ﬁ\ﬁ agriculture

Article

Influence of Chemical Composition and Degree of
Fragmentation of Millet Grain on Confused Flour Beetle
(Tribolium confusum Duv.) Infestation

Emilia Ludwiczak 109, Mariusz Nietupski '*(9, Agnieszka Laszczak-Dawid !, Beata Gabry$ 2(), Bozena Kordan ’

and Cezary Purwin 3

check for
updates

Citation: Ludwiczak, E.; Nietupski,
M.; Laszczak-Dawid, A.; Gabrys, B.;
Kordan, B.; Purwin, C. Influence of
Chemical Composition and Degree of
Fragmentation of Millet Grain on
Confused Flour Beetle (Tribolium
confusum Duv.) Infestation.
Agriculture 2023, 13,2178. https://
doi.org/10.3390/agriculture13122178

Received: 20 October 2023
Revised: 16 November 2023
Accepted: 20 November 2023
Published: 21 November 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Entomology, Phytopathology and Molecular Diagnostics, University of Warmia and Mazury in
Olsztyn, 10-719 Olsztyn, Poland; emilia.ludwiczak@uwm.edu.pl (E.L.);

a.laszczak-dawid@uwm.edu.pl (A.L.-D.); bozena kordan@uwm.edu.pl (B.K.)

Department of Botany and Ecology, University of Zielona Géra, Szafrana 1, 65-516 Zielona Géra, Poland;
b.gabrys@wnb.uz.zgora.pl

Department of Animal Nutrition and Forage Science, University of Warmia and Mazury in Olsztyn,

10-719 Olsztyn, Poland; cezary.purwin@uwm.edu.pl

*  Correspondence: mariusz.nietupski@uwm.edu.pl

Abstract: Owing to its wealth of nutritional values and low cultivation requirements, millet can
become a key crop in global food systems. Thus, the Food and Agriculture Organization (FAO)
declared that 2023 is the International Year of Millet. The introduction of this cereal and its products
into universal food circulation calls for a multidimensional approach, which would also consider
threats posed by pests during the storage of cereal kernels. The aim of this study was to evaluate
the development of the confused flour beetle (Tribolium confusum Duv.) on common millet (Panicum
miliaceum L.) and products obtained from this cereal, and to analyze the factors which influence its
development (chemical composition of kernels, degree of their fragmentation). The study was con-
ducted under laboratory conditions in an environmental test chamber (temperature 30 °C, humidity
70%, light—complete darkness). Millet grains of the Jagna cultivar and its products were weighed
at 20 g, placed in vinidur dishes, and 10 beetles were then placed on the prepared material. The
experiment demonstrated that the millet grain and food products obtained from this grain (millet
flour, flakes, groats) could be a suitable habitat for the development of the confused flour beetle. The
key regulator for the development of this pest insect is the degree of fragmentation of the infested
material. The millet grain and millet products (except millet flour) are characterized by less numerous
developments of beetle progeny than wheat products, which could be another advantage of millet
in an integrated international system of grain storage. Chemical analysis also showed a significant
correlation between the abundance of offspring generation and the content of crude fat (especially
linoleic acid—C 18:2). Knowledge of the resistance or susceptibility of millet to storage pests may be
useful in implementing integrated principles of protection of stored products against pests.

Keywords: food attractiveness; food security; International Year of Millet; nutritional grains;
storage pests

1. Introduction

Food security in a time of global polycrisis is one of the most serious problems of
the contemporary world and has grown considerably worse in the third decade of the
21st century [1,2]. It is estimated that in 2023 the number of people across the world
suffering from famine will oscillate around 690-783 million [2]. Ongoing climate change
(global warming, extreme weather events) and economic events (the COVID-19 pandemic,
war in Ukraine) have significantly affected the global supply chain [3,4]. In view of the
above, the Food and Agriculture Organization of the United Nations (FAO) is in search
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of alternative methods of combating famine, undernutrition, and diet-related diseases [2].
Within the measures dedicated to this goal, an important role is assigned to functional food,
which—apart from basic nutritional values—has health-promoting properties [5,6]. Ancient
plants, whose cropped acreage has shrunk as a result of agricultural reforms in favour of
high-yielding cereals, such as rice and wheat, possess desirable genetic traits [7-9].

