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ABSTRACT

Varietal resistance in cereals represents a promising and sustainable strategy for managing biotic stressors,
including insect pests during storage. In this study, eighteen genotypes from six cereal species - Triticum mon-
ococcum, T. dicoccum, T. spelta, T. durum, T. aestivum, and Triticosecale - were evaluated for their resistance to the
rice weevil, Sitophilus oryzae L., one of the most destructive stored product pests. The objective was to assess
differences in susceptibility by measuring some insect parameters, such as adult mortality, F1 progeny pro-
duction and body size, along with grain traits such as kernel hardness and weight. For this scope, bioassays
included both non-choice and two-way choice tests to evaluate insect performance and preference. Significant
inter- and intra-specific variation in susceptibility was observed. In non-choice bioassays, Sitophilus oryzae
generally showed higher adult mortality and lower adult progeny emergence feeding and ovipositing on T. durum
and T. dicoccum genotypes, suggesting greater resistance of these genotypes; on the contrary T. monococcum and
triticale appear more susceptible. Grain hardness was strongly and negatively correlated with adult progeny
output, supporting its role as a mechanical barrier to larval development. However, kernel hardness did not
influence adult body size, suggesting that individuals overcoming this barrier can still complete normal devel-
opment. Kernel weight showed a positive correlation with female size, indicating a potential fitness advantage
for the insects feeding on larger seeds. In two-choice assays, S. oryzae showed a preference for softer genotypes,
particularly triticale Agostino and Tribeca, over harder genotypes such as durum wheat Perciasacchi and Aureo.
These results provide new insights into the resistance potential of traditional and modern Triticum genotypes. The
integration of resistant genotypes, especially from T. durum and T. dicoccum, into breeding programs and storage
systems may contribute to reducing chemical inputs and improving long-term grain protection strategies.

1. Introduction

chemical pest control, alternative management strategies are essential.
One such strategy is the utilization of inherent grain resistance to reduce

Stored-product pests pose a significant threat to global food security,
causing substantial losses in both the quantity and quality of stored
grain. Among these pests, the rice weevil Sitophilus oryzae L. (Coleop-
tera: Curculionidae, Dryophthorinae) is one of the most destructive,
infesting a wide range of cereal grains, including wheat (Triticum spp.).
This pest causes direct grain loss through consumption and indirect
damage via contamination and mold growth, further reducing grain
quality and value (Vijay and Bhuvaneswari, 2018; Gvozdenac et al.,
2020). Given the economic and ecological concerns associated with
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pest survival and reproduction, a method that remains underexplored in
stored wheat systems.

Wheat is one of the most widely cultivated cereal crops, and it in-
cludes diverse species and genotypes, each possessing unique physical
and chemical characteristics. These attributes can influence suscepti-
bility to S. oryzae and affect both adult survival and reproductive success
(D’Isita et al., 2023). Understanding inter- and intraspecific variations in
wheat resistance to S. oryzae could provide valuable insights into inte-
grated pest management (IPM) approaches, reducing post-harvest losses
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while minimizing reliance on chemical treatments.

Enhancing varietal resistance to insect infestations during grain
storage serves as a passive pest control strategy and an effective alter-
native to chemical insecticides, playing a crucial role in pest manage-
ment (Throne et al., 2000; Lemic et al., 2020). Historically, wheat
breeding programs have primarily focused on increasing production
yields and improving disease resistance, whereas resistance to storage
pests has largely been overlooked (Lemic et al., 2020). This is mainly
due to the fact that such resistance traits have been evaluated rarely for
the commercial release of wheat varieties (Throne et al., 2000; Mondal
et al., 2016).

In recent years, the increasing consumer demand for healthy and
locally sourced products has contributed to the rediscovery of Italian
cereal biodiversity, particularly in Southern Italy, offering old wheat
genotypes a renewed opportunity for cultivation and conservation
(Shewry, 2018; Ruisi et al., 2021). Although landraces and traditional
cultivars typically yield less than modern varieties (Giunta et al., 2007),
they often display superior adaptability to challenging soil and climatic
environments (Konvalina et al., 2014; Ruisi et al., 2015). These char-
acteristics make old genotypes well suited for low-input farming sys-
tems, where the high-yield potential of modern cultivars is not fully
realized (Mefleh et al., 2019). In this context, cultivating heritage wheat
varieties can provide economic benefits to farmers, particularly in
marginal areas (Stagnari et al., 2008), while preserving valuable genetic
resources that may be useful for future breeding programs.

