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Abstract:

Introduction: Intraspecific genetic diversity, phenotypic variation, and differences in biological
and developmental traits are important aspects of animal biosystematics, providing insights into
strain differentiation and potential associations between genetic characteristics and phenotypic
traits. The yellow mealworm, Tenebrio molitor, exhibits distinct yellow and black color
phenotypes and variation in certain biological and reproductive traits, making it a suitable species
for investigating intraspecific variation and developmental responses to environmental and
nutritional conditions. Meanwhile, increasing demand for protein sources, the environmental
impacts of conventional livestock production, and the accumulation of agricultural and food wastes
have intensified the need for sustainable production systems based on circular economy principles.
The ability of 7. molitor to bioconvert organic residues into nutritionally valuable biomass
highlights its potential for such systems. Accordingly, this study adopted an integrative approach
encompassing animal biosystematics, developmental biology, and nutrition to evaluate genetic
diversity between yellow and black strains, investigate the effects of reciprocal interstrain crosses
on biological and reproductive traits, and determine phenotypic and nutritional responses to
biowaste-based diets, milk powder supplementation, and the probiotics Bifidobacterium bifidum
and Lactobacillus acidophilus. Feed conversion efficiency and frass characteristics were also
investigated.

Materials and Methods: Experiments were conducted under controlled conditions of 28 + 1 °C, 65
+ 5% relative humidity, and complete darkness. The effects of reciprocal crosses between yellow
and black strains on biological, reproductive, nutritional, and population parameters were
evaluated, and genetic diversity was assessed by sequencing the mitochondrial COI gene. Five
agricultural residues, including barley straw, wheat straw, and lentil, chickpea, and vetch residues,
were examined at different dietary replacement levels and in combination with wet fruit and

vegetable wastes. Additional wet and dry fruit and vegetable wastes were evaluated in separate
experiments. Milk powder supplementation was tested at inclusion levels of 0, 7, 15, and 25%,
while probiotic treatments comprised a control, B. bifidum, L. acidophilus, and their combination.

Growth and developmental parameters, survival, reproduction, feed utilization and conversion
efficiencies, proximate composition, amino acid and fatty acid profiles, mineral and heavy metal
concentrations, and age-stage, two-sex life table parameters were measured and analyzed.

Results: Mitochondrial COI sequence analysis identified six haplotypes, with a haplotype diversity
of 0.801 = 0.059 and nucleotide diversity of 0.05567. The greatest between-group genetic
divergence was observed between the parental yellow and black strains (0.037729), while
reciprocal-cross offspring showed greater similarity to their maternal strains based on mean group-
level genetic divergence. However, shared haplotypes indicated that COI alone could not
completely resolve the genetic origin of all individuals. These findings highlighted intraspecific
genetic diversity and the importance of integrating molecular and phenotypic evidence in strain
differentiation. The black female % yellow male cross exhibited favorable performance in several
biological and nutritional traits, including a larval developmental period of 72 days, larval weight
of 177 mg, protein content of 54%, intrinsic rate of increase of 0.0353 day’, and mean fecundity




of 372.59 eggs per female. Offspring derived from black-strain females also generally exhibited
higher survival and fewer developmental abnormalities, emphasizing the importance of cross
direction and the need to investigate potential maternal effects on phenotypic variation.

In agricultural waste-based diets, residue type and replacement level significantly affected growth,
feed utilization efficiency, and larval chemical composition, with the energy value of the resulting
biomass ranging from 447.98 to 495.69 kcal/100 g. In the experiment combining agricultural
residues with wet wastes, straw type and wet waste type influenced growth and developmental
parameters. The barley straw—watermelon waste combination showed favorable performance, with
a larval weight of 151.35 mg, pupal weight of 142.88 mg, and 100% larval survival, whereas the
lentil straw—watermelon waste combination achieved a bioconversion rate of 30.22%. Analysis of
dietary mineral composition revealed significant effects of agricultural residue type and wet waste
type on mineral concentrations (P < 0.001), while their interaction was significant for most
minerals except iron. Vetch straw-based diets exhibited higher concentrations of minerals such as
zinc, calcium, potassium, and phosphorus than the control, and lettuce waste supplementation was
generally associated with increased mineral concentrations.

Among wet waste treatments, banana supported rapid biomass production, with a larval
developmental period of 63 days and a final larval weight of approximately 177 mg, followed by
cucumber, with a developmental period of 67.37 days and a weight of 169.28 mg. A U-shaped
pattern of pupal mortality was observed in certain wet waste treatments; in the carrot treatment,
mortality peaked at 20.94% at the 25% inclusion level and declined at higher levels. Changes in
dietary bran proportions and the potential effects of phytate on zinc bioavailability and
metamorphosis were considered possible explanations. These findings highlighted the role of
nutritional conditions in phenotypic variation and developmental plasticity. Supplementation with
15% milk powder provided the most favorable overall balance between growth and survival
parameters. Moreover, the combined probiotic treatment containing B. bifidum and L. acidophilus
improved biological and nutritional performance, with protein content reaching 57.29%, efficiency
of conversion of ingested food reaching 35.76%, and adult longevity reaching 81.57 days. Larval
and pupal survival rates under this treatment were 100% and 98%, respectively.

Conclusion: The findings demonstrated that the yellow and black strains of 7. molitor exhibit
intraspecific variation not only in body coloration but also in genetic characteristics and several
biological, reproductive, developmental, and nutritional traits. The identification of distinct
haplotypes and genetic divergence between strains, together with differences in the performance
of reciprocal-cross offspring, highlighted the importance of integrating molecular and phenotypic
data in animal biosystematics. The favorable performance of certain offspring derived from black-
strain females also emphasized the need to investigate potential maternal effects, although the
greater similarity of offspring to maternal strains based on COI must be interpreted in the context
of maternal inheritance of mitochondrial DNA. Differences in growth rate, developmental
duration, and biological performance among dietary treatments further demonstrated the
contribution of nutritional conditions to phenotypic variation and developmental plasticity. These
findings provide a basis for investigating developmental timing mechanisms, including the




hypothesis of heterochrony; however, diet-induced differences in developmental duration alone
do not constitute evidence of evolutionary heterochrony. From an applied perspective, the targeted
use of biowastes, supplementation with 15% milk powder, and combined probiotic treatment
demonstrated the potential to improve growth, feed conversion efficiency, and the nutritional
quality of larval biomass. Variation in dietary mineral composition further emphasized the
importance of substrate quality in insect-rearing systems. Overall, integrating genetic, phenotypic,
developmental, and nutritional approaches expanded our understanding of intraspecific variation
in 7. molitor and provided a framework for further animal biosystematics research, strain selection,
and targeted diet formulation to support waste bioconversion and sustainable production systems
based on circular economy principles.




