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Abstract: The increasing food crisis in times of ecological threats has challenged conventional
agriculture to transform into a more efficient and sustainable agri-food system. The global priority
of these activities has become, among others, the responsible and effective use of already produced
food. This study aimed to assess the impact of the natural resistance of cereal grains to consumption
by storage pests. The study presented here analyzed the impact of selected chemical factors from
the grain of six species of cereals (wheat, triticale, rye, barley, oat, corn) on the development of one
of the most dangerous storage pests—the lesser grain borer Rhyzopertha dominica F. The increased
development of this beetle on the tested grain was determined based on the number of progeny,
the mass of dust produced, and the loss of grain mass. Moreover, the correlations between the
above-mentioned development parameters of the pest and the content in the grain of dry matter,
crude ash, total protein, crude fat, starch, and water-soluble carbohydrates (WSCs) were examined.
The results showed that the tested pest developed most intensively on barley and triticale grains and
was least abundant on oat and corn grains. Chemical analysis of the selected grain showed that the
low number of the R. dominica progeny population was correlated with a higher crude fat content
and a lower total protein content in the cereal grain, and therefore, these chemical properties could
affect the development of the pest. Knowledge of these relationships can be used in cereal breeding
programs and when recommending cereals for more extended storage. This directly translates into
improved local and global nutritional and food security. Moreover, it may also contribute to the
reduction of pesticide use at the storage stage, which is one of the basic requirements for agricultural
production in a sustainable agriculture system.

Keywords: fatty acids; food attractiveness; food security; grains; natural resistance; proteins; stor-
age pests

1. Introduction

The escalating global food demand, a consequence of rapid global population growth,
is the most pressing challenge of the 21st century [1-3]. The strategy of agricultural
production increase, primarily focused on expanding crop area and yield, has proven
inadequate in achieving sustainable global food security. This approach has also led to
unprecedented environmental degradation [4-6]. In the wake of economic, ecological,
social, and epidemiological crises, a significant rise in global malnutrition occurred in
2022 (7.9% in 2019 and 9.2% in 2022) [1]. Global production surpasses demand; thus, the
food system crisis is not due to a food deficit [7,8]. This issue stems from a malfunctioning
agri-food chain, particularly improper food distribution, food waste, and lack of purchasing
power [9-11].
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The European Union’s implementation of the green transformation in agricultural
policy necessitates changes at various levels. The objectives in this context (ecological
transformation leading to the achievement of climate neutrality in the European Union
by 2050) are fundamental but challenging to accomplish. Furthermore, with the gradual
adoption of the Common Agricultural Policy (CAP) guidelines, the evolving world and
its issues are reshaping the priorities of these initiatives, broadening their scope [12-14].
Hence, more efficient and sustainable solutions are being sought to ensure economic growth
while safeguarding the natural environment [15].

Annually, over 30% of food produced for consumption is lost, posing ethical, envi-
ronmental, and economic challenges [16,17]. Primarily, this leads to the squandering of
resources that could feed 735 million undernourished people worldwide, and its production
also generates unnecessary greenhouse gas emissions [15,18,19]. Therefore, reducing food
waste is a crucial aspect of the resolution signed by all UN member states: “Transforming
our world: 2030 Agenda for Sustainable Development’. This declaration aims to eradicate
global hunger by 2030, partly by halving food waste. However, rationalizing these losses
applies to discarded food and minimizing losses during production, processing, storage,
and distribution [20].

Cereals, the basic raw materials of the food industry, are the main link in global nutri-
tional and food security, and Poland is among the leading producers in Europe [10,21,22].
Despite the undisputed role of cereals, they are among the most frequently lost and wasted
agricultural products [23]. In grain production, over 80% of all losses occur at the grain
storage stage. Therefore, protecting the cereals at this stage is one of the most essential
elements of the undertaken global transformation of sustainable food systems [10,23,24].