In this study, we evaluated the response of 18 genotypes belonging to
six species (three genotypes per species) to S. oryzae infestations. Five
out of the six species belonged to the genus Triticum: einkorn
(T. monococcum L.), emmer (T. dicoccum Schiibler), spelt (T. spelta L.),
common wheat (T. aestivum L.), and durum wheat (T. durum Desf.). The
sixth was triticale (Triticosecale Wittmack), which is a man-made species
obtained from the hybridization of wheat (Triticum spp.) with rye (Secale
cereale L.).

The objective of this research was to determine the resistance/sus-
ceptibility of these genotypes toward S. oryzae using a multiple experi-
mental approach. We assessed adult survival and adult progeny
production of S. oryzae in the tested genotypes to determine their rela-
tive susceptibility using non-choice bioassays. Additionally, choice
bioassays were conducted to investigate adult preferences among ge-
notypes. Our overall goal was to provide insights into the potential of
selecting wheat varieties with enhanced resistance to S. oryzae,
contributing to sustainable pest management practices in stored grain
systems.

2. Materials and methods
2.1. Insects

Sitophilus oryzae colony was maintained at the Department of Agri-
culture Food and Forest Science (Palermo University) in a controlled
climatic chamber with conditions set at 25 + 2 °C, 50-60 % relative
humidity, in dark conditions. The colony was originally established from
field populations collected in stored rice in western Sicily and has since
been continuously reared under controlled laboratory conditions
without further field introductions. The individuals were kept in plastic
cages measuring 25 x 25 x 40 cm, each equipped with two mesh-
covered holes (5 cm in diameter) for ventilation, and fed a diet of a
mix of pasta and rice at a 1:1 w/w ratio. Adults aged 15-30 days post-
emergence were used in the experiments, since this age interval corre-
sponds to the peak of reproductive activity in S. oryzae females, whereas
older adults show a decline in reproductive performance
(Perez-Mendoza et al., 2004). Adults of known age were obtained by
collecting daily new-emerged individuals from the colony and trans-
ferring them to separate containers labelled with the emergence date, so
that experimental insects could be used at 15-30 days post-emergence.
Adult males and females of S. oryzae were separated according to the

Journal of Stored Products Research 116 (2026) 102892

morphological traits reported by Halstead (1963) and Omar (2012).
Sexing was performed primarily by examining the posterior curvature of
the ventral abdominal profile: males consistently showed a posteriorly
curved outline of the terminal sternites, whereas females exhibited a
nearly straight profile (SM 1). This feature proved to be the most im-
mediate and reliable when handling large numbers of individuals. As a
secondary confirmation, rostral morphology was also considered: males
possess a shorter, stouter and roughened rostrum, while females display
a longer, narrower and smoother (shiny) rostrum. However, as rostral
features alone can sometimes be ambiguous (Halstead, 1963), to vali-
date the sexing procedure, genitalia of 30 males and 30 females,
randomly selected, were mounted on microscope slides and examined,
confirming the accuracy of external features. Beetle adults were exam-
ined through a Wild-Heerbrugg M8 stereomicroscope and images of
adult insects were taken using a Leica DM series compound microscope
and a Leica DFC420C mounted camera with Leica Application Suite
software. All photographs were integrated and processed in Adobe
Photoshop. Collected specimens are preserved in the collection of the
Department SAAF, University of Palermo (Sicily, Italy).

2.2. Plant materials

The list of genotypes used in this study, supported by procurement
details, is shown in Table 1. Within each species, the genotypes were
chosen to represent the widest range of variability for plant and grain
traits, based on studies conducted by our research group (Lo Porto et al.,
in press), thereby enhancing the breadth of our susceptibility assess-
ment, while also accounting for their different origins, breeding his-
tories, and economic importance. For example, within durum wheat
species, Aureo is characterized by medium-to-high productivity and
excellent grain quality (very high protein and gluten content and gluten
index), which currently makes it the benchmark for the Italian pasta-
making industry (Stanco et al., 2020). On the other hand, Perciasacchi
is an old Sicilian landrace recently rediscovered by farmers and appre-
ciated by consumers due to the peculiar nutritional and organoleptic
properties conferred to the products; it has tall plant stature, very large
kernel size (1000-kernel weight is around 60-65 g), protein content is
generally high, but the gluten index is low (Ficco et al., 2019; Ruisi et al.,
2021).