Cultivation and processing of common millet Panicum miliaceum L. aligns with the
concept of a sustainable and food-safe future [10]. Its species-specific traits respond to
current challenges: climatic (low carbon footprint) and ecological (lower demand for water,
herbicides and insecticides than is needed by traditional cereal crops). This cereal can play
a key role in international food production, solving the most urgent problems in global food
production: economic (low financial inputs in the production process) and humanitarian
issues (feeding people in agriculturally poor areas) [8,11-13]. Owing to its high nutritional
values, millet is often called the nutri-cereal or nutritious cereal [14,15], and because of its
large pro-health potential alongside its small cultivation acreage, millet is also referred to
as an untapped crop [14].

Millet grain is an easily digestible, gluten-free cereal, characterized by a low glycemic
index. Moreover, it also has high caloric value, while possessing a high profile of nutrients
(including niacin, magnesium, potassium, copper, iron, zinc, calcium, B and K vitamins,
and folic acid), which makes this cereal an ideal tool for combating famine [10,11,13,15-17].

In addition, millet is characterized by high tolerance to climate change, a short plant-
growing season, and economical water management. To acknowledge its attributes, the
Food and Agriculture Organization of the United Nations (FAO) has declared 2023 to be
the International Year of Millet [2]. This initiative is intendent to stimulate public awareness
concerning the values of millet and its possible cultivation, which could directly translate
into the improvement of food and nutrition security throughout the world [18].

In the fight against hunger, not only the quantity but also the quality of produced
cereals matters, both during cultivation and after, and during the storage of harvested grain.
Because of the small area of cultivation of millet up to now, there is little information on
pests foraging on this cereal [19]. Nor has the development of storage pest insects foraging
on P. miliaceum been thoroughly investigated, which adds to the need to recognize the
potential risks to millet grain at the grain storage stage.

The millet storage pests most often mentioned include Tribolium castaneum Herbst,
T. confusum Duv., Sitophilus oryzae L., Corcyra cephalonica St., Cryptolestes ferrugineus St., Oryza-
ephilus surinamensis L., Sitophilus zeamais Motsch., and Ephestia cautella Walker [20]. One of
the most noxious pests of stored cereal products is Tribolium confusum Duv. (Coleoptera:
Tenebrionidae). This beetle feed mainly on damaged kernels and cereal products, therefore,
it is also called the confused flour beetle. However, it can also be found when storing pea
seeds, beans, nuts, dried fruits, and spices [20]. The losses caused by this beetle’s foraging
behaviour extend beyond loss of the grain mass. This insect also contaminates the infested
grain with its molts, excreta, and dead specimens. Moreover, during foraging, the confused
flour beetle exudes toxic substances such as benzoquinones, which are then absorbed by
the grain, rendering it unsuitable for consumption.

The aims of the study were:

() to find out if millet is another cereal that can be a suitable food for T. confusum;

(I) to check whether the development of T. confusum on products from millet grain
depends more on the type of product (degree of fragmentation) or on the chemical
composition of these products.

2. Materials and Methods
2.1. Materials

Entomological observations were carried out on kernels of common millet of the
cultivar Jagna and of winter wheat of the cultivar Bamberka, and on products obtained from
these cereals: groats, flakes, and flour. The tested millet originated from the conventional
cultivation of this cereal conducted by the Smolice Plant Breeding Enterprise at its branch
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in Przebtedéw (Przebtedéw, Poland), and wheat kernels were obtained from the Balcyny
Experimental and Production Station Plc., affiliated with the University of Warmia and
Mazury in Olsztyn (Balcyny, Poland). The mechanical grinding of the kernels of both cereals
to groats, flakes, and flour was done in an A11 Basic analytical mill, IKA (IKA-Werke GmbH
& Co. KG, Staufen, Germany), Germany (University of Warmia and Mazury in Olsztyn).
The entomological material (T. confusum) came from maternal breeding carried out on
oat flakes with the addition of dried baker’s yeast [21] at the Department of Entomology,
Phytopathology and Molecular Diagnostics, University of Warmia and Mazury in Olsztyn.