During storage, up to 10% of stored agricultural produce may be damaged by storage
pests [25,26]. The losses caused by such pests are not limited only to the loss of grain
mass. Insects feeding on stored cereals also cause contamination (e.g., with molts, feces,
and dead individuals). As a result of their feeding, the temperature of the stored material
also increases, which favors the development of mold, the appearance of which leads to a
reduction in the commercial value of the stored grain [27,28].

Transitioning from an intensive agricultural production system to a sustainable one
involves minimizing chemical pest control methods. So far, these substances have been
the basis for proper and long-term storage. These methods are effective but dangerous to
human health and the natural environment [29,30]. Also, reducing the use of pesticides
increases the likelihood of pest invasions [31,32]. A global pest that threatens stored
cereals is the lesser grain borer Rhyzopertha dominica F. [33-35] Entomological observations
regarding this species’ behavior and food preferences can help develop sustainable cereal
storage patterns aimed at, among others, preventing losses and ensuring sustainable
economic development.

Based on previous research and observations of storage pests [36-38], a research
hypothesis was put forward that assumes that the development of R. dominica depends on
the range of natural resistance of grains of individual species, which results from, among
other aspects, the chemical composition of the grains, in particular the content of protein
and fatty acids. An attempt was made to analyze the above relationships by examining
the existence and nature of the relationship between the examined chemical properties of
grains and the development of R. dominica.

2. Materials and Methods
2.1. Materials

Entomological material (Rhyzopertha dominica (F.,, 1792) (Coleoptera: Bostrichidae))
came from mother breeding conducted at the Department of Entomology, Phytopathology
and Molecular Diagnostics (University of Warmia and Mazury in Olsztyn, Poland) on
winter wheat grain, Korweta variety.

The research was conducted on grains of 6 cereal species purchased directly from the
breeder:
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- Winter wheat, Hondjia variety, Triticum aestivum L. subsp. aestivum (DANKO Breeding
Plant);

- Winter triticale, Transfer variety, xTriticosecale Wittm. ex A. Camus (Strzelce Breeding
Plant);

- Hybrid rye, KWS Dolaro variety, Secale cereale L. (KWS Lochéw Polska Breeding Plant);

- Spring barley, Stratus variety, Hordeum vulgare L. (Strzelce Breeding Plant),

- Common oats, Bingo variety, Avena sativa L. (Strzelce Breeding Plant);

- Corn, Rosomak variety, Zea mays L. (Smolice Breeding Plant).

Selected cereal grains, varieties recommended for cultivation in northern Poland, were
conditioned in a SANYO MLR 350-H incubator for seven days (30 °C, humidity 70%, total
darkness) to obtain equilibrium values. After obtaining the optimal humidity level, 20 g of
grains were weighed on a laboratory scale (model: WPS220/C/2, manufacturer: Radwag,
Radom, Poland) and placed in vidinur dishes. The breeding containers were equipped
with ventilation holes with a diameter of 10 mm, secured with a chiffon mesh (container
diameter 80 mm, height 30 mm). On the first day of the experiment, ten individuals of
R. dominica (3—4 days old and with a sexual ratio of 1:1) were placed on the isolated plant
material, which was then removed after 21 days of feeding. The pest’s progeny population
was then counted every seven days until all progeny were obtained. The experimental
methodology was established based on previous research and observations regarding the
development of R. dominica [34,39] (Figure 1).

Figure 1. Grain damage caused by Rhyzopertha dominica. Fot. Olga Kosewska.

2.2. Chemical Properties of Grain

Chemical analysis of the grains of the tested cereals was carried out at the Department
of Animal Nutrition and Feed Sciences (University of Warmia and Mazury in Olsztyn,
Poland). The dry matter content was determined using the drying method. The samples
prepared immediately before the determination were weighed (5 g), crushed, and dried
in a dryer at 105 °C until a constant weight was obtained (5-8 h). The crude ash content
was measured using the gravimetric method by air combustion of a dry grain sample (5 g)
in a muffle furnace (temperature 500-550 °C, time 5-6 h) and determining the mass of the
sample before and after ashing. Based on the amount of total nitrogen (N), determined using
the Kjeldahl method and then converted into total protein (N x 6.25), the total protein
content of the six cereal species examined was determined (Polish Standard: PN-ISO
5983.2000 [40]). Crude fat from the tested grains was extracted using the Soxhlet method
(Polish Standard: PN-ISO 6492: 2005 [41]). The starch content was tested in a polar meter
according to Polish Standard PN-R-64785:1994 [42], and the water-soluble carbohydrate
(WSC) content was determined according to Polish Standard PN-R-64784:1994 [43].