All genotypes were grown during the 2022-2023 growing season in
an open field under the same conditions at Pietranera farm, which is
located approximately 30 km north of Agrigento, Sicily, Italy (37°30'N,
13°31'E; 178 m a.s.l.). The experiment was set up in a randomized
complete block design with four replicates, with each plot being 9 m?.
Agronomic practices applied during the growing season are commonly
used in the region for wheat. At maturity (June 2023), the grains were
harvested from each plot using a plot combine. After harvest, the grain
samples of einkorn, emmer, and spelt were manually dehulled to remove
the grains from their hulls, as these are not free-threshing wheats. Grain
samples of all genotypes were stored at 4 °C until the beginning of the
present study (Table 1).

For each genotype tested in this study, was assessed the 100- kernel
weight (mean of three samples), and determined the grain hardness, by
measuring the maximum force required to cut the kernel; the test was
performed on 15 kernels randomly chosen within each genotype, by
using an Instron 5564 universal testing machine (Instron, Trezzano sul
Naviglio, Milano, Italy) (Table 2).

For each of genotypes tested in this study, nitrogen content (%),
protein content (%), and total phenolic content (pM GAE/g) were
measured on whole-grain samples using Near Infrared Reflectance
Spectroscopy (NIRS), a rapid and non-destructive analytical technique
that quantifies the absorption of near-infrared radiation by molecular
bonds within the grain matrix.

Diffuse reflectance NIR spectra were acquired from whole-grain
samples using a Biichi NIRFlex N-500 Fourier transform NIR spectro-
photometer (Biichi Labortechnik AG, Flawil, Switzerland). Spectra were
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Table 1
Genotypes of wheat kernels used in the study.
Species/Common name Genotype (V, variety; L, Acronym  Year of *Breeder/Manteiner Purveyor
landrace) release
Emmer (Triticum dicoccum) Davide (V) Davi 2009 CREA CI-FG CREA CI-FG
Padre Pio (V) Pa Pi 2016 CREA CI-FG CREA CI-FG
Zefiro (V) Zefi 2006 Prometeo SRL Prometeo SRL
Einkorn (Triticum Monlis (V) Monl 2006 CREA-ZA Prometeo SRL
monococcum) Norberto (V) Norb 2017 CREA-IT/Fond. Morando Bolognini Agroservice SPA
Unknown (L) Monl - - SAAF
Durum wheat (Triticum Antalis (V) Anta 2013 Limagrain SPA LG Seeds Italia
durum) Aureo (V) Aure 2009 Societa Produttori Sementi SPA Societa Produttori Sementi
SPA
Perciasacchi (L) Perc 2014 Indigenous landrace from
Sicily
Spelt (Triticum spelta) Maddalena (V) Madd 2017 CREA CI-FG CREA CI-FG
Pietro (V) Piet 2010 CREA CI-FG CREA CI-FG
Rossella (V) Ross 2016 CREA CI-FG CREA CI-FG
Triticale (X Triticosecale sp.) Agostino (V) Agos 2010 — LG Seeds Italia
Tribeca (V) Trib 2010 - RAGT Semences
Trimour (V) Trim 2005 - RAGT Semences
Common wheat (Triticum Anapo (V) Anap 2004 Societa Italiana Sementi SPA Lo Porto S.re & C. S.n.c.
aestivum) Romano (L) Roma 2018 Stazione Consorziale Sperimentale di Granicoltura Indigenous landrace from
per la Sicilia Sicily
Valbona (V) Valb 2006 Delley Semences et Plantes SA Lo Porto S.re & C. S.n.c.

* Information on breeders, institutions responsible for variety release, and release dates was retrieved from the Italian National Register of Varieties, available through
the SIAN portal of the Ministry of Agriculture, Food and Forestry Policies (https://www.sian.it/mivmPubb/autenticazione.do).

Table 2

Mean value + standard error of 100-kernel weight, kernel hardness, protein content (%) and total phenolic content (1M GAE/g) of the genotypes used in the study.

