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Abstract
The increasing demands for resources driven by the global population necessitate exploring sustainable alternatives for 
affordable animal protein over the use of traditional protein sources. Insects, with their high protein content, offer a promising 
solution, especially when reared on agricultural post-distillation residues for enhanced sustainability and cost-effectiveness. 
We assessed the development of Zophobas morio (F.) (Coleoptera: Tenebrionidae) larvae on diets enriched with essential 
oils and post-distillation residues from Greek aromatic and medicinal plants. Two aromatic plant mixtures (A and B) were 
examined. Mixture A consisted of post-distillation residues, while Mixture B incorporated these residues along with essen-
tial oils. Insect rearing diets were enriched with different proportions (10, 20, and 30 %) of these mixtures, with wheat bran 
serving as the control. Enrichment positively influenced larval development without compromising survival. Larval weight 
remained unchanged with Mixture A, but improved with Mixture B. No adverse effects were detected in the case of the 
enriched diets, although higher concentrations of Mixture B prolonged development time.

Keywords Edible insects · Waste management · Larval development · Feed conversion efficiency · Essential oils · Plant-
based residues

Introduction

The continuously increasing global population has resulted in 
a significant surge in the demand for resources (Boland et al. 
2013; Searchinger et al. 2018; FAO 2019). According to the 
Food and Agricultural Organization (2019), by 2050, world 
population is estimated to approach nearly 10 billion. In addi-
tion, upward mobility and urbanization of developing coun-
tries have led to high global food demand and animal protein 
consumption (Teguia and Beynen 2005; Msangi and Roseg-
rant 2011; Van Huis and Gasco 2023; Li 2023). By 2027, 
it is projected that the per capita meat consumption world-
wide will rise by more than 1 kg in retail weight equivalent 
(OECD-FAO 2018). Moreover, the rise in meat consumption 
will be even more pronounced in developing nations, where 
the per capita consumption of animal protein is estimated 
to increase by 22% and 25% by 2030 and 2050 respectively 
(FAO/WHO 2017). In recent years, the world market prices 
of several agricultural commodities have escalated at a stag-
gering pace (Zhao et al. 2022; Li 2023). The rise in world 
prices for major agricultural crops will result in an increase 
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of over 30% in the prices of beef, pork, and poultry by 2050 
compared to the prices of 2000 (Nelson et al. 2009). Thus, 
it has become imperative to explore and identify alternative 
sources that can contribute to a sustainable and cost-effective 
supply which will increase the availability of both animal 
protein and grains, while keeping their prices low.

The use of insects as a source of food and feed holds great 
promise, given their high protein content and nutritional 
value as long as the fact that their production is sustainable 
and aligns with modern circular economy practices (Van Huis 
and Oonincx 2017; Koutsos et al. 2019; Rumbos et al. 2022). 
It is worth noting that the consumption of insects is a natural 
dietary practice for several species, such as pigs, poultry, and 
fish (Veldkamp et al. 2012; Makkar et al. 2014; Henry et al. 
2015). Insects have been presently recognized not only as a 
source of nutrition but also as a dietary component that pos-
sesses a broad range of activities against pathogens, attributed 
to their ability to produce antimicrobial peptides (AMPs). In 
addition, given that the nutrient composition of insects is influ-
enced by their diet, it is possible that the nutritional value of 
insects could be transferred to animals when used as a feed 
source (Andreadis et al. 2021; Rumbos et al. 2022; Antonop-
oulou et al. 2022). Furthermore, it appears that the majority of 
the population is comfortable with consuming meat products 
derived from livestock that were fed with insect-based feed 
(Verbeke et al. 2015; Mancuso et al. 2016; Sebatta et al. 2018; 
Popoff et al. 2017; Ferrer Llagostera et al. 2019; Kulma et al. 
2020; Rumbos et al. 2021a).