2.2. Bioassays

The experiment was carried out under laboratory conditions, in a SANYO MLR 351-H
(Sanyo Electric Co. Ltd., Moriguchi, Japan) environmental test chamber with controlled
humidity (70%), light (complete darkness), and temperature (30 °C) [22-24]. In order to
reach the equilibrium value, the plant material was conditioned for 7 days before the
experiment. Then, 20 g batches were weighed on a WPS 220/C/2 (RADWAG, Radom,
Poland) laboratory balance and placed on vinidur plates with a diameter of 10 cm and
height of 3 cm, fitted with a ventilation hole (10 mm) and secured with a chiffon mesh.
10 beetles (aged 14 days, in a 1:1 sex ratio) were placed on the plant material prepared
as described above. The sex of the beetles was determined based on the shape of the
external genital appendages [24]. The experiment was carried out with 10 replications
for each treatment (Mf—millet flour; Wf—wheat flour; Mfl—millet flakes; Wfl—wheat
flakes; Mg—millet groats; Wg—wheat groats; M—millet whole grain; W—wheat whole
grain). After 23 days, all adult beetles were removed. The duration of the experiment was
determined according to our own previous observations and studies on the development
of the confused flour beetle. From day 30 of the experiment, every 7 days, adult beetles
from the emerging progeny were counted and removed until all adult specimens were
obtained. On the basis of this experiment, the abundance of the confused flour beetle’s
progeny on the tested products was determined. After the experiment was completed, the
remaining material was weighed, which enabled the determination of the loss of mass of
each product tested and the mass of dust produced. A LABORSET 1SO5223 (LABORSET,
L6dz, Poland) series X01/10 sieve was used to determine the dust mass.

2.3. Physicochemical Properties of Grain

Values for the chemical parameters of millet and wheat were determined at the De-
partment of Animal Nutrition and Feed Science, University of Warmia and Mazury in
Olsztyn. The content of dry matter of the products analyzed was determined using a
thermogravimetric technique. This consisted of drying a fragmented sample (5 g) at a
temperature of 105 °C (5-8 h) until a constant mass was obtained. Crude ash was deter-
mined using a method consisting of burning an air-dry sample (5 g) in a muffle oven at a
temperature of 500-550 °C for 5-6 h (determination of the mass of the sample before and
after incineration). The content of total protein was assayed on the basis of the content of
total nitrogen (N) determined using Kjeldahl’s method, and then converting the result into
total protein (N x 6.25) (Polish Standard: PN-EN ISO 5983-1:2006). The content of crude
fat was determined using the extraction method on a Soxhelt apparatus in line with the
Polish Standard PN-ISO-6492:200 (Polish Standard: PN-ISO 6492:2005). The Henneberg—
Stohmann method with intermediate filtration was used to determine the content of crude
fibre in the cereals analyzed and their products (Polish Standard: PN-EN ISO 6865:2002).
The content of starch was determined using the polarimetric method according to the Polish
Standard PN-R-64785:1994. Finally, the content of WSCs (water-soluble carbohydrates) was
determined according to the Polish Standard PN-R-64784:1994.

2.4. Statistical Analysis

The research data concerning the chemical composition of the analyzed cereal products
and the development of the confused flour beetle (abundance of the offspring generation,
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mass of produced dust, and loss of the mass of grain) on the tested products made from
millet and wheat (flour, flakes, groats, and whole kernels) were submitted to an analysis
of distribution using the Shapiro-Wilk test. The results of this test showed that these data
did not follow normal distribution. Hence, they underwent logarithmic transformation
(In x + 1), and the assessment of the significance of differences between the variables from
the combinations with the cereal cultivars was based on a one-factorial analysis of variance
ANOVA. Groups of means of the analyzed parameters related to the development of T.
confusum, not statistically different, were denoted with the same letter index, a, b, ¢, d and
e and were analyzed using the HSD Tukey test. Differences between the analyzed millet
products and wheat kernels regarding their chemical composition were demonstrated via
nonmetric multidimensional scaling (NMDS) using the Bray-Curdis measure of similarity.
The graphic evaluation of dependence between the chemical composition of the tested
products, the degree of their fragmentation, and the number of the offspring generation for
T. confusum was achieved using ordinance techniques [25]. RDA (Redundancy Analysis)
was applied, and the length of the gradient was SD = 0.3. The same method (SD = 0.99)
was also employed to determine the dependence between the content of fatty acids in
the analyzed millet and wheat products and the number of progenies of T. confusum. All
statistical calculations and their visual interpretation were supported by the following
software: Statistica 13.1, Canoco 4.51, and Past 2.01.