The protein content in the analyzed grains was determined using the methodology of
the Department of Processing and Chemistry of Plant Raw Materials (University of Warmia
and Mazury in Olsztyn, Poland). The analysis divides proteins according to their amino
acid composition, which determines their solubility:
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- Albumins (water-soluble proteins);

- Globulins (proteins soluble in dilute salt solutions);

- Prolamins (proteins soluble in aqueous alcohols);

- Glutelins (proteins soluble in dilute acids or bases) [44].

The extraction of albumins + globulins, prolamins, and glutelins was conducted, ac-
cording to Wieser and Kieffer [45]. The protein content of each extract was determined
spectrophotometrically (FLUOstar Omega, BMG LabTech, Ortenberg, Germany) at A = 595
based on the Bio-Rad Bradford Protein Assay using bovine serum albumin (Bio-Rad,
Hercules, CA, USA) for quantification of albumins and globulins and the gliadin stan-
dard (Sigma-Aldrich, Poznar, Poland) for quantification of prolamin and glutelin fraction
of proteins.

Calibration curves were prepared for protein concentration up to 5 mg/mL (R? above
0.98). Gliadins and glutelins were determined using the Osborn method [46].

2.3. Statistical Analysis

The nature of the data distribution regarding the number of progeny, the loss of grain
mass, the mass of dust produced by beetles, and the selected chemical parameters of
the tested cereal grain were assessed using the Shapiro-Wilk W test. Data that were not
normally distributed (progeny, dust mass, mass loss, dry mass, total protein, crude fat,
starch, and WSCs) were subjected to logarithmic transformation (In x + 1). A one-factorial
analysis of variance ANOVA was used to assess the significance of differences in the
studied variables between cereal varieties. Groups of average tested parameters related to
the development of R. dominica, which do not differ statistically, are marked with the same
letter index: a, b, c... (Tukey HSD test).

To assess the similarity of the chemical composition of the examined cereal species for
total protein, crude ash, starch, dry matter, crude fat, and WSCs, a dissimilarity analysis
was performed based on the Bray—Curtis matrix, and dendrograms were then created
using the Wald method. A redundancy analysis technique (RDA) was used to graphically
assess the relationship between parameters describing the development of R. dominica
(progeny, mass of dust, and loss of mass) and the chemical composition of the grain of the
studied cereal species [47]. The RDA method was selected by calculating the lengths of
the gradients (SD) for each analysis performed. Statistical calculations and their graphical
interpretation were performed using the following programs: Statistica 13.1, Canoco 4.51,
and PAST 2.17b.

3. Results
3.1. Developmental Parameters of R. dominica

Parameters related to the intensity of R. dominica development on a grain of selected
cereal species were examined by assessing the number of progeny of beetles of the pest
(F =81.47, p = 0.00), the mass of dust produced (F = 92.54, p = 0.00), and the loss of grain
mass (F = 55.65, p = 0.00). A one-factorial analysis of variance ANOVA showed that the
differences between the means describing pest development on different cereal species
were statistically significant (Table 1).

Table 1. Results of statistical significance tests (ANOVA) for parameters describing the development
of R. dominica on the grain of the tested cereal species.

df * F Values p**

Progeny of beetles 5 81.47 0.00
Mass of dust 5 92.54 0.00
Loss of grain mass 5 55.65 0.00

* Degrees of freedom. ** The value of the test probability p.

