Stapf did not yield any
mortality of neither adults, nor larvae of A. diaperinus, even at high
concentrations (20 %) (Velusamy et al., 2020). Additionally, 1000 ppm
of Juniperus x pfitzeriana (Spath) P.A.Schmidt and Hesperocyparis
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arizonica (Greene) Bartel EOs resulted in 4.4 and 11.1 % mortality of
A. diaperinus adults, respectively, while in 10 and 0 % mortality of
A. diaperinus larvae, respectively (Kavallieratos et al., 2024a). A similar
trend was observed for Crithmum maritimum L. and Xylopia aethiopica
(Dunal) A.Rich. achieving 13.3 and 44.4 %, or 53.3 and 5.6 % mortal-
ities of A. diaperinus adults and larvae, respectively, after 7 days of
exposure at 1000 ppm (Kavallieratos et al., 2024a, 2025). The notable
effectiveness of the myrrh EO, if compared to other EOs, against
different developmental stages of A. diaperinus, reveals its elevated po-
tential to be used in pest management, alone or as a component of
insecticide formulations.

The results of the current study are consistent with those of previous
research examining the insecticidal effectiveness of EO or extracts of
C. myrrha against other important insect species. Alanazi et al. (2024)
supported that methanol extracts derived from the resin of C. myrrha
provided elevated efficacy against larvae and pupae of A. aegypti.
Toxicity increased in a concentration-dependent manner as exposure
time prolonged (95 and 98.33 % for larvae and pupae, respectively). In a
recent study, Spinozzi et al. (2025) reported notably low myrrh EO LCsg
values, ranging from 4.42 to 16.80 pg/mL, against four mosquito spe-
cies: Ae. aegypti, Aedes albopictus (Skuse), Anopheles stephensi Liston, and
Anopheles gambiae Giles (Diptera: Culicidae). Furthermore, Al-Fuhaid
(2017) found that methanol extracts from C. myrrha resulted in complete
larval mortality of T. granarium.

While this study provides valuable insights into the insecticidal po-
tential of C. myrrha EO, further research is required to optimize its
application in commercial stored-product protection. Future efforts
could explore different formulations to enhance the stability and effi-
cacy of the EO, as well as different methods of application to different
species of insects and their respective life stages. Moreover, it could be
important to provide more information on the biochemical and physi-
ological mechanisms underlying insect susceptibility to this product.
Our findings align with previous research on the insecticidal properties
of C. myrrha EO and its compounds such as isofuranodiene (Pavela et al.,
2019), reinforcing its use as a viable component of integrated pest
management in stored-product protection. The industrial exploitation of
myrrh EO could be favored by the already established applications of the
oleo-gum resin in herbal products, foods, cosmetics, and pharmaceuti-
cals (Leung and Foster, 1996). Moreover, the economic feasibility of its
commercial development is enhanced by the relatively low price of
myrrh on the market (11.00-15.00 $/kg) (Lubbe and Verpoorte, 2011)
making it suitable for a large-scale EO production. However, additional
challenges like non-target effects, environmental safety, and potential
impacts on grain quality will need to be overcome to ensure the feasi-
bility of these plants EO as practical solution to large scale protection of
storage units.