Species Genotype 100-kernel weight (n = 3) [g] Shearing force (kernel hardness) [N] Protein content [%)] Total Phenolic Content [pM GAE/g]
Emmer Padre Pio 36.8 +0.11 6.24 + 0.60 15.5 + 0.07 11.1 £ 0.01
Zefiro 34.9 + 0.12 5.18 + 0.35 14.5 £ 0.32 10.4 + 0.17
Davide 49.4 + 0.09 7.50 £+ 0.77 15.7 + 0.17 12.0 & 0.08
Einkorn Unknown 18.2 + 0.11 2.46 + 0.30 17.5 + 0.05 10.4 £ 0.16
Norberto 18.1 + 0.04 1.97 +£0.11 17.3 £+ 0.06 10.5 + 0.19
Monlis 17.2 £0.11 1.99 £ 0.17 17.6 £ 0.10 10.1 +0.14
Durum wheat Perciasacchi 55.7 £0.16 14.26 + 0.98 14.3 £ 0.22 12.1 + 0.46
Antalis 44.9 + 0.07 11.08 + 1.09 13.6 + 0.16 11.0 + 0.14
Aureo 33.4 +£0.15 9.72 + 1.06 14.2 +0.13 11.0 £+ 0.52
Spelt Maddalena 23.6 +£0.13 5.26 + 0.26 17.3 £ 0.22 11.5 £+ 0.05
Pietro 33.6 £ 0.03 5.51 +£0.28 14.5 + 0.20 11.2 + 0.32
Rossella 33.3 £ 0.07 4.85 + 0.49 16.2 + 0.09 12.0 £+ 0.03
Triticale Agostino 42.5 + 0.09 6.89 + 0.72 12.8 + 0.09 12.1 & 0.40
Tribeca 32.6 £ 0.07 4.62 + 0.28 11.2 £ 0.14 12.8 + 0.08
Trimour 34.8 + 0.15 5.88 + 0.34 12.2 +0.24 12.5 £0.11
Common wheat Valbona 30.7 + 0.07 10.17 + 0.60 13.1 +£0.08 11.4 £ 0.16
Romano 33.5+£0.15 8.71 + 0.46 13.0 + 0.02 11.4 +0.20
Anapo 36.3 £ 0.02 9.59 + 0.52 13.2 £ 0.18 12.5+ 0.28

collected over the range of 4.000-10.000 cm ! at a spectral resolution of
8 cm Y, generating 1501 data points per spectrum. Each spectrum rep-
resented the average of 32 scans, and spectral data were subsequently
converted to the nanometer scale.

Whole-grain samples were presented to the instrument in glass Petri
dishes, ensuring a sufficient amount of material to completely block
stray light and prevent external optical interference. The instrument was
validated prior to each analytical session to confirm reproducibility and
spectral stability. For each measurement, approximately 50 g of whole
kernels were analyzed, and three replicate spectra were collected and
averaged.

Spectral processing and compositional predictions were performed
using the NIRWare software package (Biichi). Quantitative estimations
of Nitrogen content, protein content and total polyphenol contents were
derived from pre-established calibration models previously developed
on independent datasets of whole wheat kernels (calibration set, n =
212; validation set, n = 106). These reference calibrations were con-
structed using wet-chemistry determinations as the reference analytical
methods (e.g., Kjeldahl procedure for total nitrogen and protein, and
Folin—Ciocalteu assay for total polyphenols).

2.3. Non-choice laboratory bioassays

Susceptibility tests with intact kernels were performed using unaged
S. oryzae (15/30-day-old) adults collected from a colony with sex ratio
1:1. After freezing for 4 h, an uninfested kernel sample (5 g) of each
variety was placed in a cylindrical glass container (150 mL) closed by
screw caps with a metal net for ventilation and kept at 25 + 2 °C and 60
+ 5 % RH. After that, samples were infested with 20 adults of S. oryzae
and kept at 25 + 2 °C, 60 + 5 % r.h., and L0:D24 photoperiod. Four
replicates were used for each variety. To assess the resistance levels of
different wheat varieties to S. oryzae, we used two parameters: the
survival rate and adult emergence, measuring also the size of the adults
emerged.

2.3.1. Survival rate

The survival rate of the adults was evaluated over a 35 days/period;
during this period the vials containing the infested grains were carefully
inspected twice every week. The death of the individuals was established
by collecting all the adults showing rigor mortis position and stimulating
them with a paint brush for a minute to verify the absence of movement.
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Dead individuals were removed after each inspection. At the end of the
experiment, survived individuals were removed and the samples were
stored in the same controlled environment described above to establish
the F1 emergence (see below).