The highest number of R. dominica progeny was found on barley grain (average
258.9 individuals) (Figure 2a). Smaller numbers of progeny individuals were found on
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the grain of triticale (203.1), wheat (156.3), and rye (133.2), but Tukey’s HSD test classified
them into the same homogeneous group (c). Significantly fewer beetle progeny were found
in combination with oat grain (58.1, homogeneous group b), and the lowest number was
recorded on corn grain (2.9, homogeneous group a) (Figure 2).
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Figure 2. Average number of progeny beetles of R. dominica (a), mass of produced dust (b), and grain
mass loss (c) observed on the grain of the studied cultivars (* means followed by the same letter do
not differ—Tukey’s HSD test).

The mass of dust produced by feeding beetles and the loss of grain mass are parameters
correlated with the number of progeny. These relationships were confirmed in the research
results. The highest dust mass was found in combination with barley grain (average
3.672 g) and triticale (2.818 g) (Figure 2b). Lower values of this parameter were recorded in
combination with rye grain (1.611 g) and wheat grain (1.499) and the lowest values were in
combination with oat grain (0.333 g) and corn grain (0.063 g). However, these combinations
showed the most minor losses in grain mass. The loss was, on average, 0.596 g on oat grain
and corn grain 0.158 g (Figure 2c). Combined with rye grain, the value of this parameter
was, on average, 1.166 g, wheat—1.464 g, and triticale—2.160 g. The highest average loss
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of grain mass, resulting from the feeding of R. dominica, was found in combination with
barley grain (4.087 g) (Figure 2c).

3.2. Chemical Properties of the Tested Cereal Grain

The grain of the studied cereal species was analyzed in terms of its chemical composi-
tion. It was found to differ significantly in terms of dry matter content (F = 757.42, p = 0.00),
crude ash (F = 254.79, p = 0.00), total protein (F = 421.00, p = 0.00), crude fat (F = 660.25,
p = 0.00), starch (F = 14190.98, p = 0.00), and WSCs (F = 6834.16, p = 0.00) (Table 2).

Table 2. Results of statistical significance tests (ANOVA) for the content of selected chemical sub-
stances contained in the grain of the examined cereal species.

df * F Values p**

Dry matter 5 757.42 0.00
Crude ash 5 254.79 0.00
Total protein 5 421.00 0.00
Crude fat 5 660.25 0.00
Starch 5 14,190.98 0.00
WSCs 5 6834.16 0.00

* Degrees of freedom. ** Test probability value p.

Wheat grain was characterized by the highest dry matter content (89.59) and total
protein (12.4) among the examined cereal species. It also had a low crude fat content (0.60)
(Table 3).

Table 3. Average values of the chemical composition of grains for the examined cereal species.

Wheat Triticale Rye Barley Oat Corn
Dry matter 89.59+£0.09 e* 8622+£008 b 89.05+0.07 d 86.52+0.06 c 86.40+£0.04 bc 8524 £0.01 a
Crude ash 1.6 £0.00 c 1494+0.02 b 165+£004 ¢ 187%0.02 d 2.2+0.02 e 1.28 £0.01 a
Total protein 12.4 +0.04 d 11.63+£0.06 ¢ 11.72+£0.04 ¢ 10.67 £0.06 b 9.15 £ 0.11 a 9.32 £0.03 a
Crude fat 0.60 & 0.03 a 05+003 a 0484002 a 0.5640.02 a 3.03+0.18 b 4.53 £0.07 c
Starch 61.17 + 0.06 d 59.83+0.05 ¢ 59.78+£0.09 ¢ 51.8240.04 b 44.44 £ 0.06 a 62.8 £ 0.06 e
WSCs 2.65 £+ 0.01 c 361+001 d 692+£001 f 4.02£0.02 e 2.3+£0.03 b 1.87 £ 0.01 a

*a, b, c... groups of average tested parameters related to the development of R. dominica, which do not differ
statistically (Tukey HSD test).