The EO-treated A. diaperinus larvae displayed extensive carbohy-
drate and sugar alcohol metabolism shifts, with glucose and sucrose as
central hubs, similar to metabolic effects reported for insecticides like
imidacloprid, permethrin, and malathion (Mansingh, 1965; Cotton and
Anstee, 1991; Sawczyn et al., 2012; Brinzer et al., 2015). Additional
metabolites like xylitol and psicose indicated osmoprotective adjust-
ments and alterations in hexose/pentose pathways (Hendrix and Sal-
vucci, 1998; Brinzer et al., 2015). Altered levels of kynurenine and dopa
pointed to tryptophan/tyrosine metabolism disruptions linked to
oxidative stress (Arévalo-Cortes et al., 2022). Shifts in inositol, threitol,
gluconic acid, and glucono-1,5-lactone suggested polyol pathway
reprogramming and oxidative glucose metabolism (Yancey, 2005;
Walters et al., 2009; Sano et al., 2022). In contrast, pirimiphos-methyl
caused broad metabolic suppression. Xylose and cysteine were central
metabolites, implicating pentose and sulfur metabolism relevant to
antioxidant defense (Sharma et al., 1972; Barbehenn et al., 2013; Silva
et al., 2021). Additional markers included aminoadipic acid (lysine
degradation), methylhexose (glycolysis), and putrescine (polyamine
stress response) (Sakamoto et al., 2021; Boukouvala et al., 2023;
Kavallieratos et al., 2023).
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In T. molitor larvae, EO exposure altered neurotransmitter and en-
ergy metabolism. Beta-alanine, norepinephrine, and isocitric acid
emerged as key hubs, indicating TCA cycle disruption and oxidative
stress (Adamo, 2008; Li et al., 2010; Borycz et al., 2012). Dopamine and
uric acid also reflected redox imbalance (Hanna et al., 2015; Tasaki
et al.,, 2017). Pirimiphos-methyl affected different targets. Hydrox-
ynicotinic acid (nicotinate metabolism), xanthurernate (tryptophan
degradation), and o-phosphoethanolamine (phospholipid metabolism)
were central nodes (Kalita et al., 2016; Dai et al., 2021; Stejskal et al.,
2021). These disruptions likely reflect oxidative stress and acetylcho-
linesterase inhibition.

In A. diaperinus adults, EO treatment altered sugar alcohol and amino
acid metabolism, with xylitol, psicose, and arabinose highlighting shifts
in osmotic regulation and energy homeostasis (Dawkar et al., 2013; Haji
et al., 2015; Subekti et al., 2024). Hydroxyproline and histamine indi-
cated structural recovery and immunomodulation (Andri¢ et al., 2014;
Kavallieratos et al., 2019). Pirimiphos-methyl caused more systemic
disruptions: methylgalactose and histamine were key hubs; elevated
leucine and aminoethanol reflected protein turnover and membrane
remodeling; xylonic acid indicated sugar oxidation (Teets et al., 2012;
DawKkar et al., 2013; Sharma and Batra, 2016).

In T. molitor adults, EO altered amino acid and oxidative defense
pathways. Citrulline, methionine sulfoxide, methylgalactose, and beta-
alanine were highly connected, suggesting nitrogen detoxification and
redox adaptation (Sterkel and Oliveira, 2017; Meyer et al., 2020).
Pirimiphos-methyl exposure led to elevated lactic acid, fructose, and
aminoadipic acid—markers of glycolytic shift, oxidative stress, and
membrane stress (Goli¢ et al., 2017; Boukouvala and Kavallieratos,
2020; Syme et al., 2022).

5. Conclusions

This study offers compelling evidence for the insecticidal potential of
C. myrrha EO, emphasizing its relevance as a promising component in
integrated pest management strategies for stored-product protection.
The findings align with prior research on the bioactivity of C. myrrha and
its compounds, such as furanoeudesma-1,3-diene, lindestrene, iso-
furanodiene and curzerene, reinforcing their viability for pest control
applications. Notably, the metabolomic data provide strong support for
the mortality results, revealing that the EO not only induces death in
target species but also triggers significant physiological disruptions.
These metabolic perturbations appear to correspond with species- and
stage-specific susceptibilities. For instance, the EO exerts a more intense
effect on T. molitor larvae, evidenced by their higher mortality rates and
deeper metabolic shifts, whereas A. diaperinus displays consistent sus-
ceptibility across life stages, with a uniformly disrupted metabolic pro-
file. This suggests that EO-based strategies could be customized to
exploit the unique vulnerabilities of different pest stages, enhancing
their effectiveness in pest management scenarios.
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