Insect production costs are multifaceted, with feedstock 
expenses being a significant contributor to the overall cost 
structure (Roffeis et al. 2018; Arru et al. 2019; Cadinu et al. 
2020). To address this challenge, the utilization of low or eco-
nomically insignificant substrates for insect feed has emerged 
as a viable strategy, capable of alleviating production expenses 
and subsequently reducing the market price of insect meal (Var-
elas 2019; Gasco et al. 2020). Given the substantial quantities 
of agricultural waste and by-products generated by farming 
and agroindustrial systems, these resources remain largely 
untapped as valuable substrates for insect rearing (FAO 2017). 
This approach aligns seamlessly with circular economy princi-
ples promoted within the European Union, bolstering the sus-
tainability of insect farming. Recent research endeavors have 
explored the potential of utilizing agricultural post distillation 
residuals, demonstrating positive results (Kim et al. 2017; Man-
cini et al. 2019; Stull et al. 2019). Multiple studies have inves-
tigated the feasibility of valorizing such resources for various 
insect species, including the black soldier fly, Hermetia illucens 
(L.) (Diptera: Stratiomyidae) (Singh and Kumari 2019; Bosch 
et al. 2017); the long-horned grasshopper, Ruspolia differens 
(Serville) (Orthoptera: Tettigoniidae) (Sorjonen et al. 2020); 
the lesser mealworm, Alphitobius diaperinus (Panzer) (Gianot-
ten et al. 2020; Van Broekhoven et al. 2015); and the yellow 
mealworm, Tenebrio molitor L. (Coleoptera: Tenebrionidae) 

(Oonincx et al. 2015; Van Broekhoven et al. 2015). Never-
theless, relative data related with the superworm, Zophobas 
morio (F.) (Coleoptera: Tenebrionidae), are limited (Rumbos 
and Athanassiou 2021a).

In the current study, we evaluated the performance of Z. 
morio larvae on diets enriched with functional ingredients 
of aromatic and medicinal plants of the Greek flora residues. 
Zophobas morio is an insect species that has been largely dis-
regarded by both researchers and insect producers despite its 
considerable potential as a source of food and feed (Benzertiha 
et al. 2020; Rumbos and Athanassiou 2021a; Vasilopoulos et al. 
2024). This neotropical beetle, classified as a member of the 
darkling beetles family Tenebrionidae, is widely utilized as a 
prevalent feed source for various animals, including birds, rep-
tiles, and fish, due to its suitability and availability (Rumbos and 
Athanassiou 2021a). Recently, there has been a growing interest 
in utilizing organic by-products for Z. morio rearing purposes 
(Van Broekhoven et al. 2015; Harsányi et al. 2020). Larvae are 
commonly reared on wheat bran alone or augmented with a 
diverse range of cereal grains, such as oats, as well as other 
related amylaceous commodities. This versatility in feed options 
allows for flexible and customizable larval production methods 
(Quennedey et al. 1995; Aribi et al. 1997; Maciel-Vergara et al. 
2018). Moreover, investigations into the nutritional composition 
of Z. morio larvae have consistently revealed their exceptional 
nutritional value, confirming their potential as a sustainable and 
nutrient-rich food source (Finke 2002, 2007, 2015; Ramos-Elor-
duy 2009; Barroso et al. 2014; Bosch et al. 2014; Adámková 
et al. 2016, 2017; Araújo et al. 2019).

The present study focuses on evaluating the performance 
of Z. morio larvae using diets enriched with functional ingre-
dients derived from aromatic and medicinal plants of the 
Greek flora. Furthermore, the exceptional nutritional value 
of Z. morio larvae, as consistently demonstrated in previous 
studies, can be further improved by incorporating functional 
ingredients into their substrate, reinforcing their potential as 
a sustainable and highly nutritious food source (Finke 2002, 
2007, 2015; Barroso et al. 2014; Bosch et al. 2014; Adámková 
et al. 2016, 2017; Araújo et al. 2019). Overall, this research 
contributes to the ongoing efforts to identify innovative and 
sustainable solutions to meet the growing global demand for 
food and feed resources.

Materials and methods

Insects

The culture of Z. morio used in this series of bioassays was 
maintained in the Laboratory of Entomology an Agricul-
tural Zoology of the University of Thessaly (LEAZ, Volos, 
Magnesia, Greece) since 2018. The rearing conditions 
were 26 °C, 55% relative humidity (r.h.), and continuous 
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darkness. Wheat bran was used as a rearing substrate, 
whereas insects were provided with agar cubes as a mois-
ture source, three times a week.

Egg acquisition was performed by placing approxi-
mately 200 adults of Z. morio of mixed sex, in plastic con-
tainers (48-cm length × 28-cm width × 10-cm height) with 
flour, together with tangential cylindrical cartons. Female 
adults were left to lay their eggs on the contact points of 
the cartons for a week. After the termination of this inter-
val, all adults were removed, and the eggs laid during that 
period were retained in the containers to allow hatching.