3. Results

The ANOVA one-factorial analysis of variance revealed the significance of difference
between the means describing the T. confusum development parameters (progeny, loss of
mass, and mass of dust) growing on products obtained from the processing of millet and
wheat (Table 1).

Table 1. Results of one-factorial analysis of variance, ANOVA, for the tested T. confusum development
parameters (progeny, loss of mass, and mass of dust) in total on the tested millet and wheat products.

ANOVA
df p
F Value
Progeny of beetles 7 82.3 0.00
Loss of grain mass 7 97.17 0.00
Mass of dust 5 50.85 0.00

Analysis of the development of T. confusum on products from the two-cereal species
indicated that the beetle developed similarly (the same homogenous group, the HSD Tukey
test) only on the combinations of whole millet grain and whole wheat grain. The mean
number of progenies of this pest was 4.5 and 10.4 individuals, respectively (Figure 1A).

Products made from the tested cereals had a significant effect on the number of proge-
nies of T. confusum (Table 1). A higher number of progenies was found on the combination
composed of millet flour (173.0 individuals on average) than on those composed of wheat
flour (109.0 individuals). The higher granulation of products (groats, flakes) resulted in
more numerous progeny individuals of T. confusum on wheat products. Wheat groats were
determined to be infested by the highest number of T. confusum progeny individuals in
the entire experiment (177.7 individuals on average, while only 2.5 individuals of this pest
completed their development on millet groats (Figure 1A). On average, 3.2 individuals
completed their development on millet flakes, compared to an average of 139.9 individuals
on wheat flakes (Figure 1A).

The T. confusum beetles developed on the tested millet and wheat products invariably
ate more food than those on the combinations with wheat (Figure 1B). Significant differences
in this parameter were noted in the combination with flakes (millet: 0.13 g and wheat:
1.26 g on average) and with groats (millet: 0.07 g and wheat: 1.59 g on average). No
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significant differences were observed in the loss of mass of the products from both cereals
in the combination with flour and on whole kernels (Figure 1B).
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Figure 1. Comparison of development parameters (number of progeny—(A), loss of mass—(B) and mass
of dust—(C) of T. confusum developing on millet and wheat products. (Mf—millet flour; Wf—wheat flour;
Mfl—millet flakes; Wfl—wheat flakes; Mg—millet groats; Wg—wheat groats; M—millet whole grain;
W—wheat whole grain) (* means followed by the same letter do not differ).

The factor of the species of cereal did not significantly affect the mass of dust produced
during the foraging by the confused flour beetle on whole kernels. When developing on
whole grains of millet or wheat, this pest insect generated a similar amount of dust—0.05 g
on average (Figure 1C). A significantly higher mass of dust was found on flakes and groats
made from wheat (flakes: 1.90 g and groats: 1.65 g on average) than from millet (flakes:
0.96 g and groat: 0.05 g on average) (Figure 1C).

An analysis of the chemical composition of the tested millet and wheat grain products
was made, determining the % of dry matter, crude ash, total protein, crude fat and fibre,
starch, and WSCs. The analyzed products were characterized by significant differences in
the content of these ingredients (Table 2).

Table 2. Results of statistical analyses (ANOVA) for selected chemical properties of the tested products.

ANOVA
df p

F Value
Dry matter 4 1948.5 0
Crude ash 4 1718.2 0
Total protein 4 1343 0
Crude fat 4 550.18 0
Crude fiber 4 481 0
Starch 4 45,351 0
WSCs 4 12104 0

Millet flakes proved to be the product, relative to the others, with the lowest percent-
ages of crude ash (0.49%), total protein (9.58%), crude fat, and fibre (0.15%, 0.63%). This
product was also found to have the highest dry matter (88.68%) and starch content (70.17%)
(Table 3).

Millet grain, in turn, was distinguished by the highest content of crude ash (1.96%),
total protein (14.18%), and crude fibre (6.69%). Wheat kernels were found to contain the
highest percentages of WSCs (3.75%) and total protein (14.37%) (Table 3).
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Table 3. Mean values of the tested chemical parameters describing the selected products from millet
and from cv. Bamberka wheat.