2.3.2. Adult emergences and measurements

For each wheat genotype (3 per each of the 6 species), the following
parameters were calculated: (1) total number of F1 adult progeny,
monitored by removing and counting newly emerged adults every 3
days, until no adults emerged for five consecutive days (Shazali, 1987);
(2) the sex ratio of the F1 individuals (3) the size of F1 generation adults,
males (n = 50) and females (n = 50) determined measuring the elytra
length of males (n = 50) and females (n = 50) from colony. The elytra
were measured by using a light microscope equipped with a Zeiss Axi-
oCam MRc5 digital camera, applying scale in millimeters (mm). Images
and measurements were carried out using AxioVision 4.6 software
(Zeiss, Germany).

2.4. Choice bioassays

Bioassays were performed in a controlled Plexiglas arena to assess
the response of S. oryzae to the different varieties of the 6 cereal species.
The dimensions of the arena were 60 x 60 cm, with a height of 5 cm, and
the upper part of the arena was made using a metal net for ventilation.
Inside the cage a sample of each variety (3 g) was placed in 5 cm
diameter Petri dishes that were randomly disposed in a circle, with each
dish containing a specific variety distant 5.00 cm to each other. Adult
S. oryzae (n = 80) were then introduced into the cage that was promptly
closed. After 96 h of experiment the number of insects present in each
dish was counted. A total of 15 replicates were performed. Insects that
remained outside the dishes were counted as non-responders and were
excluded from the statistical analysis.

2.5. Statistical analysis

The acquired data of adult survival of the different substrates were
used to calculate Kaplan-Meier survival time analysis for both inter-
specific (among species) and intraspecific levels (among genotypes of
the same species), followed by a log-rank test. The F1 individuals ob-
tained from the different genotypes were compared using one-way
ANOVA followed by Tukey’s test. Pearson’s correlation was selected
to analyze grain hardness toward adult progeny and estimation of body
size from female and males of S. oryzae. To differentiate grain hardness
among the genotypes under investigation, we employed the Kruskal-
Wallis analysis. The Friedman analysis evaluated the laboratory
bioassay, adult preference regarding tested genotypes. We selected this
analysis to account for non-normally distribution and repeated mea-
sures. The elytra length of adult S. oryzae was analyzed applying the
Generalized Linear Model (GLM) with a Gamma distribution and log link
function. The model performance was analyzed using an F-distribution
and Akaike information criterion (AICc). The Least-Squares Means
(LSM) with Ismeans package (Lenth and Lenth, 2018). The statistical
pairwise comparisons were adjusted by Bonferroni method. We con-
ducted statistical analyses with R version 4.1.1 (R Core Team, 2021),
with a significant level (alpha) of 0.05.

3. Results
3.1. Non-choice bioassays

3.1.1. Survival rate

The survival rate across the experiment of the S. oryzae adults was
influenced by food substrate offered, the tested wheat kernel species/
genotypes. The factor species determined significant differences in the
survivorship of the adults (2 = 39.55, df = 5; p < 0.0001). The results
showed that T. durum induced a higher mortality on S. oryzae adults
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compared to triticale (log rank test = 3.54, p = 0.0004), T. monococcum
(log rank test = 3.85, p = 0.00012), and T. spelta (log rank test = 2.47, p
= 0.0130). In contrast, no significant differences were found between
survival of adults feeding on T. durum and T. dicoccum (log rank test =
1.01, p = 0.31) or between T. durum and T. aestivum (log rank test =
0.62, p = 0.53), suggesting a similar survival dynamic between these
species (Fig. 1). In addition, T. dicoccum induced a significantly higher
mortality than T. spelta (log-rank test = 3.42, p = 0.00062),
T. monococcum (log-rank test = 4.74, p < 0.001), and Triticosecale (log-
rank test = 4.46, p = 0.00001). In contrast, no statistically significant
differences were found between T. dicoccum and T. aestivum (log rank
test = 1.60, p = 0.109) (Fig. 1). Triticum aestivum induced a significantly
higher mortality than triticale (log rank test = 2.94, p = 0.003) and
T. monococcum (log rank test = 3.27, p = 0.001). In contrast, no statis-
tically significant differences were found between T. aestivum and
T. spelta (log rank test = 1.84, p = 0.065). Adults on triticale showed no
significant difference in mortality compared to the ones on
T. monococcum (log rank test = 0.41, p = 0.68) or T. spelta (log rank test
= 1.14, p = 0.25). Similarly, no significant difference in mortality was
observed between T. monococcum and T. spelta (log rank test = —1.53, p
= 0.12) (Fig. 1).