Aromatic mixture

Two mixtures (A and B) of aromatic plants were tested. Mix-
ture A was composed of post-distillation residues of essential 
oil extraction, obtained from various native aromatic plants 
found in Greece, including Crithmum plant residue (Crith-
mum maritimum L., oregano (Origanum vulgare subsp. hir-
tum (Link) Ietswaart), industrial cannabis (Cannabis sativa 
L.), linseed (Linum usitatissimum L.), and olive paste (Olea 
europaea L.) by-products (Table 1). Mixture B, on the other 
hand, was composed by the aforementioned ingredients 
(Table 1) supplemented with the essential oils presented in 
Table 2. The choice of these plants was guided by their local 
availability, given that it has been reported as one of the most 
crucial attributes for utilization in insect rearing (Rumbos 
et al. 2022).

Bioassay I: evaluation of Mixture A

Wheat bran was supplemented with varying concentra-
tions of Mixture A (10, 20, and 30%). Unenriched wheat 
bran was used as a control feed. All diets, before use, 
were air dried and pulverized in a mill (Ceccato M3, 
Ceccato Olindo, San Giorgio delle Pertiche PD, Italy). 
Plastic cylindrical vials, 7.5 cm in diameter and 8.8 cm 
in height, were used to contain 4 g of each substrate, with 
separate vials assigned to each substrate. Newly hatched 

larvae from the colony, aged < 3 days old, grouped in 
sets of 20 individuals, were weighed and transferred to 
the respective vials. In order to separate the larvae from 
the flour we used a 250-μm mesh sieve (Woven Wire 
Sieve, Endecotts Ldt, London, England). Afterwards, the 
larvae were allowed to feed without disturbance, over 
a period of 4 weeks. Carrot slices were provided as a 
moisture source, given to the larvae three times per week. 
After the 4-week period, the larvae were separated from 
the feeding substrate, and the survival rate and group 
larval weight were recorded. This process was reiterated 
biweekly until a minimum of 50% of the remaining lar-
vae attained or surpassed a body length of 5 cm, reach-
ing the final larval stage (van Broekhoven et al. 2015). 
This was done separately for each vial. In addition, the 
vials underwent visual inspection three times a week to 
check for any depletion of feed. In case the feed was 
found to be depleted, additional feed was introduced, and 
its weight was recorded. There were six replicates per 
dietary substrate.

Bioassay II: evaluation of Mixture B

In this bioassay, we used Z. morio larvae <7 days old. To 
separate the larvae based on size, we used a 450-μm mesh 
sieve (Woven Wire Sieve, Endecotts Ldt, London, England), 
to retain only the larger larvae while allowing the smaller 
ones to pass through. We followed the same experimental 
procedure as previously described, with one key difference: 
In this case, we incorporated Mixture B instead of Mixture 
A in the aforementioned percentage levels.

Calculations and statistical analysis

The development time was measured as the duration from 
the beginning of the experiment until at least 50% of the 
remaining larvae attained or surpassed a body length of 5 
cm, reaching the final larval stage, within a vial. For the 
calculation of feed intake and conversion, it was assumed 

Table 1  Composition of residue blend used as a substrate for insect 
feeding

Mixture of plants and their residues Concentration in 
aromatic mixture
%

Oregano residue 45
Linseed 17
Cannabis residue 17
Olive paste 17
Crithmum plant residue 4
Total concentration 100

Table 2  Composition of essential blend used in Mixture B

Mixture of essential oils Concentration 
in insect feed
g/kg

Oregano essential oil 0.004
Thyme essential oil 0.004
Sage essential oil 0.004
Rosemary essential oil 0.004
Crithmum oil 0.004
Total 0.020
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that all provided feed was consumed, while the weight of 
carrots was not considered in the calculations. In addition, 
we calculated feed utilization parameters, i.e., feed conver-
sion ratio (FCR) and specific growth rate (SGR), using the 

following equations, as described by Rumbos et al. (2022), 
based on an earlier work of Waldbauer (1968):

(1)Feed conversion ratio (FCR) =
Feed ingested

Live weight gained

(2)

For each bioassay, all data were subjected to a one-way 
analysis of variance (ANOVA). Means were separated by 
Tukey HSD test at α 0.05. In this analysis, FCR, SGR, final 
survival rate, and final individual larval weight were con-
sidered as response variables, while the main factor under 
investigation was the rearing substrate. Before conducting 
the analysis, the data underwent tests to check for homo-
geneity of variance (Levene’s test) and normal distribution 
(Shapiro–Wilk test). For all cases, we used JMP 7 software 
(SAS Institute Inc., Cary, NC). All figures were created 
using Sigma-Plot software (Version 11, Systat, San Jose, 
CA, USA).