Crude Total Crude Crude o o
Product Matter [%] Ash [%] Protein [%] Fat [%] Fiber [%] Starch [%]  WSCs [%]
Wheat whole grain ~ 86.21 a* 1.4 d 14.37 d 0.59 b 3.21 b 51.79 a 375 d
Millet whole grain 88.25 d 1.96 e 14.18 d 2.02 d 6.69 [ 54.12 b 120 b
Millet flour 88.08 d 1.10 C 13.90 c 2.28 e 0.88 a 63.89 d 0.93 a
Millet groat 87.70 b 0.78 b 11.67 b 1.58 C 0.64 a 62.86 C 1.04 a
Millet flakes 88.68 e 0.49 a 9.58 a 0.15 a 0.63 a 70.17 e 1.94 c

* means in columns followed by the same letter do not differ—Tukey’s HSD test.

In order to verify similarities between the tested millet products and wheat grain
products concerning their chemical composition, a nonmetric multidimensional scaling
(NMDS) analysis was carried out (Figure 2).
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Figure 2. NMDS diagram describing similarities of the tested grain products with respect to chosen
chemical characteristics. (Mf—millet flour; Mfl—millet flakes; Mg—millet groats; M—millet whole
grain; W—wheat whole grain).

The ordinance diagram displays the tested products and distances between them
indicate whether they differed significantly in relation to the analyzed chemical properties.
These differences were also confirmed by ANOSIM analysis, which is a nonparametric test
that determines similarity between groups of characteristics (Stress = 0.04, R =1, p < 0.00)
(significant difference between sampling units). The grain of the millet and wheat as well as
millet flakes are placed in this diagram at quite large distances from one another, suggesting
that these products are different in chemical composition. On the other hand, millet flour
and millet flakes, located in the right-hand lower corner of the ordinance diagram, are
similar to each other in this respect (Figure 3).

For more precise determination of the correlations between the chemical composition
of the products and the development of T. confusum, ordinance techniques, using the RDA
(redundance analysis) (SD = 0.3), were used (Figure 3).
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Figure 3. Redundancy analysis diagram (RDA) presenting correlations between selected factors
influencing the development of T. confusum (number of progeny and degree of grain fragmentation)
and the chemical characteristics of tested grain products. (Mf—millet flour; Mfl—millet flakes;
Mg—millet groats; M—millet whole grain; W—wheat whole grain).

The determined chemical composition of the tested products from millet and wheat
grains was submitted to an evaluation of dependences on the factors that describe the
intensity of the development of T. confusum (number of progeny) and the degree of fragmen-
tation of the products. The first ordinance axis, referring to 96% of the variance, correlated
with a high content of starch and dry matter in the tested products. The second ordinance
axis was strongly correlated with the high number of progeny of T. confusum, found on
the combination consisting of millet flour. Another strong correlation identified here was
that between the number of progeny of the pest insect and the content of crude fat. Combi-
nations with millet grain and wheat grain are located close to each other, in the left-hand
lower quadrant of the ordinance diagram. Vectors describing high content of crude fibre
and WSCs in these products strongly correlated with these combinations (Figure 3).

The strong correlation between a higher content of crude fats with the number of
progeny individuals of T. confusum served as the basis for a more precise analysis of these
substances in terms of their chemical composition and the content of these substances. The
results, shown in Table 4, demonstrate that the group of crude fats contained 14 acids of
different lengths of carbon chains.

The tested products contained the highest amounts of linoleic (C 18:2), oleic (C 18:1),
and palmitic acids (C 16:0). Linoleic acid occurred in the highest quantity in millet grain and
flour (71.6% and 70.94%, respectively) (Table 4). Millet flakes, on the other hand, contained
more oleic (44.32%) and palmitic (26.34%) acids than the other tested products. In order to
determine relationships between the content of fatty acids in the tested products and the
development of T. confusum, another redundancy analysis (RDA) was run, the results of
which are shown in Figure 4. The fatty acid which appears in a large number of the tested
products and may have a positive influence on the development of T. confusum is linoleic
acid (C 18:2). Some evidence supporting this finding can be found in the RDA ordinance
diagram. The vector describing the above relationship is situated in the right-hand lower
quadrant of the ordinance diagram, and strongly correlates with its first axis (Figure 4).
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Table 4. Mean content of fatty acids in tested grain products (in % of sum of fatty acids).