Triticale grain had a relatively high content of starch (59.83), total protein (11.63), and
a low content of crude fat (0.5). Rye grains were characterized by the highest WSC content
in the group (6.92), high total protein (11.72), dry matter (89.05), and low crude fat content
(0.48). Barley grains were also characterized by a low content of these compounds (0.56) and
a relatively high content of crude ash (1.87). In the case of oat grains, the highest content of
crude ash was found (2.2), and the lowest amounts of total protein (9.15) and starch (44.44)
were in the tested group. Compared to other species, corn kernels had the highest content
of crude fat (4.53) and starch (62.8), and the lowest contents of other ingredients (Table 3).

R. dominica developed the least on corn and oat grains, and the most on barley and
triticale. Cluster analysis was used to determine what chemical factors of the grain could
influence this process. This analysis made it possible to compare the tested cereal grains in
terms of the similarity of their chemical composition (Figure 3).

The chemical factor that could have influenced the low number of progeny generation
of R. dominica was the content of total protein and crude fat. Regarding total protein content,
the dendrogram distinguished two groups of cereal species. The first included oats, corn,
and barley; the second included triticale, rye, and wheat. In the case of crude fat, two
species with high natural resistance to R. dominica (corn and oats) formed a separate group
on the dendrogram, differing from other cereal species. The grain’s content of crude ash,
dry matter, and starch was not correlated with resistance to beetle feeding because similar
dendrograms placed oat and barley grains in one group. In the case of WSCs, oat and
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barley grains formed one group with wheat, but they were also very similar to the group
formed by triticale and barley (Figure 3). The results of grouping cereal species in terms
of their similarity in chemical composition and susceptibility to feeding by R. dominica
revealed that the low number of the generation of the pest developing on oats and corn
may result from total protein and crude fat content. Therefore, the tested grain was also
analyzed regarding its fatty acid content and the type of proteins. The analysis of variance
(ANOVA) showed that the tested cereal grains differ significantly in terms of fatty acids
and protein content (Table 4).

Total protein Crude ash Starch
36 0,72 18
32 0.64 16
28 0.56 14
g 24 g 0.48 g 12
520 £ 040 10
Al6 B o3 A 8
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E il . J =]
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Figure 3. Dendrograms show the general similarity of the examined cereal grains depending on
the groups of examined chemical substances. A dissimilarity matrix was prepared based on the

Bray—Curtis similarity measure.
y

Table 4. Results of statistical significance tests (ANOVA) for the content of selected chemical substances
contained in the grain of the examined cereal species (wheat, triticale, rye, barley, oats, corn).

df * F Values p**

Fatty acids/Name of Acid
C 14:0/myristic acid 5 199.98 0.00
C 15:0/pentadecanoic acid 5 83.87 0.00
C 16:0/palmitic acid 5 945.12 0.00
C 16:1/palmitoleic acid 5 109.26 0.00
C 17:0/margaric acid 5 922.1 0.00
C 17:1/margaroleic acid 5 217.87 0.00
C 18:0/stearic acid 5 114.44 0.00
C 18:1/oleic acid 5 4061.95 0.00
C 18:2/inoleic acid 5 614.30 0.00
C 18:3/ «-linoleic acid 5 12,384.3 0.00
C 20:0/araquinic acid 5 89.89 0.00
C 21:0/henicosanoic acid 5 1756.2 0.00

Proteins

Albumins + globulins 5 101.48 0.00
Prolamins 5 557.23 0.00
Glutelin 5 645.22 0.00

* Degrees of freedom. ** Test probability value p.
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Twelve fatty acids differing in the length of carbon chains were determined in the
grains of the studied species (Table 5). The most significant amounts (in % of the sum of
fatty acids) were linoleic acid (C 18:2), the content of which in grain ranged from 28.36 (oats)
to 64.39 (wheat). High contents of pentadecanoic acid (C 16:0) (from 8.91 in corn to 22.12 in
barley), oleic acid (C 18:1) (from 11.60 in triticale to 46.84 in oats), and «-linoleic acid (C
18:3) (from 0.31 in oats to 6.85 in rye) were found. The content of other fatty acids did not
exceed 3%. The cluster analysis grouping grains of the examined cereal species in terms of
their similarity in fatty acid content revealed that the composition of these compounds is
very similar in oat and corn grains (Figure 4). The remaining species form a separate group
in the dendrogram (Table 5).