Results

Bioassay I: evaluation of Mixture A

The survival of Z. morio larvae on the tested diets and the 
control treatment is presented in Fig. 1. The lowest final 
average larval survival was recorded for larvae reared on 
20% supplemented substrate and the highest on the control 

treatment; however. no significant difference was noted 
(Table 3).

The weight gains of Z. morio larvae provided with diets 
supplemented with Mixture A were similar to larvae on the 
wheat bran control (Fig. 2). More specifically, the lowest 
final larval weight recorded was for larvae fed with the con-
trol substrate, and the highest was for larvae reared on 20% 
supplemented substrate; however, no significant difference 
was noted (Fig. 1; Table 3).

Development time was not found to be significantly dif-
ferent among the different larval groups of each treatment. 
Hence, a 20% enrichment led to the shortest development 
time (130.7 days), while a 30% enrichment resulted in the 
longest (140.0) (df = 4.19; F = 4.00; P = 0.02) (Fig. 3). 
Regarding the feed utilization parameters, no significant 
differences were observed in FCR and SGR among larvae 
reared on the different diets (Table 3).

Bioassay II: evaluation of Mixture B

The final survival rates ranged from 84.0% for larvae reared 
on 20% supplemented substrate with Mixture B substrate to 
94.2% for larvae reared on 30% (Fig. 4; Table 4). Figure 5 

Fig. 1.  Survival rate (%) of Zophobas morio larvae reared on diets of 
wheat bran enriched with 0 (control), 10, 20, and 30% of Mixture A. 
For all treatments, values refer to mean ± SEM (n = 6)

Table 3  Final survival rate (%), final individual larval weight (mg), 
FCR, and SGR (%/day) of Zophobas morio larvae reared on diets of 
wheat bran enriched with 0 (control), 10, 20, and 30% of Mixture Α

Values represent means ± SEM (n = 6). Within each column, means 
followed by the same lowercase letter do not significantly differ 
according to Tukey HSD test (p < 0.05). Where no letters exist, no 
significant differences were noted. In all cases, df = 4.19

Level of 
enrichment 
(%)

Survival (%) Final indi-
vidual larval 
weight (mg)

FCR SGR (%/day)

0 (control) 69.0 ± 4.3 604.8 ± 26.1 1.9 ± 0.1 4.6 ± 0.1
10 68.3 ± 1.7 637.3 ± 7.7 1.9 ± 0.1 4.7 ± 0.1
20 60.0 ± 6.1 667.8 ± 14.6 2.0 ± 0.1 4.8 ± 0.1
30 65.0 ± 3.5 612.9 ± 23.2 1.9 ± 0.0 4.6 ± 0.1
F 0.50 1.94 0.13 0.43
P 0.84 0.16 0.93 0.98

Specif ic growth rate (SGR)%∕day = 100 x
(lnFinal Bod weight − lnInitial body weight)

days
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displays the weight gains observed in Z. morio larvae. The 
highest final larval weight of 669.5 ± 16.5 mg was recorded 
for the group of larvae reared at 30% supplemented sub-
strate, while the control group exhibited the lowest aver-
age larval weight of 582.9 ± 7.8 mg. In addition, regarding 
development time, it was observed that larvae reared on 
30% supplemented substrate exhibited the shortest develop-
ment time (128.3 days), while those reared on the control 
diet experienced a significant longer development period 
(135.3) (df = 4.19; F= 2.4; P = 0.09) (Fig. 6). In terms of 
mean FCR, no significant differences were observed among 
the treatments (Table 4). However, the SGR varied signifi-
cantly across the different diets. Notably, larvae reared with 
30% supplemented substrate showed the highest SGR (5.1 

± 0.1 %/day), while the control group displayed the lowest 
(4.6 ± 0.1).