Fatty Wheat Millet
Name of Acid

Acid Grain Whole Grain Flour Groats Flakes
C14:0 myristic acid 0.29 0.04 0.03 0.03 0.58
C14:1 myristoleic acid 0.02 - - - 0.04
C15:0 pentadecanoic acid 0.15 0.02 0.03 0.02 0.24
C16:0 palmitic acid 17.79 5.8 5.98 6.48 26.34
Cl6:1 palmitoleic acid 0.27 0.11 0.1 0.1 0.31
C17:0 margaric acid 0.15 0.03 0.02 0.03 0.28
C17:1 margaroleic acid 0.02 - - - 0.05
C18:0 stearic acid 2.61 0.97 1.2 1.38 8.46
C18:1 oleic acid 13.28 19.92 20.45 22.84 44.32
C18:2 inoleic acid 60.7 71.6 70.94 67.64 15.32
C18:3 o-linoleic acid 3.7 0.88 0.6 0.65 0.31
C20:0 araquinic acid 0.21 0.36 0.34 0.4 1.88
C20:1 godoleic acid 0.8 0.26 0.24 0.29 0.57
C20:4 arachidonic acid - - 0.09 0.12 1.3

o C20-

] — T

o171 C18:1
C16:08 WX
C14:0 :
C16:1
C20:1
MF
o |
Progeny
W0
C18:3
2
M
Q
T C18:2
-0.6 1.2

Figure 4. RDA diagram illustrating dependences between the composition of fatty acids in the
tested products from millet versus the progeny of T. confusum. (Mf—millet flour; Mfl—millet flakes;
Mg—millet groats; M—millet whole grain; W—wheat whole grain).

On the opposite side of the diagram (left-hand upper quadrant), there is the combi-
nation of millet flakes, where the content of linoleic acid was the lowest among the tested
products. The analyzed RDA diagram attests to the previous observations, which suggest
that the degree of fragmentation of cereal products is the most significant factor influencing
the abundance of progeny of T. confusum (Figure 4).
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4. Discussion

The problem of famine throughout the world does not only arise from the shortage of
food. Nearly a third of the food produced (1.3 billion tons) is wasted or spoiled [2,26-28]. In
total, 80% of plant food across the world is produced from cereals and papilionaceous plants,
whose post-harvest handling is associated with losses in the order of 9-18% [2,29]. The loss of
stored plant material only during the storage stage can oscillate within 6-10%, and such losses
in countries with a low plant cultivation culture can be very high, sometimes reaching 50%
of harvested yields [29-31].

The high yielding and multidimensional nutritional advantages of millet can be
obliterated by losses that occur while storing millet kernels [32]. Panicum miliaceum is
a cereal plant, which is why the list of pests typical for cereal crops, which threaten it
both during the field cultivation and the storage of millet kernels, is theoretically very
long [33,34]. Because of its low popularity, the development of pests directly foraging on
millet has not been completely investigated [35].

The confused flour beetle is a cosmopolitan species, considered to be among the most
widespread pests of stored cereal products, including those produced from millet [36]. The
aim of this study was to determine the potential of P. miliaceum grains and products made
from millet as habitats for the development of this pest. The vulnerability of cereals to
foraging by storage pests is evaluated by analyzing the size of a progeny population of the
pest developing on given plant material, which is direct evidence of its attractiveness to
pests [37,38]. In our experiment, the abundance of progeny, mass of produced dust, and
loss of grain mass showed statistically significant differences among the tested products
(millet and wheat). The dynamics of the development of T. confusum on other cereal species
mainly depends on the type of infested food and the degree of its grinding [33,39,40],
and its development can be slowed down by ensuring controlled abiotic conditions at the
storage stage (low temperature and humidity) [24]. The confused flour beetle is classified
as a secondary pest, not penetrating intact kernels of cereals [23,41]. Hence, the confused
flour beetle dwells mainly on moist (loss of the hardness of the seed cover), damaged
(mechanically or due to foraging by primary pests), or processed grain [32,36]. This was
confirmed in our study, which demonstrated the beetle’s limited development rate on
whole kernels of millet and wheat, remaining on a comparably lower level. The effect
of the seed cover hardness on the foraging by the confused flour beetle, as a factor that
could shape the attractiveness of this food, was the subject of previous studies [41]. In our
experiment, it was shown that the millet’s seed cover, being harder than that of wheat [20],
could have slightly affected the preferences of the confused flour beetle.