Table 5. Average content of fatty acids and proteins in the grain of cereal species.

Wheat Triticale Rye Barley Oat Corn

C14:0* 0074001 b 0184001 ¢ 0244001 d 026+000 d  018+£002 ¢ 001+000 a
C 150 0054001 b  014+001 ¢  013+001 ¢ 0114001 ¢ 0014001 a 001+001 a
C16:0 1659+006 b 18394003 ¢  1816+004 ¢ 22124003 d 2145+002 d 891+018 a
C16:1 0084001 b  010+£001 ¢  018+001 e 0074001 ab 0154001 d 005+000 a
C17:0 0074001 b 0114001 ¢ 0124000 ¢ 0074001 b 0024001 a 0024001 a
C17:1 0024000 b 0204001 ¢ 0324001 d 0074001 bec 005+£001 b 001+001 a
C 180 0914002 a  136+001 b  203+001 d 1624001 ¢ 1874008 d 1444004 b
C18:1 1366 +0.09 ¢  11604+004 a 1787+005 d 12934009 b  4684+096 f 3919+007 e
C182 6439+012 e 612734003 e 52544009 ¢  5707+008 d  28364+082 a 4948+027 b
C18:3 363+004 ¢ 566+001 e  685+001 f 4744008 d 0314001 a 0514001 b
C20:0 010+001 a 0174001 b 0264001 ¢ 0254001 ¢ 0154001 b 026+001 ¢
C21:0 0444000 b  081+001 e 1.3 4+ 0.01 f 0684002 d 063+001 ¢ 0114001 a
Agli‘i;;‘l‘i“rf’; 403+002 d  400+005 d 3964011 d 2874001 b  361+007 ¢ 261+007 a
Prolamins ~ 217+001 ¢ 1494008 b 1024005 a 3874002 e 3384002 d 2244006 ¢
Glutelin 4254007 d  305+005 b 2394006 a 3454005 ¢  624+001 e 649+009 e

Full name of fatty acids in Table 4. * a, b, c. .. groups of average tested parameters related to the development of
R. dominica, which do not differ statistically (Tukey HSD test).

The second chemical component influencing the lower development of R. dominica
in oats and corn was total protein content. It was found that the proteins of the examined
cereal species included albumins + globulins (F = 101.48, p = 0.00), prolamins (F = 557.23,
p = 0.00), and glutelin (F = 645.2, p = 0.00), and their content was significantly different
(Table 4). In the case of oat and corn grains, they were distinguished from other species by
the high content of glutelins (oats: 6.24; corn: 6.49) (Table 5).

A thorough analysis was conducted to comprehensively understand the relationship
between the development parameters of R. dominica and the general chemical composition
of cereal grains. This included a correspondence analysis (RDA) and identifying selected
chemical factors related to increased resistance to feeding by this pest. The results, as shown
in Figure 4, reveal the correlations between the development parameters of R. dominica and
the general chemical composition of grains for the examined cereal species. The species
with low pest progeny (oats, corn) are depicted in the row chart’s upper left quadrant. The
closed axis also illustrates the higher crude fat content in the grain. The axis corresponding
to the increasing crude ash content correlates with the barley grain, while for triticale, it
correlates with the increased content of starch and WSCs in the grain. The axis indicating
the number of progeny generated for R. dominica and the mass of dust produced correlates
with the grain’s high dry matter content and total protein (Figure 5).
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Figure 4. Dendrograms show the general similarity of the examined cereal grains depending on
the groups of fatty acids and protein content. A dissimilarity matrix was prepared based on the

Bray—Curtis similarity measure.
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Figure 5. Redundancy analysis diagram (RDA) presenting correlations between analyzed parameters
for the development of R. dominica and the chemical characteristics of grains.
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Analysis of the connections between the parameters describing the development of R.
dominica and the composition and content of fatty acids is presented in Figure 5. The axes
describing the intensity of the development of the pest (progeny, mass of dust, and loss of
mass) are correlated with the axes indicating the increased content of C 14:0 and C 16:0.
They are located in the lower left quadrant of the ordination chart, which also contains
barley and wheat grains. The triticale grain, on which R. dominica formed numerous
progeny populations, is characterized by a high content of C 17:1 fatty acid. Corn and oats
are located on the opposite side of the ordination chart, away from the other species, and
correlate with increasing C 18:1 fatty acid content (Figure 6).