Discussion

In the present study, we evaluated the larval development 
of Z. morio, on diets enriched with functional ingredients 
derived from aromatic and medicinal plants of the Greek 
flora. To our knowledge, this research represents the first 
investigation examining the impact of aromatic plants post-
distillation residues and essential oil supplementation on 
the larval development of Z. morio. The larval development 
of insects is influenced by various factors, including the 
quality and composition of their diet (Rumbos et al. 2021b; 
Rumbos and Athanassiou 2021b; Gourgouta et al. 2022; 

Fig. 2.  Individual larval weight (mg) of Zophobas morio larvae 
reared on diets of wheat bran enriched with 0 (control), 10, 20, and 
30% of Mixture A. For all treatments, values refer to mean ± SEM 
(n = 6)

Fig. 3.  Development time (days) of Zophobas morio larvae reared 
on diets of wheat bran enriched with 0 (control), 10, 20, and 30% of 
Mixture A. For all treatments, values refer to mean ± SEM (n = 6)

Fig. 4.  Survival rate (%) of Zophobas morio larvae reared on diets of 
wheat bran enriched with 0 (control), 10, 20, and 30% of Mixture B. 
For all treatments, values refer to mean ± SEM (n = 6)

Table 4  Final survival rate (%), final individual larval weight (mg), 
FCR, and SGR (%/day) of Zophobas morio larvae reared on diets of 
wheat bran enriched with 0 (control), 10, 20, and 30% of Mixture B

Values represent means ± SEM (n = 6). Within each column, means 
followed by the same lowercase letter do not significantly differ 
according to Tukey HSD test (p < 0.05). Where no letters exist, no 
significant differences were noted. In all cases, df = 4.19

Level of 
enrichment 
(%)

Survival (%) Final indi-
vidual larval 
weight (mg)

FCR SGR (%/day)

0 (control) 89.2 ± 3.0 582.9 ± 7.8b 1.8 ± 0.1 4.6 ± 0.1b
10 82.0 ± 5.6 669.5 ± 16.5a 1.6 ± 0.1 5.0 ± 0.1ab
20 84.0 ± 4.6 637.8 ± 14.1ab 1.6 ± 0.1 5.0 ± 0.1ab
30 94.2 ± 3.0 642.1 ± 16.3a 1.5 ± 0.0 5.1 ± 0.1a
F 1.8 6.95 2.53 4.78
P 0.17 <0.001 0.10 0.015
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Rumbos et al. 2022; Kotsou et al. 2021). The enrichment 
of diets with functional ingredients is a promising approach 
for enhancing the nutritional quality of insect diets, which 
can have implications for their growth and development 
but also affects their nutritional profile (Andreadis et al. 
2021; Antonopoulou et al. 2022). Our findings indicate that 
the enrichment with the ingredients of both mixtures can 
positively affect larval development, as demonstrated by 
the survival, final larval weight, and development time of 
the larvae reared on the enriched diets.

Several studies have provided information on the dietary 
needs of Z. morio. These studies indicate that the larvae can 

be successfully reared on either wheat bran alone or with 
the addition of various cereal grains, such as oats and other 
starchy substances along with a moisture source (Quennedey 
et al. 1995; Aribi et al. 1997; Maciel-Vergara et al. 2018). In 
the case of our study, we used wheat bran as the main com-
ponent of the diet. However, we also examined the impact of 
supplementing this base with two different mixtures at three 
varying levels of supplementation, with the upper limit set 
at 30%, and we did not go beyond this level of supplemen-
tation. This led to the creation of several distinct dietary 
formulations. The motivation behind this approach lies in 
the findings of numerous prior studies that have consist-
ently reported the insecticidal effects of aromatic plants and 
essential oils on insects (Prakash et al. 2008; Weaver and 
Subramanyam 2000; Lampiri et al. 2020, Ayvaz et al. 2010). 
For instance, in a study conducted by Ayvaz et al. in 2010, 
the essential oils of oregano and savory (Satureja hortensis 
L.) exhibited remarkable efficacy against Plodia interpunc-
tella (Hübner) and Ephestia kuehniella Zeller (Lepidoptera: 
Pyralidae), as the mortality rate reached 100% within 24 h 
at air concentrations of 9 µl/l for P. interpunctella and 25 
µl/l for E. kuehniella. To the best of our knowledge, there 
is a lack of research investigating the insecticidal effect of 
botanical orientation oils on Z. morio. Interestingly, we 
observed that neither Mixture A nor Mixture B negatively 
affected the survival of Z. morio larvae. Regarding larvae 
reared in diets enriched with Mixture A, the larval survival 
rate, the final individual larval weight, and the development 
time remained unaffected for all levels of supplementation, 
resembling those of the control diet. On the other hand, sup-
plementation with Mixture B, which included essential oils, 
demonstrated a positive impact on individual larval weight; 
however, no significant differences were observed among 
the different levels of implementation. The observed dis-
parities in outcomes between larvae reared in diets enriched 
with Mixture A and Mixture B may be rooted in the diverse 
bioactive compounds present in each mixture, and potential 
complex interactions.