In addition, among the different species tested, the genotypes
significantly influenced the survival of S. oryzae adults in the case of
T. dicoccum (X2 =10.81; df = 2; p = 0.004) and T. durum (X2 =10.47; df
= 2; p = 0.005), while in the case of T. aestivum, the values were not
significant (X2 = 5.30; df = 2; p = 0.07) (Fig. 2). In the case of T. durum,
adults of S. oryzae had a higher level of mortality on the genotypes
Perciasacchi (log rank test = 4.69, p = 0.001) and Aureo (log rank test =
4.70, p = 0.001) in comparison with Antalis (Fig. 2). In the case of
T. dicoccum, adults of S. oryzae had a higher level of mortality in the
cultivars Padre Pio (log rank test = 2.34, p = 0.019) and Davide (log
rank test = 3.24, p = 0.001) than in Zefiro (Fig. 2).

3.1.2. Adult emergences and measurements

The results revealed significant variation among species and geno-
types tested in terms of adult emergence and consequent susceptibility
(Fig. 3). The highest adult progeny count was observed on
T. monococcum genotype Monl with 304.25 + 14.79 (mean + SD),
statistically distinct from the majority of other genotypes (p < 0.01),
except for T. monococcum Norberto and Monlis, T. spelta Pietro and
Triticale respectively. Triticum durum Perciasacchi showed the lowest
adult progeny count 77.00 + 16.91 (mean + SD), with significant dif-
ference from T. monococcum genotypes or T. spelta Pietro 235.75 +
29.93 (mean + SD) and Triticale Tribeca 196.75 + 26.07 (mean =+ SD).
The T. durum genotypes Perchiasacchi and Aureo or Common wheat
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with genotype Anapo, both demonstrated a lower level of adult progeny
compared to T. monococcum genotypes Mon1l and Norberto (Fig. 3).

The analysis of the correlation between grain hardness and the adult
progeny of S. oryzae demonstrated a significant negative predictor of
kernel hardness with respect to adult progeny. In respect of grain
weight, the results evidenced a strong positive correlation and signifi-
cant toward to female elytra length. No significant relationship was
observed between grain hardness to the estimated body size of males
and females, or grain weight toward adult progeny or estimated body
size of males (Table 3).

In regard to kernel hardness among wheat genotypes, T. monococcum
(Mon1, Norberto, Monlis) consistently exhibited the lowest hardness,
forming a significant distinct group along with T. spelta (Maddalena,
Rossella, Pietro), T. dicoccum (Zefiro) and Triticale (Tribeca). In
contrast, T. durum revealed the highest kernel hardness, clustering with

Table 3
Correlation kernel hardness and grain weight toward adult progeny and body
size estimation from female and males of Sitophilus oryzae.

Grain quality Adult progeny ~ Male’s elytra Female’s elytra
trait length length
Hardness r=-0.83 r=0.73 r=0.64
Coef =-66.09  Coef = 42.74 Coef = 3.12
t=-598 t=1.93 t=0.156
p < 0.001***  p=0.073 p=0.879
Weight r=-0.71 r=0.83 r=0.90
Coef =-0.001  Coef = -2.78 Coef = 13.75
t=-2.02 t=-0.57 t=4.05
p =0.06 p=0.57 p = 0.002 **

« *” detonating significant values regarding the correlation analysis. Coef =
Coefficient of Person’s correlation.
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common wheat genotypes and T. dicoccum (Davide). These findings
highlight a marked genotypic influence on kernel texture
(Supplementary Material SM 2).

3.1.3. Body size length of Sitophilus oryzae adult progeny

The findings obtained from the generalized Gamma model demon-
strated that the wheat genotype considerably influenced the mean body
length of S. oryzae females (GLM, F = 13.1, df = 37, p < 0.001). The
mean body size of female S. oryzae exhibited significant variation
dependent upon the wheat genotype consumed. The smallest body sizes
were observed adults emerged from kernels of einkorn Monl 1.44 +
0.10 mm (mean + SD), Monlis with 1.46 4+ 0.09 mm (mean + SD), and
spelta Maddalena 1.46 + 0.11 mm (mean + SD), the lighter and soft
kernels, in contrast to the adults from the colony 1.55 + 0.09 mm (mean
+ SD). In comparison, adults emerged from kernels of durum wheat
Antalis and Perciasacchi, the heavier and hard kernels, demonstrated
substantial larger body sizes, 1.63 + 0.10 mm (mean =+ SD); 1.62 +
0.10 mm (mean =+ SD) respectively, whereas adults emerged from ker-
nels of other genotypes displayed body sizes comparable to the colony
adults (p > 0.05) (Fig. 4).