=
— * Rye
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* * Triticale
Tritical
riticale

Corn
C15,0 : y Corn§y
: Corn

Ci8:1

¢ Oat
@ Oat
Progeny oWheat ®0Oat
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Barley
=Y ’Barley
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Figure 6. Redundancy analysis diagram (RDA) presenting correlations between analyzed parameters
for the development of R. dominica and the content of fatty acids in the analyzed grain cultivars.

Analyzing the ordination chart showing the relationship between the parameters
describing the development of R. dominica and the composition of proteins in the grain of the
examined cereal species, it was observed that the low intensity of the pest’s development is
correlated with a high content of proteins from the glutelin group (Figure 7). Grain varieties
with low resistance to pest feeding (high progeny, mass of dust, and loss of mass values)
are significantly separated from each other on the RDA chart. The increasing content of
prolamins in grains correlates with barley, while the increasing content of albumins and
globulins correlates with triticale (Figure 7).
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Figure 7. Redundancy analysis diagram (RDA) presenting correlations between analyzed parameters
for the development of R. dominica and the protein content in the analyzed grain cultivars.
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4. Discussion

Plant protection is vital in developing a sustainable future for agriculture [30,48].
In an era of searching for ecological solutions, particular attention is paid to the natural
resistance of crop plants, which may also be crucial when storing cereal grains. Knowing
and understanding the chemical basis determining the natural defense mechanisms of
plants can complement the permitted plant protection methods in a sustainable agriculture
system and may also become the primary method of preventing the invasion of storage
pests [48,49].

R. dominica is a cosmopolitan pest of stored food products, mainly cereals [50-52]. Due
to its high adaptability and reproductive potential, this insect can colonize and then damage
the grain of many cereal species [50-52]. In our study, R. dominica developed on six cereal
species, and its feeding and development on the tested grains showed statistically signifi-
cant differences (Table 1). The heterogeneity of the physico-chemical composition of grains
is a decisive factor influencing the development of storage pests. However, these mecha-
nisms have not been fully understood, and their understanding and use in practice consti-
tute one of the most significant challenges of modern sustainable agriculture [37,38,52-56].

The highest number of progeny for the tested pest was observed on barley (average
258.9 individuals), which was also characterized by the highest mass of dust produced
and the highest average loss of grain mass (Figure 2). According to the post hoc test, these
cereals formed a joint homogeneous group with triticale (203.1), wheat (156.3), and rye
(133.2). Inverse relationships (low number of progeny resulting in low loss of grain mass
and low dust mass), and thus, the highest natural resistance, were characteristic of oat (58.1)
and corn (2.9) grains, forming separate homogeneous groups (Figure 2). Perisi¢ [52], in his
research on this pest among grains of wheat, barley, oats, rye, and triticale, observed the
highest mortality for the original population and a low number of the progeny population
also in oats. However, Hendrival [57], similarly to our study, showed lower susceptibility
of corn to feeding by R. dominica than wheat (Figure 2).