Unexpectedly, while supplementation with up to 20% of 
Mixture B had a positive effect on the development time of 
Z. morio larvae, higher concentration (30%) led to longer 
development time. This implies that elevated concentra-
tions might have a more significant adverse effect on larval 
development. Similar results have been reported regarding 
T. molitor from a recent study by Andreadis et al. (2021). 
In that study, the authors examined the impact of various 
alternative diets, namely, rice bran, corncob, potato peels, 
solid biogas residues, and olive-oil processing residuals, 
in comparison to wheat bran (used as the control), on the 
growth and nutritional value of T. molitor larvae, in conjunc-
tion with the effect of post-distillation residues of Medi-
terranean aromatic-medicinal plants, i.e., lavender, Greek 
oregano, rosemary, and olive, in a 1:1:1:1 ratio when added 

Fig. 5.  Individual larval weight (mg) of Zophobas morio larvae reared 
on diets of wheat bran enriched with 0 (control), 10, 20, and 30% of 
Mixture B. For all treatments, values refer to mean ± SEM (n = 6)

Fig. 6.  Development time (days) of Zophobas morio larvae reared 
on diets of wheat bran enriched with 0 (control), 10, 20, and 30% of 
Mixture B. For all treatments, values refer to mean ± SEM. Means 
followed by the same lowercase letter do not significantly differ 
according to Tukey HSD test (p < 0.05)
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at different levels (0, 10, and 20%) to the diets (Andreadis 
et al. 2021). The incorporation of 10% Mediterranean aro-
matic-medicinal plants increased total larval weights in rice 
bran, olive-oil processing residuals, solid biogas residues, 
and potato peels. However, further increase of Mediterra-
nean aromatic-medicinal plants mixture to 20% did not lead 
to a significant alteration in the total larval weight. These 
findings are encouraging and highlight the potential of utiliz-
ing post distillation residuals and various categories of food 
waste, as dietary supplements for insect rearing.

Utilization of different types of byproducts has been pre-
viously investigated for the rearing of Z. morio larvae (Van 
Broekhoven et al. 2015; Nascimento et al. 2022). In a recent 
study, Nascimento et al. (2022) assessed the potential of uti-
lizing grape residues for rearing and enhancing the nutritional 
value of Z. morio larvae. According to their findings, substi-
tuting 25% of the control diet (ground maize) with grape resi-
due yielded results similar results to the control and proved 
more effective than replacements of 50%, 75%, and 100%. 
This is consistent with our findings, suggesting that using low 
levels of agricultural byproducts has no significant impact on 
larval performance, while higher levels may cause noticeable 
adverse effects in larval survival and development.

Van Broekhoven et  al. (2015) evaluated the growth 
performance and FCR of three edible mealworm species, 
including Z. morio, on diets composed of organic by-prod-
ucts of spent grains and beer yeast, bread remains, cookie 
remains, potato steam peelings, and maize distillers’ dried 
grains (DDGS). According to the results of that work, while 
the dietary protein had a minor impact on the mealworms' 
protein content, its broader influence on overall development 
and survival is noteworthy. This is evident in the observa-
tion that the optimal FCR value of 2.7 was achieved with a 
high-protein, low-starch diet composed of beer yeast (40%), 
spent grains (30%), maize DDGS (20%), and bread remains 
(10%). The FCR values observed in our experiment were 
lower than those in the aforementioned study and ranged 
from 1.5 to 2.0. Higher FCR has also been observed for lar-
vae reared on ground maize and a series of other substrates 
(Nascimento et al. 2022). These findings indicate that wheat 
bran, the main component in all tested diets, proved to be 
a favorable substrate for successful Z. morio larval rearing. 
Based on the above, the FCR of Z. morio larvae might be 
affected by the type of substrate and the composition of the 
diet, but this effect was not found to be highly detrimental 
in the treatments that were tested here.

In summary, our study demonstrates that the larval 
development of Z. morio is not negatively affected by the 
enrichment of diets with functional ingredients derived from 
aromatic and medicinal plants of the Greek flora. These find-
ings highlight the potential of utilizing such ingredients to 
enhance the nutritional value of insect diets, with impli-
cations for animal feed production and sustainable food 

systems. Further research is warranted to explore the specific 
mechanisms and long-term effects of incorporating these 
functional ingredients into insect rearing practices.
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