The direct effect of the development of the confused flour beetle is the loss of mass
of the product on which this pest forages [39]. Compared to wheat and wheat products,
in all experimental combinations millet was characterized by a lower loss of grain mass.
Lower losses directly translate into the quality of the food that enters the food market, and
consequently improve food security. Moreover, as regards millet products, the mass of
dust produced due to the foraging by T. confusum was lower, which has an influence on
the quality of stored products. The high concentration of dust in warehouses may lead to
inadequate aeration of stored material, and therefore be conducive to the development of
mould [37].

Apart from the grain form, processed food products from millet, such as flour, flakes,
and groats, are available on the market. The main factor that affects the analyzed pest is
the degree of fragmentation of the infested plant material [24,39,40]. The confused flour
beetle develops best on a fraction less than 2.2 mm, which is why it is often referred to as “a
flour beetle”. The survivability on the fraction oscillates around 95-100% [39]. Preferences
of this pest have been confirmed by our study. The finest fraction of millet (millet flour)
enabled the most intensive development of this beetle.

The chemical composition of kernels of both cereal species (and their products) can
differ from one another to a large degree, but such differences can be a factor that is
both attracting and deterring storage pests [38,42—44]. The tested products (millet, wheat)
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were also characterized by differentiated chemical composition. Chemical analyses of
cereal products settled by storage pests made in earlier studies have revealed a correlation
between the development of such pests and the content of protein in the products [30,38,43].
Astuti et al. [45] demonstrated a significant impact of the protein content of floury products
on the survival rate and duration of the development of Tribolium castaneum. In our study,
the highest content of protein was determined in whole kernels of wheat and millet,
but also in millet flour, that is, the combinations with the greatest and smallest fraction.
Warchlewski [37] maintains that the main factor shaping the feeding preferences of the
confused flour beetle is the starch content. Higher concentrations of starch in all millet
products compared to wheat products were noted, which nevertheless did not have a direct
impact on the abundance of progeny of the beetle. The high number of confused flour
beetle individuals in millet flour may depend on the highest content of crude fibre among
all tested combinations, and this included linoleic acid. The positive correlation between the
intensive development of storage pests and the content of fat in infested kernels has already
been the subject of research [30,38,46]. Our earlier observations on Sitophilus granarius
L. showed a positive correlation between the intensity of the development of this beetle
species with the content of crude fat in kernels [38,44]. According to observations reported
by Warchlewski [37], starch is the key ingredient affecting the development of this beetle,
although the current study has revealed that this is a more complex process. When the
stored plant material is rich in starch, a subsequent factor influencing feeding preferences of
T. confusum could be another ingredient, e.g., fats. Millet flour, because of the degree of its
fragmentation and chemical composition, is an ideal habitat for the confused flour beetle,
which is why millet flour can be infested by this beetle species during its storage [47]. The
chemical composition of cereal products can affect the feeding preferences of pest insects,
although the dominant factor for T. confusum is the degree of fragmentation of stored grains
or grain products.

Chemical factors of millet grain and its products may be related to its natural resistance
to feeding by storage pests. Knowledge of these relationships can be used by millet
breeders and distributors. This may also result in lower consumption of chemicals at the
storage stage. This will result in greater nutritional value and food security, as well as
environmental protection. Therefore, research on the natural resistance of millet should
be conducted in a broader context, including its chemical composition, which will be the
subject of our further research.

5. Conclusions

Our study showed that stored millet grain is not a good habitat for the development
of T. confusum and the degree of fragmentation of millet products is the most important
factor affecting the number of progeny individuals. Moreover, it has been shown that
during storage, millet flour can be exposed to risk of losses due to foraging by this pest
beetle. Among the chemical factors influencing the abundance of progeny of T. confusum,
an elevated concentration of crude fats may play a role. Among the fatty acids in the tested
products, the compound whose increased concentration has a positive effect on the number
of the confused flour beetle’s progeny was linoleic acid (C 18:2).
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