3.2. Choice bioassays

The laboratory experiment testing the choice of S. oryzae adults
among eighteen wheat genotypes revealed significant differences
(Friedman ANOVA: XZ = 57.92, df = 17, p < 0.001). Dunn’s test with
Bonferroni correction revealed a preference among genotypes, indi-
cating that triticale genotypes (Agostino, Tribeca) were favored over
T. durum genotypes (Perciasacchi, Aureo). Indeed, adult S. oryzae
exhibited a preference for Agostino and Tribeca over Perciasacchi (p =
0.029 and p = 0.013, respectively) and Aureo (p = 0.001 and p < 0.001,
respectively). Both Agostino and Tribeca were also significantly
preferred compared to common wheat genotypes, Valbona and to
einkorn Norberto (p < 0.05). Also, significant results were observed
from triticale genotype Trimour over T. durum wheat Aureo (p = 0.005)
(Fig. 5). No significant differences were observed among the other
genotypes.

4. Discussion

The results of our study provide significant insights into the resis-
tance and susceptibility of different Triticum species and genotypes
under S. oryzae infestation. Our findings demonstrate that the pheno-

typic characteristics of the tested Triticum genotypes significantly in-
fluence the survival and development of S. oryzae adults. In non-choice
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bioassays, T. durum and T. dicoccum induced the highest adult mortality
rates, suggesting enhanced levels of resistance, in accordance with
previous studies highlighting the resistance potential of these species
(D’Isita et al., 2023). In contrast, Triticosecale and T. monococcum
induced the lowest mortality rates, indicating to be more prone to
infestation, as corroborated by earlier studies (Dobie and Kilminster,
1978; Trematerra et al., 1996; Agha et al., 2017). Furthermore, signif-
icant genotypic differences were observed within species, with Percia-
sacchi and Aureo (T. durum) as well as Padre Pio and Davide
(T. dicoccum) that determined higher mortality compared to their
respective counterparts.

The analysis of adult progeny counts provided insights into resis-
tance patterns among the wheat species and genotypes. Consistent with
the mortality results, Triticum species, e. g. T. durum, which induced
higher adult mortality, also determined reduced adult emergence,
indicating that their grain characteristics may limit both adult survival
and perhaps, oviposition success. Phenotypic traits of host kernel may
govern as observed for Sitophilus species, the female adult progeny and
progeny outcome (D’Isita et al., 2023; Abedi et al., 2024). This rela-
tionship between mortality and progeny suppression is crucial for in-
tegrated pest management, as reduced adult progeny production can
significantly curb infestation spread over time. In contrast, triticale and
T. monococcum not only determined lower mortality rates but also
supported higher F1 adult progeny numbers, reinforcing their suscep-
tibility to S. oryzae. The T. monococcum varieties, characterized by the
highest protein content and the lowest total phenolic levels, this com-
bination of high nutritional value and reduced polyphenols, that are
often linked with plant chemical defenses (Tayal et al., 2020; Lv et al.,
2023), likely enhanced larval development and adult emergence
compared with the other species tested. These findings align with those
of Trematerra et al. (1996), who observed that T. monococcum is
particularly susceptible with respect to adult progeny emergence, while
T. durum demonstrates some grade of resistance.

Our study identified grain hardness as a critical determinant of
S. oryzae infestation. A strong negative correlation was observed
exclusively between grain hardness and adult progeny production,
rather than grain weight. This finding suggests that harder kernels may
serve as a mechanical barrier to larval development, thereby reducing
successful penetration and feeding efficiency. In fact, previous research
identified kernel hardness as a potential resistance trait in wheat,
affecting S. oryzae development and survival (Throne et al., 2000; Lemic
et al., 2020). Therefore, these findings reflect the cultivar-dependent
nature of physicochemical parameters, such as hardness can regulate
kernel weevil development (Kordan et al., 2023). However, the absence
of correlation between kernel hardness and adult body size suggests a
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Dunn’s test and Bonferroni correction at p < 0.05.

hypothesis that while kernel texture limits the number of emerging
adults, it would not influence their growth post-emergence. This in-
dicates that those larvae able to overcome the mechanical resistance of
harder kernel can still develop normally. Future research should inves-
tigate more in depth the biochemical compositions of these genotypes to
better understand the mechanisms behind resistance.