Differences in the development of the tested beetle may result from the natural defense
mechanisms of the inhabited cereal grains, which are shaped in particular by their chemical
properties. Chemical composition is crucial to determining a plant’s attractiveness to
insects [28,48,58]. The influence of chemical composition (dry matter, crude ash, total
protein, crude fat, starch, and WSCs) on the feeding of R. dominica in the grain of the
studied cereal species showed significant differences (Tables 2 and 3, Figure 3). Our
previous research also showed that the most critical chemical factors determining the
development of Sitophilus granarius L. considered one of the most dangerous warehouse
pests on wheat, are starch [37] and crude fat [38]. In our research on the influence of
the chemical composition of common millet (Panicum miliaceum L.) on the development
of Tribolium confusum Duv., a stimulating effect of increased crude fat concentration on
the defense reactions of millet was also demonstrated [36]. Analysis of the chemical
composition of oats and corn showed the highest average values of crude fat in their grains
(corn 4.53, oats 3.03; wheat 0.6, barley 0.56; triticale 0.5; rye 0.48) (Table 3). A detailed
analysis of fatty acids contained in wheat grains during studies with S. granarius showed
that the higher C 18:1 and C 20:1 fatty acids may attract S. granarius. The higher content
of C 15:0, C 16:1, and C 18:3 fatty acids may deter this pest [38]. However, in studies on
T. confusum, we demonstrated an influence on the intensity of its development of C 18:2
fatty acid [36]. Both cereal species (oats and corn) differed significantly in terms of fatty
acid content from other cereals, as revealed by the cluster analysis (Tables 4 and 5, Figure 4).
In the grains with the lowest degree of infection in the experiment with R. dominica, the
highest content of fatty acid C 18:1 was observed. The influence of fat contained in cereal
grains on the feeding of warehouse pests was also demonstrated by Mebarkia et al. [58]
and Niewiada et al. [59].

The most critical problems of the modern world include producing food in larger quan-
tities and improving its quality. The diseases of the 21st century are primarily diet-related
diseases, including the increasingly common gluten-dependent diseases (including celiac
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disease, Duhring’s disease, wheat allergy, and non-celiac gluten sensitivity (NCGS)) [60-62].
Despite its unique properties (binding values), gluten is the direct cause of increasing dis-
eases [60-63]. Cereal grains are one of the primary plant protein sources in the human
diet [64,65]. Their amount varies (from 5 to 15% of dry matter). Moreover, it depends on
many factors, including the plant species [63,64,66,67]. Substitutes for cereals with a high
gluten content (e.g., wheat, triticale) may be gluten-free cereals (containing less than 20 mg
of gluten per kilogram of product) [61,68,69]. In our experiment, the cereals least damaged
by the tested pest (oats, corn) have a low total protein content correlated with the highest
glutelin content among the tested cereals (Table 3, Figure 7). Our results are consistent
with the published results of Astuti et al. [70], who showed that the low protein content
in flour products reduced the feeding and development efficiency of Tribolium castaneum
(Herbst). In the studies of Syed et al. [71], lower numbers and limited vital parameters of
R. dominica were correlated with lower protein contents. Duki¢ [72], in his research on the
attractiveness of cereals for T. castaneum, concluded that the proportions of protein and
carbohydrates that shape the food preferences of storage pests are significant. The studies
of Perisi¢ et al. [52] also demonstrated the influence of gluten content on the susceptibility
of cereal grains to feeding by R. dominica. In their observations regarding S. granarius,
Nietupski et al. [73] observed correlations between the protein content in grains and the
development of this pest, showing that albumins, globulins, and glutenins inhibit it [72].
The research by Kosewska et al. [74] shows that the type and quality of food significantly
influences the development of the microbiome of Sitophilus oryzae L. The authors also
found that the composition of the microbiome changes with the development of the pest
generations, adapting to the type of food. Understanding this relationship in the case of
R. dominica will allow for a better understanding of what factors related to the chemical
composition of cereal grains may affect the development of the pest. This knowledge may
lead to new perspectives in storage control strategies for R. dominica.

5. Conclusions

This entomological study showed that the development of R. dominica on the six
examined cereal species was differentiated. The pest’s most intensive development was
observed on barley and triticale grains and the weakest on oat and corn grains. The grains
of the examined cereal species differed in their chemical composition. Chemical analysis
of the grains of species characterized by a small population of the pest’s offspring (oats,
corn) showed that they contained higher amounts of crude fat and lower total protein
content, with the highest content being proteins from the glutelin group. On the other hand,
the high content of C 18:1 most likely stimulates the defensive reactions of oats and corn
against storage pests. The natural resistance of cereals is an important element of their safe
storage, and therefore, further research is required on this subject.
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