The second analysis revealed significant correlation between kernel
weight toward female size. It could suggest that heavier wheat kernel
may be an important fitness strategy for females (Danho et al., 2002). It
is aligned with previous research on wheat kernel size and oviposition
(Campbell, 2002), while size is evidenced as an important implication
for fitness (Holloway et al., 1987; Holloway and Smith, 1987). The
differences in kernel hardness and weight highlighted the genotype
variability as food substrates to S. oryzae. For instance, when comparing
the varieties Antalis (T. durum) and Tribeca (Triticale), variations in
kernel hardness and elytra length were observed, yet the offspring
exhibited similar outcomes. This suggests that the variability might be
linked to the nutritional traits of the wheat kernel genotype
(Ungsunantwiwat and Mills, 1985; Abedi et al., 2024) rather than
hardness itself.

The results from the choice bioassays demonstrated that S. oryzae
exhibited clear preferences toward some of the tested species and ge-
notypes. In detail, the choice experiment showed that adults exhibited a
preference for Triticale species, specifically the varieties Agostino
weight/hardness mean (4.25/6.89) and Tribeca (3.26/4.62), over
T. durum varieties Perciasacchi (5.57/14.26) and Aureo (3.34/9.72). In
contrast, the genotype Antalis, which also belongs to T. durum (4.49/
11.08), demonstrated similar results to the Triticale species in both
bioassays, adult progeny counts and choice experiment. These obser-
vations are consistent with Sharma et al. (2024), who reported a sig-
nificant negative correlation between grain hardness and both insect
survival and preference index in rice. This reinforces the notion that
physical resistance traits like hardness may influence not only survival
but also initial host selection by S. oryzae (D’Isita et al., 2024). None-
theless, we cannot rule out the influence of other factors may further
contribute to host deterrence. In fact, endosperm vitreousness, pericarp
thickness, and surface lipid composition can affect oviposition and larval
development, with harder, more vitreous kernels generally conferring
greater resistance (Nawrot et al., 2010). These aspects are particularly
influencing females as the oviposition behavior is expected to reflect her
ability to evaluate host suitability for adult progeny development as
observed for the related species S. granarius. Additionally, kernel size, a
trait positively correlated with kernel weight, can modulate resource
availability and female oviposition behavior (Campbell, 2002).

Our experiments show that S. oryzae, survival and development are
strongly correlated with kernel hardness. However, choice preference
depends only partially on this parameter, as while T. durum varieties,

with the hardest kernels, were generally less preferred, the softest spe-
cies, T. monococcum, were not particularly chosen.

Such avoidance behavior of S. oryzae has been observed in prior
studies in various stored grains: for example, common wheat, Chaudh-
ary et al. (2021) found significant variation in damage and weight loss
caused by S. oryzae among different varieties. Sorghum (Sorghum spp.)
has also been examined for varietal resistance, with physical traits, such
as grain size, influencing S. oryzae preference and development (Russell,
1962). Inrice, a study carried out recently by testing 13 rice varieties for
susceptibility to S. oryzae in terms of measurements of adult damage,
larval damage, adult progeny counts, and development time showed
variation in damage between varieties, with the most susceptible variety
being the high-protein, low-glycemic rice varieties that determine faster
progeny development and greater adult mass (Doherty et al., 2023).

The observed resistance variations among Triticum species and ge-
notypes can provide insights for sustainable pest management strate-
gies. Breeding programs focused on enhancing insect pest resistance
traits in T. durum and, to a lesser extent, T. dicoccum could reduce reli-
ance on chemical insecticides while promoting the conservation and
commercial value of traditional wheat varieties. Furthermore, using
resistant wheat genotypes could serve as an effective preventive mea-
sure against pest infestations also into storage systems, contributing to
long-term food security. Future research should explore the genetic and
biochemical underpinnings of these resistance traits to optimize
breeding strategies and enhance post-harvest grain protection.

5. Conclusions

This study revealed substantial variation in resistance to S. oryzae
among Triticum genotypes. Triticum durum and T. dicoccum showed the
highest resistance, since the insect pest shows elevated adult mortality
and reduced adult progeny emergence, while T. monococcum and triti-
cale were the most susceptible. Kernel hardness was strongly associated
with reduced insect adult progeny, indicating its importance as a resis-
tance trait, although it did not affect adult body size. Choice tests
confirmed a preference for softer genotypes (triticale), though other
grain traits may also influence host selection. These findings highlight
the value of resistant wheat genotypes for integrated pest management
in stored grain systems.
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